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Preface

Drugs for HER-2-positive Breast Cancer: A Major Approval

for Translational Cancer Research

Research over the last 2–3 decades in the fields of cell and molecular biology as

well as biomedicine has tremendously improved our understanding of the mechan-

isms of malignant transformation and progression. A lot of knowledge gained from

these findings could already be transferred to clinical application and has led to a

number of major advances in the early diagnosis and treatment of cancer. This

applies especially to breast cancer. Development of molecular-targeted drugs

nowadays is characterized by several key features. In the first step, promising

molecular targets have to be identified. The ideal cancer drug target – albeit not

often found – should represent a molecule that is absolutely required for the prolifer-

ation and survival of the transformed cell. In other words, it should be a molecule to

which the tumour cell is “addicted” (the “Achilles heel”). Consequently, the choice of

drug targets is based on and driven by a profound knowledge about the cellular and

molecular biology of the crucial regulatory processes that are significantly aberrant in

malignant cells. In the second step, promising chemical lead structures are identified

or a panel of antibodies is produced. Therefore, whereas classical cytotoxic drugs

were previously identified by more or less random screening of large libraries of

(natural and synthetic) compounds, novel molecular-targeted drugs are usually iden-

tified by a more rational approach that takes into account several aspects such as

the physical–chemical properties of the aimed target domain and the therapeutic

compound. These agents are then screened for optimal therapeutic indexes (maximal

treatment effects with concurrent minimal side effects).

Tamoxifen was the first molecular-targeted drug ever in use in clinical oncology.

It has been and is still being used for the management of oestrogen receptor-positive

breast tumours. This drug – originally developed as an oral contraceptive – was not

successful for that indication. However, “by chance” it was found that tamoxifen

potently blocks the growth of oestrogen receptor-positive breast cancer cells [1].

In contrast to tamoxifen, development of the anti-ErbB2 antibody trastuzumab
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against ErbB2-positive metastatic breast cancer was “hypothesis-driven” according

to the above-mentioned criteria. Thus, trastuzumab became the first clinically

available oncogene-targeted therapeutic agent for the treatment of solid tumours

(see chapter by Bartsch and Steger). The first kinase inhibitor for application

against malignant diseases was imatinib. It inhibits the ABL kinase, which is

rearranged and hyperactive in chronic myelogenous leukaemia. Notably, recent

encouraging data indicate that the reversible dual-specific EGFR/ErbB2 kinase

inhibitor lapatinib is still effective in ErbB2-positive breast cancer patients who

have already developed resistance to trastuzumab. In conclusion, breast cancer

belongs to that type of solid tumours, in which molecular-targeted therapies were

most efficient and yielded most clinical benefits so far (e.g. tamoxifen, trastuzumab,

lapatinib). Unfortunately, however, despite these improvements, breast cancer is still

a major life-threatening disease for women in industrialized as well as developing

countries, and there are several significant detriments when using ErbB-targeted

therapies against mammary cancer. First, only a proportion of ErbB2-positive

breast cancers are actually sensitive to trastuzumab (a priori, primary resistance).

Moreover, almost all ErbB2-positive, trastuzumab-sensitive breast cancers become

resistant within 1 year of trastuzumab treatment (acquired, secondary resistance)

(see chapters by Morgillo et al., Bianchi and Gianni, von Minckwitz and

Pirvulescu). In recent years, it has become increasingly evident that signalling

pathways are by no means linear cascades of signal processing; they rather repre-

sent intensely interwoven regulatory networks that communicate with each other

via several relay proteins that function as signalling hubs (see chapter by Köstler

and Yarden). Thus, even if a highly specific drug such as trastuzumab potently

silences its intended target ErbB2, the cell still might be capable of avoiding the

growth-inhibitory pressure by rerouting the signal to other growth-promoting

cascades leading to resistance after a certain treatment period. Therefore, targeted

cancer treatment should seek to specifically neutralise the hub proteins, which

control a number of signal pathways that are crucial for cancer cell growth and

survival (the “Achilles heel” of cancer). Another possibility is to use kinase

inhibitors with broader specificity in order to neutralize more than one signalling

protein. Novel treatment strategies usually apply more than one targeted inhibitor

or antibody, or they combine target-specific blockers with classical cytotoxic drugs.

Moreover, therapeutic efficiency may be further increased by using inhibitors that

bind covalently instead of reversibly by hydrogen bonds to their respective sub-

strates and thus permanently neutralise the target. Such second-generation, irre-

versible, multi-specific kinase inhibitors are currently in clinical development (see

chapter by Solca et al.).

In summary, the recent developments in targeted therapy for breast cancer and of

other neoplastic diseases have already considerably improved cancer treatment.

Moreover, this era is characterized by an intense, fast and bi-directional flow of

knowledge between basic science and clinical application. This type of research is

growing very rapidly and has created an entirely new field of research known as

“translational research”, which is located right at the interface between basic

science and clinical medicine. Milestone achievements during the last decade
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suggest that we are currently just at the beginning of a revolutionary and exciting

era of cancer research, which almost certainly will tremendously improve future

options for diagnosis, classification, individualisation and treatment of cancer.

Vienna, Austria Maria Sibilia

Christoph C. Zielinski

Rupert Bartsch

Thomas W. Grunt
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The EGFR/ErbB Family in Breast Cancer:

From Signalling to Therapy

Wolfgang J. K€ostler and Yosef Yarden

Abstract Despite extensive diagnostic and therapeutic efforts, breast cancer

remains the second leading cause of female cancer mortality in affluent

countries. Because receptor tyrosine kinases of the Epidermal Growth Factor
Receptor [EGFR, also ErbB] family are potent gatekeepers of cell fate deci-

sions, their aberrations rank among the most frequent oncogenic insults in breast

cancers. Although monoclonal antibodies and kinase inhibitors that intercept

ErbB signalling can effectively inhibit progression of mammary tumours, their

efficacy remains confined to a specific subset of patients. This review highlights

not only the oncogenic derangements of the ErbB network in breast cancer

including growth factor or receptor over-expression, but also additional loss or

gain of multiple negative and positive network regulators, which override

physiological mechanisms of systems control embedded in the ErbB network.

We further envisage strategies to specifically target tumours at their unique

network hubs, to circumvent resistance to ErbB-targeting agents and focus

on network fragility exposed by oncogenic perturbations or, conversely, by

targeted therapies.

1 Introduction: Breast Cancer: A Molecularly

Heterogeneous Disease

The stepwise transformation of a single somatic cell with finite lifespan into a

metastatic tumour is caused by multiple perturbations of regulators of cell-fate

decisions [1]. The ability to sense and integrate a variety of extracellular signals

and reproducibly translate these inputs into responses of defined strength, quality

and duration endows the four receptor tyrosine kinases (RTKs) of the epidermal

Y. Yarden (*)

Department of Biological Regulation, The Weizmann Institute of Science, Rehovot 76100, Israel

e-mail: yosef.yarden@weizmann.ac.il
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growth factor receptor (EGFR)1 family, namely: EGFR (also denoted ERBB1),

ERBB2 (Her-2/neu), ERBB3 and ERBB4, – with the capability to act as gate-

keepers of many critical cell-fate decisions (reviewed in [2]). Accordingly, per-

turbations of the ErbB signalling network are heavily incriminated in

tumourigenesis and metastatic progression of breast and other cancers. This

chapter addresses the involvement of EGFR/ErbB signalling in the context of the

emerging genomic landscape of breast cancer.

Genome-scale studies of structural and numerical DNA alterations, as well as

analyses of mRNA and protein expression levels, revealed that breast cancers repre-

sent a collection of different diseases [3–7]. Each breast tumour harbours, on average,

dozens of mutations, hundreds of copy number variations and thousands

of differentially expressed genes compared to normal breast tissues, along with

derangements in epigenetic and posttranscriptional networks, which are only begin-

ning to be characterised. Based on recurrent patterns of such aberrations, at least five

distinct breast cancer subtypes can be delineated: Luminal A and luminal B subtypes

are characterised by a few chromosomal aberrations and expression profiles

corresponding to oestrogen receptor signalling, fatty acidmetabolism and high expres-

sion of ERBB4. In addition to these features, enhanced expression of proliferative

genes attributable to activatedEGFRorHer-2/neu signalling is observed in the luminal

B subtype, and also upon emergence of endocrine resistance. The ERBB2 over-

expressing subtype is characterised by over-expression of Her-2/neu, genes induced
by this oncogene, and high level amplification of multiple other genes. The signature

genes of the heterogeneous basal-like subtype are overrepresented by genes involved

in cell cycle control and proliferation, stemness, genomic instability, TP53 activity and

EGFR signalling. Indeed, high-level EGFR amplification may represent the pathog-

nomic oncogenic insult of basal-like tumours with metaplastic histologic features [8].

In contrast, the biology of the rare normal-like subtype remains poorly understood.

2 Anatomy of the ErbB Network (see Fig. 1)

2.1 The Receptors and Cognate Growth Factors

With the exception of Her-2/neu, the generic receptor activation mechanism entails

growth factor binding to the extracellular receptor portion. Eleven stimulatory

polypeptide ligands with distinct receptor specificity and affinity2 are released

1Official Entrez Gene symbols and full gene names are given for all protein components mentioned

in this review. ERBB2 is referred to as Her-2/neu, whenever protein functions are discussed.
2Epidermal growth factor (EGF), transforming growth factor-alpha (TGF-alpha), betacellulin

(BTC), and amphiregulin (AR) are specific ligands for ERBB-1, the neuregulins (NRG) 2, 3 and

4 bind only ERBB-4, whereas the ligand specificities of heparin-binding EGF (HB-EGF) and

Epiregulin (EPR; both binding ERBB-1 and ERBB-4), Neuregulin-1 (NRG1; binding ERBB-3

and ERBB-4) and epigen (EPG; binding ERBB-1 and ERBB-3 or 4 in the presence of ERBB-2) are

more relaxed.

2 W.J. K€ostler and Y. Yarden
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Fig. 1 Generic architecture of the ErbB network. The canonical route of propagation of signals

emanating from other networks, along ligands, receptors, adaptors, enzyme cascades and tran-

scription factors is shown along the vertical axis. Transcription factors launch an early
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through regulated cleavage of their transmembrane precursor molecules by metal-

loproteases. The latter are activated by a broad set of heterologous receptors,

including cytokine receptors, voltage-gated calcium channels, integrins, GPCRs

(G-protein-coupled receptors) and Wnt-signalling, in response to a myriad of

extracellular signals and stresses (collectively termed receptor transactivation)
(reviewed in [9]). Ligands acting by autocrine, paracine or juxtacrine modes trap

the receptor’s extracellular domain in a conformation, which enables receptor

dimerisation, thereby relieving the inhibition that the extracellular domain imposes

on the receptor’s intracellular kinase domains. Another layer of signal integration is

achieved through receptor transmodulation by means of receptor phosphorylation

on critical tyrosine, serine or threonine residues by other cellular kinases (e.g. SRC

and p38 MAP kinases), or by inhibition of regulatory phosphatases [10–12]. This

inter-receptor crosstalk links the ErbB network with integration of a broad variety

of physical and chemical stimuli. Depending on the identity and abundance of

ligands and receptors, respectively, specific receptor homo- and heterodimers are

favoured, thereby determining signal specificity and strength [13].

Unlike EGFR, wild-type Her-2/neu is unable to form homodimers due to

electrostatic repulsion at the homodimer interface [14]. Accordingly, co-expression

of its heterodimerisation partners is required for Her-2/neu-mediated signalling

[13]. Likewise, ERBB3 cannot form functional homodimers due to its inactive

kinase domain. Yet, when recruited to heterodimers, ERBB3 potently couples to

downstream signalling pathways [15]. Accumulating evidence suggests that ErbB

receptors may also be recruited to form heteromeric complexes with other cell

surface receptors, such as IGF1R, MET, several integrins and EPHA2 [16–18], thus

linking ErbB signalling with an even broader set of extracellular cues.

The conformational change induced by ligand binding and dimerisation of the

extracellular domains is relayed to the intracellular receptor portion, resulting in

the formation of an asymmetric dimer of kinase domains: Juxtaposition of the

carboxyl-terminal lobe of the kinase domain of one receptor (the activator kinase)
upon the amino-terminal lobe of the kinase domain of its heterodimerisation partner

Fig. 1 (continued) transcriptional wave of forward-driving immediate early genes. This early

transcriptional wave is rapidly succeeded by delayed early genes, which dampen both immediate

early genes and enzyme cascades. Conversely, late genes are induced when the initial signal has

ceased, thus primarily modulating the network response to repetitive or continuous stimulation.

Signal amplitude, specificity and duration are fine-tuned by multiple feed-forward (1–3), and

positive and negative regulatory feedback loops (4–12). Examples include (1) receptor trans-

modulation by other kinases, (2) STAT5B functioning as both EGFR receptor’s adaptor protein

and transcription factor, (3) nuclear translocation of receptors and ligands, (4) MAPK phospha-

tases, (5) inhibition of FOS by FOSL1, (6) autoregulatory feedback of FOS on its own promoter,

(7) inhibitory phosphorylation of RAF by ERK, (8) activating phosphorylation of AKT by the

mTORC2 complex, (9) inhibitory phosphorylation of GAB1 by ERK, (10) phosphorylation of

EGFR by SRC, (11) inhibition of ERBB2 by ERRFI1, and (12) autocrine loops resulting in growth

factor and ErbB receptor synthesis

�
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(the receiver kinase) induces an allosteric reorientation of the catalytic domains of

the receiver kinase [19]. In this active asymmetric dimer conformation, the receiver

kinase can transfer phosphate moieties to multiple tyrosine residues residing on the

carboxyl-terminal tail of the activator. In other words, phosphorylation of ErbB

receptors occurs in trans [19].

2.2 Intracellular Signalling Pathways Activated by ErbB
Receptors

2.2.1 The Adaptors

Phosphorylated cytoplasmic ErbB receptor residues serve as docking sites for a

broad, receptor-specific set of SRC homology 2 (SH2)- or phosphotyrosine-

binding (PTB) domain-containing signalling effectors and adaptor proteins [20].

These adaptors anchor ErbB receptors to different cellular compartments, or

serve as direct binders for signalling complexes linking activated receptors with

canonical intracellular signalling pathways. Thus, ErbB receptors encode infor-

mation through combinatorial multi-site receptor tail phosphorylation and com-

binations of overlapping sets of adaptor proteins [21]. For instance, instigation

of cell movement and mitogenesis by EGFR is non-redundantly achieved by

different phosphorylation sites [22], and elegant transgenic mouse models

expressing Her-2/neu variants coupling to specific adaptor proteins have deli-

neated the differential contribution of distinct signalling platforms formed with

regards to tumourigenesis, proliferation, angiogenesis and metastatic outgrowth

[23]. The stoichiometry and specificity of adaptor binding is also sensitive to

changes in the abundance of interaction partners [21], thus linking states of

increased ErbB receptor activation not only to enhanced, but also to broader

signalling. For instance, phosphorylated tyrosine residues 1068 and 1086 of

EGFR recruit the adaptor protein GRB2, which can bind multiple positive (e.g.

SOS1) and negative (e.g. CBL) regulators of EGFR signalling, such that the net

output in signalling strength and duration depends upon the abundance and

activity of these proteins.

2.2.2 Signalling Pathways and Transcription Factors

The signalling pathways engaged by ErbB receptors comprise mitogen-activated

protein kinase (MAPK) pathways, the phosphatidylinositol 3-kinase (PI3K), phos-

pholipase C-g (PLCG1) and coupling to the signal transducers and activators of

transcription (STAT) family transcription factors. MAP kinases recruited by the

ErbB family predominantly include the extracelluar signal-regulated kinases

ERK1/2 (gene symbols: MAPK3/MAPK1), which are activated by the canonical

HER‐2 and EGFR in Breast Cancer: From Signalling to Therapy 5



RAS (NRAS, HRAS and KRAS) – RAF (RAF1, BRAF and ARAF) – MEK1/2

(MAP2K1/MAP2K2) cascade, the c-Jun N-terminal kinases (JNK1/2/3), the p38

MAP kinases (isoforms MAPK14 MAPK11 MAPK12 MAPK13) and MAPK7

(also called ERK5).

The activation kinetics of these multiple sequential reactions of signal propaga-

tion from receptors to adaptors and along signalling pathways are often exponential

or switch-like (bistable), collecting inputs over many orders of magnitude (e.g. in

ligand concentrations), which can be integrated in a non-linear manner into discrete

cellular outputs. The specificity and duration of the induced posttranslational

modifications are integrated into discrete profiles of activity and kinetics of a

much more limited set of initial transcription factors. For instance, upon nuclear

translocation, ERK1 and ERK2 phosphorylate and activate the transcription factors

ELK1, SP1 and multiple E2F and AP-1 transcription factors, whereas ERK5

activates MYC, FOS and serum/glucocorticoid-regulated kinases, but the JNK

pathway activates ATF2, ELK1, JUN and JUNB. Depending on the identity of

these transcription factor profiles, cells launch transcriptional programmes driving

such diverse cellular outputs as differentiation, proliferation, metabolism, survival

and motility [24, 25].

2.2.3 Nuclear Signalling of ErbB Receptors and Ligands

Beyond instigating canonical signalling cascades, ErbB receptors, ligands and

their variants, may also translocate to the nucleus, where they can participate in

transcriptional regulation [26–33]. Accordingly, nuclear accumulation of ErbB

receptors may be associated with an adverse prognosis in patients with breast

cancer [27, 28, 34–36]. It has further been argued that the synergism of ErbB-

targeting agents and ionising radiation or DNA-damage inducing chemothera-

peutics may critically depend upon the abrogation of nuclear ErbB signalling

[37, 38].

3 ErbB Signalling as a Robust Information Relay System

3.1 From Linear Pathways to Scale-Free Feedback-Controlled
Networks

The evolvement of ErbB signalling from a primordial cascade of a single ligand–

receptor pair in the nematode C. elegans to a richly interwoven network bestowed

the ErbB system of higher eukaryotes with several selective advantages: Simulta-

neous sensing and integration of multiple inputs allow for processing of more

complex signals than concentration gradients of a single ligand (network speci-
fication). Moreover, functional redundancy of groups of signalling components

6 W.J. K€ostler and Y. Yarden



(modules) and their rich interconnections, including feedback circuitries (Fig. 1),

confer functional stability, which ensures fail-safe operation in case of perturba-

tions in individual components or modules (robustness) [39]. For instance, all ErbB
receptors directly or indirectly couple to the MAPK and PI3K pathways with

distinct potency and outcome (co-option). Such modularity, together with the rich

interconnections within and between modules, and the ability to adapt to new

environmental conditions by changing the strength of their interconnections allow

for network plasticity (also adaptability, evolvability) [40]. These scale-free net-

works are also characterised by network hubs, i.e. individual components that are

more richly interconnected than other nodes and, therefore, critical to fail-safe

network functioning.

3.2 Clinical Implications of Tumours as Robust Systems

In tumours, network hubs are perturbed at higher frequency than expected by

random, suggesting that these aberrations confer specific advantages to tumour

growth, and therefore may represent therapeutic targets [1]. An extreme manifesta-

tion of this network propensity translates to excessive reliance on very few hubs,

i.e. oncogene and non-oncogene addiction, which comes at the price of creating

network fragility [41, 42]. Whereas oncogene addiction conferred by aberrant

positive regulatory components (e.g. oncogenes) or loss of function of negative

regulators (e.g. tumour suppressor genes) has been extensively characterised, non-
oncogene addiction entails overt reliance of tumours on network components,

which do not harbour tumour-associated aberrations. A prototypical example for

non-oncogene addiction of the ErbB network is represented by the extensive

reliance of multiple, often mutated components (e.g. Her-2/neu, AKT, oestrogen
receptor alpha (ESR1), as well as mutants of EGFR) on proper functioning of the

molecular chaperone HSP90AA1 (heat shock protein 90 kDa, Hsp90) [43]. Hsp90

inhibitors, such as tanespimycin (17-AAG) or alvespimycin, which induce Her-2/

neu ubiquitination by the ubiquitin ligase STUB1, resulting in proteasomal degra-

dation of Her-2/neu, may overcome resistance to trastuzumab or to endocrine

therapies [44–46].

Plasticity of the ErbB network allows tumours to evade pharmacological

assaults, whilst remaining addicted to aberrant ErbB signalling. For instance,

binding an epitope in subdomain IV of the Her-2/neu extracellular domain [14],

trastuzumab may predominantly disrupt receptor heterodimers formed by an over-

expressed Her-2/neu in the absence of ligands [47]. Conversely, pertuzumab, which

binds the dimerisation loop of Her-2/neu, preferentially blocks ligand-instigated

heterodimers of Her-2/neu [48]. In elegant preclinical and clinical studies, pertu-

zumab has shown efficacy in patients who failed prior trastuzumab therapy, and the

combination of trastuzumab and pertuzumab exhibits synergism even after failure

of both agents administered individually [48, 49].

HER‐2 and EGFR in Breast Cancer: From Signalling to Therapy 7



3.3 Feedback Control of the ErbB Network

Network-intrinsic signal enhancers and attenuators allow response to weak stimuli

(amplification), define the kinetics, amplitude and duration of signal activity and

appropriately integrate the output to prolonged or repetitive stimuli. Moreover,

feedback circuits act as signal linearisers that maintain output reproducibility in

face of stochastic fluctuations of concentrations of individual network components,

aberrant proteins or other factors that augment noise (buffering, tolerance) [50].

3.3.1 Early Feedback Regulation

Immediate signal-attenuation is achieved within minutes by pre-existing machi-

neries that act primarily by inducing compartimentalization and posttranslational

modifications of signalling components: These include receptor dephosphorylation

by phosphatases, inhibitory phosphorylation within signalling modules and conju-

gation of activated receptors to ubiquitin and ubiquitin-like proteins, thereby

routing them to the degradative lysosomal or proteosomal machineries. Impor-

tantly, ErbB receptors are not unique substrates for receptor proximal signal

attenuators. For instance, EGFR and MET, the hepatocyte growth factor receptor,

are controlled by a highly similar set of signal attenuating phosphatases and are

both substrates for the ubiquitin ligase CBL, thus linking defects in these signal

attenuators to unrestrained signalling by multiple RTKs [51]. Importantly, the

mechanisms of immediate feedback regulation are also richly exploited by tumours

to escape pharmacological assaults. For instance, buffering against incomplete

inhibition of EGFR and/or Her-2/neu activity by kinase inhibitor therapy may

occur via a shift in the phosphorylation–dephosphorylation equilibrium of ERBB3:

Uncoupling of anAKT-dependent negative regulatory feedbackmechanism enhances

the translocation of ERBB3 from the cytoplasm to the plasma membrane, where it is

available to formheterodimers – amechanismwhichmay be overcome by irreversible

kinase inhibitors and by combining inhibitors of Her-2/neu and AKT [47, 52].

3.3.2 Late Feedback Regulation of Transcription

A later, broader set of signal modulators is transcriptionally induced after ErbB

stimulation, and comprises positive and negative regulators of the signalling net-

work (Fig. 1). This includes autoregulatory loops in which protein products of

forward-driving immediate early genes (e.g. FOS) serve as transcriptional repres-

sors at their own promoters [53]. Subsequent up-regulation of delayed early genes,
which include transcriptional repressors and RNA-binding proteins, confines the

temporal activity of immediate early genes. For instance, the transcriptional repres-
sors FOSL1, KLF2 and JUNB succeed the rapid induction of the forward driving

AP-1 components FOS and JUN, and RNA-binding proteins encoded by delayed
early genes, such as ZFP36 and TIAL1, destabilise transcripts encoding for
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components of the AP1 complex [24, 53]. Not surprisingly, immediate early and

delayed early genes regulating the ErbB system are frequently perturbed in breast

and in other tumours, and their aberrations are linked to patients’ prognosis [24].

3.3.3 Late Feedback Regulation of ErbB Signalling

Delayed early genes also comprise inhibitors of ErbB-induced downstream signal-

ling cascades, such as theMAPK phosphatases (MKPs, also known as dual-specifity

phosphastases, DUSPs). A later wave of transcription encodes for both positive and

negative regulators that mostly act in a more receptor-proximal way. These delayed

negative regulators are induced after the initial stimulus has ceased, thus they

primarily attenuate the response of the ErbB system to repetitive stimulation. For

instance, LRIG1, which associates with the extracellular domains of multiple recep-

tors and recruits CBL to tag receptors for degradation [54], is frequently under-

expressed in breast cancer, and its loss enhances tumourigenesis in ERBB2

transgenic mice [55]. ERRFI1 (also MIG6, RALT), another transcriptionally

induced feedback inhibitor of the ErbB network, inhibits several pathways compo-

nents downstream of ErbB receptors, and also directly binds to the kinase domains of

EGFR, Her-2/neu and ERBB4, quenching their function as both activator and

receiver kinases [56]. ERFFI1 under-expression, often due to genomic loss of the

1p36 region, frequently occurs in Her-2/neu over-expressing breast tumours,

enhances their aggressiveness and promotes their resistance to targeted therapies,

such as trastuzumab [57]. De novo transcription and rapid translocation of pre-

existing Sprouty proteins (SPRY1, SPRY2) to early endosomes and to the plasma

membrane are induced by RAS-MAPK signalling [58]. Sprouty proteins predomi-

nantly inhibit the activation of RAS and RAF1 as well as intercept EGFR ubi-

quitination and internalisation [59, 60]. SPRY1 and SPRY2 exhibit decreased

expression in many mammary tumours, and their loss is accompanied by enhanced

tumourigenic potential in vitro and in xenograft models [61].

In addition, microRNAs (miRs), short non-coding RNA molecules that bind to

the 30-untranslated regions of mRNAs to induce their translational repression and/or

degradation, emerge as critical pre-existing and feedback-induced regulators of

ErbB signalling. These molecules frequently exhibit aberrant expression attribut-

able to epigenetic mechanisms, genomic gains or losses and to alterations in

processing of their precursors (reviewed in [62]).

4 Aberrant Functions of the ErbB Network in Breast

Cancer (see Fig. 2)

Because oncogenic somatic mutations of ErbB receptors are virtually absent in

breast cancer [3, 6], ligand and receptor over-expression is commonly considered

to be the main tumourigenic event of the ErbB system in breast cancer. Indeed,

HER‐2 and EGFR in Breast Cancer: From Signalling to Therapy 9
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Her-2/neu over-expression may shift the activation/inactivation equilibrium towards

higher prevalence of active receptors [63], likely by forming heterodimers [47].

However, as discussed in the following sections and as shown in Fig. 2, aberrations

of the ErbB network in breast cancer predominantly include combined perturbations

occurring throughout all layers of the network, including ligands, receptors, adaptor

proteins and intracellular signalling cascades.

Although animal models involving conditional ERBB2 transgene expression

prove that sustained expression of Her-2/neu is required for established metastatic

tumours [64], several lines of evidence suggest that additional oncogenic hits are

required: Compared to invasive ductal carinomas, approximately twice as many

ductal in situ carcinomas (DCIS) over-express Her-2/neu, suggesting that Her-2/

neu does not suffice for invasive outgrowth [65]. In three-dimensional cell culture

models, Her-2/neu over-expression, but not EGFR signalling, suffices to disrupt

cell polarity, increase proliferation and evade apoptosis [66]. Although Her-2/neu
can engage multiple downstream signalling pathways involved in cell motility,

including PI3K, PAK1, PTK2, RAC1 and SRC activation, heterodimerisation with

EGFR and/or additional oncogenic insults, for instance enhanced transforming

growth factor beta (TGFB1) signalling, are required to achieve an invasive pheno-

type and further support cell survival [67–70]. In transgenic mice, over-expression

of wild-type human Her-2/neu under control of its endogenous promoter generates

mammary tumours with low metastatic potential only after long latency [23].

Consistent with in vitro models, ERBB2 transgenic mice require EGFR, b-catenin
(CTNNB1), and/or TGFB1 signalling and/or TP53 loss as synergistic inducers of

mammary tumourigenesis and/or metastatic outgrowth [23]. Below we discuss

potential collaborators of Her-2/neu in mammary tumourigenesis.

4.1 The Her-2/neu Amplicon

While EGFR amplification occurs in approximately 5% of breast cancer [8],

amplification of a genomic region containing the ERBB2 gene on chromosome

17q12 occurs in approximately 25% of invasive breast tumours [65]. The minimum

region of recurrent amplification includes the Her-2/neu adaptor protein GRB7

�

Fig. 2 (continued) ErbB receptors, their ligands and downstream signalling pathways perturbed in

breast cancer. ErbB receptors activated by binding of their respective ligands (ligands are shown in

light blue boxes) couple via adaptor proteins to intracellular signalling cascades, including MAPK,

STAT transcription factors, PLC-g and PI3K-AKT signalling. Alternately, ErbB receptors may

serve as transcriptional co-regulators in the nucleus. Pathway components downstream of ErbB

receptors, which frequently exhibit enhanced expression or gain-of function mutations in breast

cancer, are highlighted in red, signal attenuators frequently lost in breast cancer are depicted in

dark blue
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(reviewed below) and STARD3 (involved in endosomal vesicle trafficking). The

commonly amplified region contains five additional genes, which are over-

expressed along with Her-2/neu and constitute part of the ERBB2 gene expression

signature in breast cancer [71], including PPP1R1B (protein phosphatase 1, regu-

latory (inhibitor) subunit 1B, also DARPP32), splice variants of which have been

associated with resistance to trastuzumab, and C17ORF37 (chromosome 17 open

reading frame 37, also MGC14832), which promotes migration and invasion by

serving as a positive regulator of AKT phosphorylation. Furthermore, multiple

genes promoting the growth of ErbB-dependent breast cancer, such as topoisomer-

ase II, are frequently co-amplified and over-expressed along with Her-2/neu [7].

Importantly, ERBB2 amplification often occurs on the background of a polysomy

of chromosome 17, leading to deregulation of many genes involved in breast cancer

pathogenesis and treatment response (reviewed in [72, 73]).

4.2 Transcriptional Control of ErbB Receptor Expression

The gene dosage gain of a few extra copies of ERBB2 may not account for the

remarkable increase in mRNA and protein levels observed in ERBB2-amplified

breast tumours, suggesting the occurrence of additional mechanisms governing the

increased transcription, predominantly mono-allelic, from amplified ERBB2 genes

[74]. In most Her-2/neu over-expressing breast tumours, multiple transcription

factors enhancing ERBB2 promoter activity (e.g. the AP-2 family of proteins,

factors engaging the AP-2 complex, such as Yin Yang 1, various Ets factor family

members, EGR2, ZO-1 and ZONAB) show enhanced expression or activity. In

addition, these are accompanied by frequent genomic or functional loss of trans-

repressors of the ERBB2 promoter, such as FOXP3, GATA4, RB1, WWOX and the

Ets protein PEA [75, 76].

4.3 Variant Receptors

Her-2/neu over-expression is almost universally accompanied by a disproportional

shift in the expression of receptor variants compared to the more abundant full

length, 185 kDa, wild-type receptor. Approximately 50% of Her-2/neu over-

expressing breast tumours exhibit enhanced expression of amino-terminally trun-

cated Her-2/neu receptors lacking most of the extracellular receptor portion. These

variant receptors are generated by alternative translation initiation (resulting in

receptor sizes in the range of 90–120 kDa) or by ADAM10-mediated proteolytic

cleavage of the extracellular domain, resulting in a 95 kDa carboxyl-terminal

receptor fragment (p95) [32, 77–82]. Her-2/neu truncation variants exhibit consti-

tutive activity: Some variants constitutively form receptor homodimers, undergo

enhanced nuclear translocation or exhibit a significantly enhanced transforming
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potential in transgenic animal models [79]. Thus, more than the wild-type receptor,

their expression has been associated with adverse prognosis in patients with

Her-2/neu over-expressing breast cancers.

Importantly, all these receptor variants lack the trastuzumab-binding epitope, but

remain sensitive to lapatinib [83]. Moreover, the secreted ectodomain (ECD)

resulting from proteolytic receptor cleavage may bind and neutralise trastuzumab,

resulting in sub-therapeutic trastuzumab serum levels in patients presenting very

high ECD levels [84, 85]. Conversely, binding to an epitope near the cleavage site,

trastuzumab inhibits proteolytic cleavage of Her-2/neu [86]. These mutual pharma-

cokinetic and pharmacodynamic interactions make measurement of ECD levels an

ideal tool to monitor the efficacy of ongoing therapy with trastuzumab [87, 88].

Another HER-2 variant, HER2D16, likely generated by alternative mRNA

splicing, lacks a small part of the extracellular domain and accounts for up to 9%

of Her-2/neu transcripts in mammary tumours. HER2D16 constitutively forms

homodimers, potently couples to downstream signalling pathways and exhibits

potent transforming activity [89]. Although HER2D16 binds trastuzumab, the

enhanced SRC kinase activity conferred by this variant interferes with plasma

membrane recruitment and activation of PTEN required for trastuzumab efficacy

[90]. HER2D16 expressing cells, however, are exquisitely sensitive to lapatinib and
SRC inhibitors [91, 92].

Production of receptor variants is not limited to Her-2/neu. Enhanced expression
of EGFRvIII, an EGFR variant lacking large parts of the extracellular ligand-

binding domain encoded by exons 2–7, has been described in breast cancers

[93, 94]. EGFRvIII exhibits constitutive, ligand-independent receptor and PI3K

pathway activity [95], thus explaining the sensitivity of tumours expressing EGFR-

vIII to combined treatment with EGFR and mTOR inhibitors and to antibodies

specifically binding with EGFRvIII, but not with the wild-type receptor [96, 97].

Mammary tumours also shift the expression of ERBB4 towards cleavable isoforms,

along with enhanced expression of their sheddase, ADAM17, thereby conferring

tumourigenic ERBB4 activity even in the absence of ligand [36].

4.4 Ligands

Enhanced proteolytic release of AREG, HB-EGF and TGFA from breast cancer

cells occurs through up-regulation or mutations of sheddases. The latter include

ADAMTS1, MMP1, ADAM17 and ADAM12 [3, 98], as well as other extracellular

matrix degrading enzymes. Altered expression of these components may modify

tumourigenesis and metastatic outgrowth in ERBB2 transgenic mouse models

(reviewed in [99]). Enhanced synthesis of the ligands predominantly results from

autocrine transcriptional loops involving ligand-stimulation-mediated transcrip-

tional induction of ligand and receptor production, boosting the autonomous growth

of breast cancer [24, 25, 100]. For instance, constitutive expression of TGFA in the

mammary epithelium is tumourigenic and synergises with receptor over-expression
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[101]. Ligand secretion also links mammary tumours to their microenvironment.

For instance, a paracrine loop involving EGF and pro-angiogenic factors produced

by tumour-associated M2 macrophages acts as a chemotactic migratory stimulus

required for the invasiveness of breast cancer cells in vivo whereas colony-

stimulating factor-1 (CSF1) produced by tumour cells acts as potent chemoattrac-

tant for macrophages [102].

Tumour-derived ErbB ligands also suppress the expression of osteoprotegerin by

osteoblasts, thereby potentiating differentiation of osteoclasts involved in the for-

mation of bone metastases [103]. Conversely, ErbB ligands released, for instance,

during healing of surgical wounds stimulate the proliferation of HER-2/neu over-

expressing breast tumours [104, 105]. Increased ligand production is causally

involved in resistance to some ErbB-targeting agents. For instance, ligand produc-

tion causes resistance to cetuximab, in part by competing with antibody binding to

EGFR. Likewise, ligand production in Her-2/neu over-expressing breast tumours

increases resistance to trastuzumab by formation of ligand-mediated receptor

heterodimers [106]. Moreover, increased production of alternatively spliced variant

forms of TGFA and neuregulin precursors, mediating enhanced transforming

ability by increased secretion, differential binding to ErbB family members or

nuclear translocation, have been identified in breast cancer [107].

4.5 Adaptor Proteins and Substrates

SRC: The cytoplasmic tyrosine kinase SRC (v-src sarcoma viral oncogene homolog)

acts as both an upstream activator and a substrate of ErbB family members

(reviewed in [108]). Enhanced expression and activity of ErbB family members

and SRC are frequently observed in breast cancer in association with adverse

prognosis. SRC-induced phosphorylation of the non-autophosphorylation site on

tyrosine 845 couples EGFR to the transcription factor STAT5B required for

mitogenesis and DNA repair, as well as to the cytochrome c oxidase subunit II,

resulting in inhibition of apoptosis by interference of cytochrome c release from

mitochondria. SRC also enhances coupling of EGFR to STAT and JNK proteins, the

regulatory subunit of PI3K, and SRC-mediated phosphorylation of EGFR enhances

the receptor’s interaction with SRC itself.

Receptor trans-modulation by SRC also links the EGFR to signals emanating

from integrins and GPCRs, and signals from ErbB receptors in turn regulate integrin

assembly and function required for tumourigenesis and metastatic outgrowth [108,

109]. Importantly, this transmodulation-mediated recruitment of EGFR to signal-

ling complexes, independent of its kinase activity, may account for resistance of

EGFR over-expressing mammary tumours to EGFR-targeting kinase inhibitors

[110]. Recent studies also implicate the EGFR-SRC axis in resistance to pathway

inhibitors downstream of both kinases: For instance, rapamycin-induced EGFR

activation via SRC has been implicated in resistance to this mTOR inhibitor

[111]. Her-2/neu promotes SRC synthesis and stability, and physically associates
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with SRC [112]. Indeed, SRC activity is crucially involved in Her-2/neu-mediated

anchorage-independent growth, survival, motility, invasion and metastases in cell

cultures and in animal models [112, 113]. Conversely, SRC also acts upstream of

Her-2/neu by enhancing tyrosine phosphorylation and heterodimer formation of

Her-2/neu with ERBB3, and by enhancing the coupling of p85 to receptor com-

plexes, SRC instigates increased basal and/or neuregulin-induced activation

[114]. SRC also directly phosphorylates multiple substrates of the ErbB pathway,

including focal adhesion kinase, cortactin, PI3K and STAT proteins (reviewed in

[115]), thus fine-tuning their activity. Moreover, association with SRC also links

oestrogen and progesterone receptor signalling to activation of the RAS-MAPK

pathway [116].

GRB7: The adaptor protein GRB7 (growth factor receptor-bound protein 7) is

co-amplified, over-expressed and forms a physical complex with HER-2/neu in

ERBB2-amplified breast cancers, where it facilitates phosphorylation of Her-2/neu
and its interaction with PLCG1 (phospholipase c-g1) and AKT, thereby enhancing

tumourigenesis in xenograft models [117]. GRB7 can also bind ERBB3 and

ERBB4, coupling ErbB receptors to Shc [118]. Through its interaction with cal-

modulin and focal adhesion kinase, GRB7 also enhances cellular motility and

mediates anti-oestrogen resistance by a yet unidentified mechanism.

Phospholipase C-g1. PLCG1 exhibits enhanced expression and activity in the

majority of EGFR and/or Her-2/neu over-expressing mammary tumours [119].

In addition to regulating cell motility via indirect effects on the activity of actin-

modifying proteins, PLCG1 hydrolyses phosphatidylinositol (4,5) bisphosphate

(PIP2) into the second messengers inositol-1,4,5-trisphosphate (IP3) and diacylgly-

cerol (DAG). IP3 is important for intracellular calcium mobilisation and for the

activation of calcium/calmodulin-dependent protein kinases and phosphatases.

DAG serves as a co-factor for calcium in activation of protein kinase C, which, in

turn, activates MAPK and c-Jun NH2-terminal kinases.

GRB2. Through binding of SHC, GAB1, CBL, TNK2 and SOS, the adaptor

protein GRB2 (growth factor receptor-bound protein 2) links ErbB receptors to the

RAS-MAPK pathway, the p85 regulatory subunit of PI3K and to the endocytic

machinery [120]. GRB2, located on chromosome 17q24-q25, is frequently over-

expressed along with the phosphatase PTPN6 in mammary tumours [121].

GAB2. The scaffolding adaptor GAB2 (Grb2-associated binding protein 2) maps

to a region (11q13-14) amplified in approximately 15% and over-expressed in

almost 50% of mammary tumours [122]. The hyperactivation of the RAS-MAPK

pathway resulting from GAB2 over-expression and its interaction with the phos-

phatase PTPN11 enhances breast carcinogenesis and metastatic outgrowth in

ERBB2 transgenic mice [122].

STAT3. The transcription factor STAT3 links ErbB-driven mammary tumours to

the microenvironment. Constitutive activation of STAT3 alone is weakly tumouri-

genic, but it occurs in a large fraction of human breast tumours [123]. In ERBB2-

driven transgenic mouse models, transcriptional programmes launched by STAT3

instigate an inflammatory and angiogenic acute phase response, which boosts

metastatic outgrowth [124].
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5 Beyond Receptors and Adaptors: Global Aberrations

in ErbB- Regulated Pathways in Breast Cancer

Beyond the aberrations of the PI3K pathway and the phosphatases discussed below,

multiple less abundant driver and passenger mutations of the ErbB system can be

observed at lower frequency in breast cancer: These affect GAB1, IRS2, BRAF,

KRAS, several MAP kinases (e.g. MAP3K6, MAPK13, PRKAA2), actin organisers

such as CDC42-binding protein kinases, regulators and effectors of RHO GTPases

(e.g. ARHGEF4, ARHGAP25, ROCK1, PKN1) and calcium/calmodulin-dependent

kinases, as well as mTOR signalling components and ribosomal protein S6 kinases

(e.g. PRKAA2, RPS6KA3, RPS6KA4, RPS6KC1) [3, 4, 6]. Moreover, multiple

signalling modules exhibit enhanced expression due to gene amplification at lower

frequency (e.g. AKT2, RPS6KB1, PTK6), and critically modify the responsiveness

to ErbB targeting agents, such as trastuzumab [7, 125, 126]. Furthermore, multiple

alterations of posttranscriptional processes modify the transforming role of ErbB

alterations in mammary tumours. For instance, alternatively spliced isoforms of

vasodilator-stimulated phosphoprotein (VASP) family members involved in actin

remodelling co-operate with EGF signalling to promote metastases in breast cancer

[127]. Below, we review frequent alterations depicted in Fig. 2 that impact on major

signalling pathways at several locations, potentially creating synergistic effects for

tumourigenesis, metastatic growth and resistance to pharmacological interventions.

5.1 Aberrations in the PI3K–AKT Pathway

Amplification and mutations of PI3K occur in approximately 25% of mammary

tumours, particularly those characterised by ESR1 expression and/or ERBB2 ampli-

fication. Activating point mutations of PI3K cluster in hotspots within the kinase

and helical domains of the catalytic subunit (PIK3CA) [128] or, less frequently,

encompass the regulatory PI3K subunits [3, 6]. PI3K mutations confer constitutive

phosphorylation of AKT on residues T308 and S473, resulting in increased phos-

phorylation of the transcription factors FOXO1 and FOXO3, whereas other AKT

targets are not consistently affected [129]. Thus, oncogenic mutations of PI3K are not

biologically equivalent to the frequent loss of PTEN discussed below [130].

The 30 phosphoinositide-dependent protein kinase 1 (PDPK1) links phosphoinosi-
tides produced by PI3K to AKT activation. PDPK1 is frequently amplified in breast

cancer and the majority of tumours exhibit enhanced expression of this kinase –

particularly those with Her-2/neu over-expression. Whilst not oncogenic by itself,

PDPK1 over-expression enhances the transforming potential of upstream perturba-

tions [131, 132]. In preclinical models, novel compounds inhibiting PDPK1 show

single agent and synergistic activity with trastuzumab, even in tumours resistant to

trastuzumab [133]. Conversely, constitutive AKT1 activation by mutations occurs at

much lower frequency in breast cancer (1–8%) [130, 134]. AKT1 mutations lead
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to phosphorylation and subsequent destruction of TSC2, which promotes tumour

survival and proliferation, whilst diminishing RHOA-GTPase activity and transcrip-

tional networks required for cell motility and invasion [134–136]. Interestingly, con-

stitutive AKT2 activation promotes cell invasion, but inhibits tumour growth [137].

5.2 Perturbations of the Endocytic Machinery in ErbB-
Driven Mammary Tumours

Clathrin-mediated and clathrin-independent endocytic mechanisms represent the

main mediators of immediate sequestration of activated ErbB receptors from the

plasma membrane (reviewed in [138, 139]). This is achieved by multiple post-

translational modifications of signalling complexes, clathrin assembly proteins and

the entire endocytic machinery. Covalent tagging of signalling complexes with

ubiquitin and ubiquitin-like moieties (e.g. NEDD8) couples receptors to ubiquitin-

binding domain containing endosomal sorting proteins. The journey of internalised

receptors along the endocytic route from early to late endosomes culminates in

signal attenuation and sorting for intracellular degradation in the multivesicular

body. Endosomal sorting of EGFR critically depends upon its persistent ligand

binding, phosphorylation, ubiquitination and continued association with the ubi-

quitin E3 ligase CBL, which prevents receptor recycling from early and late

endosomal compartments back to the plasma membrane [140]. Aside from recep-

tors, CBL also ubiquitinates adapator proteins and endocytic adaptors, thereby

promoting internalisation and degradative sorting of whole signalling complexes.

Beyond functioning as a mere desensitisation process, endocytic trafficking and

recycling of receptor cargo is also crucially required for maintenance of matrix

adhesion and cell–cell contacts and, thereby, for epithelial polarity and cell migra-

tion. Indeed, the polarity-maintaining endocytic routing is perturbed by oncogenic

ErbB signalling in many tumours – predominantly by acting on polarity genes of

the Par (partitioning-defective) family. EGFR enhances tight junction assembly by

inducing SRC-mediated phosphorylation of PARD3, whereas Her-2/neu disrupts

apical–basal cell polarity by associating with the PARD6–PRKCI complex [141,

142]. EGFR also regulates endocytosis of cadherins by coupling to ARF6 via its

GEF, IQSEQ1, which is frequently over-expressed in highly invasive breast

tumours [143]. In addition, the endocytic machinery compartmentalises signalling

of ErbB receptors, allowing them to engage in signalling complexes that are

qualitatively distinct from those formed at the plasma membrane [50, 144].

5.2.1 Evading the CBL Hub

To maintain malignant phenotypes, oncogenic perturbations in ErbB signalling

must evade or perturb the endocytic machinery or be accompanied by defects in

key endocytic regulators. While over-expression of receptors can saturate the
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binding capacity of both clathrin-coated pits and endosomal adaptors, further

prolonging half-life of active receptors [145], overcoming the negative regulatory

effect of CBL represents another key event required for tumourigenesis by the ErbB

network. For instance, activated SRC phosphorylates clathrin and dynamin [146],

resulting in enhanced EGFR internalisation, whilst SRC-mediated phosphorylation

of the ubiquitin ligase CBL results in CBL’s autoubiquitination and proteasomal

degradation, thus promoting EGFR recycling [147]. The net effect is enhanced

membranal and endosomal signalling of EGFR in the absence of EGFR degrada-

tion. As CBL and its family members, CBLB and CBLC, have multiple substrates

in addition to EGFR, including other growth factor receptors, cytokine receptors,

hormone receptors and integrins [148], perturbations of CBL result in unbalanced

partitioning of multiple cargos between the route leading to lysosomal degradation

and the alternative recycling route. Indeed, CBL knockout mice exhibit hyperplasia

of multiple tissues, including the mammary epithelium [149].

Autocrine loops involving overproduction of growth factors that lose receptor

affinity in the mildly acidic early endosomes, such as TGFA, EPGN and HBEGF,

also evade the regulatory role of CBL: Dissociation of receptor–ligand complexes

decreases phosphorylation of endosomal EGFR and its association with CBL,

resulting in enhanced receptor recycling [150, 151]. The EGFRvIII variant is poorly

downregulated because of its decreased phosphorlyation on the CBL docking site at

tyrosine 1045, and its constitutive association with HSP90 [152]. Similarly, EGFR

transmodulation may alter the endocytic fate of the receptor [12].

Unlike EGFR, Her-2/neu poorly internalises or couples to the degradative

endocytic machinery, but readily recycles, thereby enhancing protein levels and

prolonging the signalling of its heterodimerization partners [13, 153–155]. Accor-

dingly, increased expression of Her-2/neu or ligands promoting the formation

of Her-2/neu containing heterodimers, such as EREG and EPGN, promotes the

transforming role of its heterodimerisation partners [150, 153, 156].

5.2.2 Aberrations in Endocytic Components

The CDC42 guanine nucleotide exchange factor (GEF) called ARHGEF7 (also

betaPix, Cool-1) is frequently over-expressed and/or activated by EGFR and SRC

in breast cancer [157]. The resulting formation of a CDC42/ARHGEF7/CBL

complex, which sequesters CBL from EGFR, diminishes EGFR ubiquitination

and downregulation [158]. Cortactin (CTTN), an actin-binding protein, is over-

expressed due to amplification of the 11q13 region in about 13% of primary breast

carcinomas [159] and inhibits CBL-mediated down-regulation of EGFR [160] in

multiple ways: Impaired tyrosine phosphorylation of CBL and association with

EGFR occur through enhanced SRC activity, and activation of CDC42 via the

exchange protein FGD1 enhances the formation of the CDC42/ARHGEF7/CBL

complex [160]. Other examples of impaired ErbB receptor endocytosis in breast

cancer involve LIMK1, the actin adaptor HIP1, the ubiquitin E3 ligases WWP1,

ITCH, NRDP1 and NEDD4, and the ubiquitin-binding protein TSG101.

18 W.J. K€ostler and Y. Yarden



5.3 Perturbations of Protein and Lipid Phosphatases
Acting at and Downstream to ErbB Receptors

Along with MAPK phosphatases acting on signalling pathways downstream of

ErbB receptors, cytoplasmic and plasma-membrane-anchored tyrosine and lipid

phosphatases critically define the window of receptor activation in different cellular

compartments (reviewed in [161]). The activity of protein tyrosine phosphatases is

negatively regulated by oxidation of their active site cysteine residue by H2O2

produced by oxidative stress and by some tyrosine kinase inhibitors. Likewise,

phosphorylation on serine, threonine or tyrosine residues differentially modulates

the activity of phosphatases, and links their activity to inputs from tyrosine kinases

and GPCRs [162].

Phosphatases that enhance ErbB signalling, and frequently exhibit increased

expression and/or activity in breast cancer, include PTPN11 (protein tyrosine

phosphatase, non-receptor type 11, also SHP2), PTPRE (protein tyrosine phospha-

tase, receptor type, E) and PTPN1 (protein tyrosine phosphatase, non-receptor type

1, also PTP1B). Conversely, protein phosphatases, which quench the activity of

ErbB receptors, such as PTPN13 (protein tyrosine phosphatase, non-receptor type

13, also PTP1E, PTPL1), PTPN6 (protein tyrosine phosphatase, non-receptor

type 6, also SHP-1), PTPRF (protein tyrosine phosphatase, receptor type, F, also

PTP-LAR) and PTPRJ (protein tyrosine phosphatase, receptor type, J, also DEP-1)

are frequently lost or exhibit decreased activity in breast cancer. Likewise, the lipid

phosphatase INPPL (inositol polyphosphate phosphatase-like 1, also SHIP2),

which enhances EGFR levels by interfering with degradative sorting of EGFR in

early endosomes, is frequently over-expressed in mammary tumours [163]. PTEN

(phosphatase and tensin homolog deleted on chromosome 10) dephosphorylates

phosphoinositide substrates, dephosphorylates proteins on serine, threonine and

tyrosine residues and executes multiple functions independent of its phosphatase

activity. PTEN hydrolyses phosphatidylinositol-3,4,5-trisphosphate (PIP3) to gene-

rate phosphatidylinositol (4,5) bi-phosphate (PIP2), which functionally antagonises

the activating function of PI3K towards PDPK1 and AKT [164] (Fig. 2). In addition

to regulating multiple other cytoplasmic substrates, PTEN also dephosphorylates

RTKs, thus acting both upstream and downstream of ErbB receptors. Indeed,

enhanced activation of ERBB3 and IGF1R due to PTEN loss may contribute to

endocrine resistance of breast cancer, and a kinase inhibitor, lapatinib, may

decrease ERBB3 phosphorylation in PTEN-deficient tumours by sequestering

Her-2/neu into inactive heterodimers with EGFR [165]. In the nucleus, PTEN

serves as a transcriptional repressor of multiple genes involved in cell growth and

metastases, and as an essential gatekeeper of genome integrity (reviewed in [166]).

For instance, PTEN regulates arrest at the G1 phase of the cell cycle by down-

regulating cyclin D1 transcription, by preventing the AKT-induced cytoplasmic

sequestration of the cyclin-dependent kinase inhibitor CDKN1B (also p27Kip1)

and by enhancing p27Kip1 transcription via forkhead transcription factors, which

otherwise undergo inhibitory phosphorylation by AKT. Indeed, p27Kip1 acts as an
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essential mediator of growth arrest induced by ErbB targeting agents: Together,

p27Kip1 loss and/or over-expression of cyclin D1 occur in 50% of breast cancers,

and both are associated with therapeutic resistance to ErbB-targeting agents

[167–169]. In ERBB2 transgenic mouse models, p27Kip1 haploinsufficiency accel-

erates mammary tumourigenesis [170].

In up to 50% of sporadic mammary tumours, PTEN haploinsufficiency or loss

occurs by multiple, non-exclusive mechanisms, including mutations encoding

unstable or catalytically inactive PTEN, deletions and epigenetic silencing, lack-

of-function PTEN splice variants and posttranscriptional downregulation by micro-

RNAs. Moreover, PTEN activity, protein stability, localisation and interactions are

regulated by multiple post-translational modifications, which link PTEN function to

multiple intracellular signalling pathways. For instance, Her-2/neu over-expressing
mammary tumours activate SRC to phosphorylate PTEN, sequestering it from its

active site at the plasma membrane [90]. Indeed, the ability to revert this inhibition

is critically relevant to the clinical efficacy of therapeutics targeting EGFR or Her-

2/neu in breast and in other tumours, because hypersensitivity of the PI3K pathway

resulting from complete loss of PTEN expression has been associated with resis-

tance to trastuzumab and to EGFR tyrosine kinase inhibitors, but less so with

resistance to lapatinib which more efficiently shuts down phosphorylation of all

ErbB family members and sequesters them from associating with IGF1R [90, 165,

171–177].

5.4 Implications to Targeting ErbB Receptors and Their
Downstream Pathways

While constitutive activation of multiple network components mitigates the effects of

ErbB-targeting drugs, inhibitors of downstream signalling pathways exhibit only

modest and transient single-agent activity in breast cancer treatment. Because multi-

ple negative regulatory feedback loops are disengaged by treatment with pathway

inhibitors alone, rationally designed combinations of anti-ErbB agents with pathway

inhibitors emerge as promising new therapeutic regimens, despite limited activity of

individual agents. From a systems biology perspective, the design of such combina-

tions requires thorough understanding of the architecture, of the targeted network: At

clinically achievable drug dosages, drug efficacy decreases substantially if a func-

tional negative feedback loop inactivates a component upstream of a drug target,

whereas drugs acting outside of the feedback loop may result in more pronounced

pathway inhibition [178]. A prototypical example includes rapamycin and rapalogs,

which predominantly inhibit the mTOR complex 1 (mTORC1, formed by mTOR,

RAPTOR, MLST8, and AKT1S1) involved in protein synthesis. mTORC1 inhibition

alleviates the feedback inhibition of the upstream activator IRS1 and of PI3K,

mediated by the mTOR target ribosomal protein S6 p70 kinase, and results in

enhanced activation of both, the PI3K–AKT and the RAS–MAPK pathways

[179–181]. Moreover, the mTOR complex 2 (formed by mTOR, RICTOR,
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MAPKAP1, PRR5 and MLST8), which phosphorylates AKT, thus causing sensitisa-

tion to upstream signals, is not inhibited by rapamycin in most cell lines (reviewed in

[182]). Thus, due to the dampening of feedback inhibition circuits, the supersensitiv-

ity of ERBB2 amplified, PTEN lacking or PI3K-mutated tumours to inhibitors of

AKT and mTOR is only transient, resulting in moderate efficacy of these agents in

patients with breast cancer [183, 184]. In combination with ErbB – or IGF1R –

targeting agents, however, inhibitors of PI3K, AKT and/or mTOR can restore or

enhance sensitivity to trastuzumab or to lapatinib, respectively, resulting in exquisite

synergism in both preclinical models and in initial clinical trials [44, 45, 83, 90, 174,

184–190].

Combining PI3K–AKT–mTOR inhibitors with those of other pathways repre-

sents another promising strategy: For instance, despite evidence of target inhibition,

MEK inhibitors have shown very limited efficacy in patients with breast cancer

[191], likely because inhibition of MEK attenuates a negative MEK–EGFR–PI3K

feedback loop [192]. Accordingly, combined inhibition of mTOR or EGFR and

MEK has shown synergistic activity in several cancer xenograft models [181].

In a different signalling context, namely tumours carrying B-RAF mutations,

anti-EGFR antibodies were identified as synergistic combination partners of the

kinase inhibitor sorafenib [193]. This is analogous to the aforementioned synergis-

tic combinations of ErbB-targeting agents with SRC inhibitors or with HSP90

inhibitors.

6 Outlook

Our improved understanding of the regulation of the ErbB network, as well as the

relevant oncogenic perturbations, has already enabled the design of effective

therapeutic agents to treat breast cancer. As highlighted in this chapter, besides

perturbations in ErbB receptors, mammary tumours harbour multiple downstream

aberrations, which likely enhance tumourigenic potential and modify response to

therapeutic agents. Rationally designed targeted therapies will have to take this

multiplicity of oncogenic perturbations into account, as well as identify fragile hubs

specific to individual tumours. Such endeavours entail high-throughput approaches

able to identify perturbations and their collective effects, along with analytical and

pharmacological strategies that can generate safe and effective interventions. Since

different oncogenic perturbations result in discrete transcriptional signatures,

deconstruction of pathways into ensembles of modules can already predict drug

sensitivity [194, 195]. Similarly, mathematical modelling of reactions of the ErbB

network, based upon network kinetics measured in vitro, holds promise for the

prediction of response to individual or combined therapeutic perturbations [177,

196, 197]. Finally, such approaches may also resolve mechanisms of acquired

resistance to ErbB-targeted therapies, and delineate strategies to prevent or over-

come adaptive resistance.
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Trastuzumab as Adjuvant Treatment for Early

Stage HER-2-positive Breast Cancer

Rupert Bartsch and Guenther G. Steger

Abstract Her-2-positive breast cancers are associated with higher recurrence rates

and increased mortality. Trastuzumab, a humanised monoclonal antibody targeting

the extracellular domain of Her-2, is an important part of palliative first-line

therapy. Combination therapy with taxanes improved response rates, progression-

free as well as overall survival.

Based on those results, different groups initiated prospective randomised phase

III trials evaluating the role of trastuzumab in the adjuvant setting. Again, signifi-

cantly superior outcomes were observed in terms of recurrence-free and overall

survival. Importantly however, a recently presented French trial showed no addi-

tional benefit of trastuzumab over conventional chemotherapy alone. As the men-

tioned adjuvant studies had huge differences in their respective designs, a number

of questions remain unanswered; furthermore, those differences may account for

disparities in both, efficacy and side effects.

In the neo-adjuvant setting, the addition of trastuzumab to conventional chemo-

therapy yielded pathologic complete remission rates of up to 60%. Therefore, pre-

operative therapy regimens of Her-2-positive tumours today should incorporate

trastuzumab.

As reported from earlier studies, cardiotoxicity appears to be the most significant

side effect of trastuzumab treatment; this apparently is most prominent if the

antibody is administered closely to an anthracycline.

In this chapter, current knowledge of the role of trastuzumab in the adjuvant

setting is discussed.
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1 Introduction

Breast cancer remains the most prevalent cancer in women in both, developed and

developing countries, and holds responsible for almost half a million deaths per

year worldwide [1]. The history of targeted therapies for the treatment of breast

cancer dates back to surgical oophorectomy in the late nineteenth century [2].

Today, a wide range of anti-hormonal agents and other targeted drugs, including

trastuzumab, bevacizumab and lapatinib are available.

In the 1980s, it was established that patients suffering from Her (Human

epidermal growth factor receptor)-2 positive tumours had a more aggressive course

of disease [3–5]. Furthermore, it was discovered that Her-2 was a transmembrane

growth factor receptor, which in conjunction with other members of the epidermal

growth factor super-family (EGFR ¼ Her1; Her3, Her4) will activate downstream

signalling pathways important for cell growth and survival. Based on those find-

ings, a humanised monoclonal antibody, trastuzumab (rhMab4D5), targeting Her-2

was developed.

1.1 Role of Her-2 in Healthy Tissue

Her-2 plays a number of physiological roles in healthy tissue. Among others, Her-2

signalling regulates cell differentiation, survival and cell repair mechanism [6]. Of

note, cardiac myocytes seem to depend strongly on Her-2-activation in response to

stress as caused by anthracyclines [7].

1.2 Assessment of Her-2 Status

Given the importance of Her-2 for tumour growth, reliable evaluation of

patients’ Her-status is paramount. Her-2-positivity is defined as either increased

receptor expression or gene amplification. Two different methods are being used

worldwide: immunohistochemistry (IHC) and fluorescence in situ hybridisation

(FISH). Other options, including chromogenic in situ hybridisation (CISH) [8]

or real-time polymerase chain reaction (RT-PCR) [9], are an established alter-

native to FISH, while gene expression profiles are still largely considered

experimental.

Differences were observed between Her-2-testing in high- and low-volume

centres [10]. Therefore, it is recommended that Her-2-status should be assessed in

specialised institutions [11].
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2 Trastuzumab

For 10 years, the use of trastuzumab is firmly established in Her-2-positive

advanced breast cancer. The drug has dramatically increased response rate and

progression-free survival as well as overall survival.

2.1 Mechanism of Action

Trastuzumab is a recombinant monoclonal humanised antibody targeting the extracel-

lular domain of Her-2. Different mechanisms of action were suggested: Inhibition of

downstream signalling pathways; internalisation and degradation of Her-2 receptor

protein; p27 induction causing cell cycle arrest due to decreased cyclin-dependent

kinase 2 (CDK2) activity; inhibition of DNA repair; and antibody-dependent cellular

cytotoxicity (ADCC) [12]. In addition, trastuzumab sensitises tumour cells to the

cytotoxic effects of conventional chemotherapy [13]. It is still unclear whether trastu-

zumab actually causes downregulation of Her-2, as some studies have demonstrated

that receptor levels remain basically unchanged [12]. On the other hand, lapatinib, a

tyrosine-kinase inhibitor of EGFR and Her-2, was observed to actively inhibit Her-2-

internalisation, thereby exposing tumour cells to the immunologic effect of trastuzumab

[14]. This mechanism may well hold responsible for the synergistic effect of lapatinib

and trastuzumab, which has recently been reported in a randomised study [15].

Phase II clinical trials established the activity of trastuzumab as single-agent in

Her-2-positive metastatic breast cancer [16, 17]. Based on those proof-of-principle

studies, large randomised trials were initiated. Here, the combination of trastuzu-

mab and taxanes was found superior in terms of response, progression-free and

overall survival over chemotherapy alone [18, 19]. Accordingly, trastuzumab was

approved as first-line treatment for Her-2-positive metastatic breast cancer in

combination with taxanes.

2.2 Mechanisms of Resistance

Questions concerning mechanisms of resistance to trastuzumab-based therapy

remain largely unresolved. Only one third of patients will initially respond to

trastuzumab, suggesting de novo (primary) resistance [20]. Even in responders,

acquired (secondary) resistance will eventually develop, as the majority of patients

will experience disease progression within 1 year of treatment initiation [12].

A number of escape mechanisms were described, and trastuzumab resistance is

likely a multifactorial process [12]. Known pathways conferring resistance com-

prise: Activation of insulin-like growth factor-1 (IGF-1) and its downstream
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signalling pathways [21]; phosphatase and tensin homologue loss (PTEN) [22];

increased Akt signalling [23, 24]; steric hindrance of trastuzumab binding to Her-2

by cell surface proteins such as mucin-4 (MUC4) [12]; truncated Her-2 receptor

(p95 Her-2), a receptor variant without extracellular domain due to alternative

splicing [25]; and downregulation of p27 [12].

With alternative Her-2-targeted drugs becoming available (lapatinib, pertuzu-

mab, trastuzumab-DM1, neratinib, . . .), the question of specific mechanisms of

resistance will gain importance and answers will ultimately help finding the optimal

treatment approach for Her-2-positive tumours.

2.3 Combination of Chemotherapy with Trastuzumab
in Advanced Breast Cancer

Based on preclinical studies conducted by Pegram et al., cytotoxic agents and

trastuzumab were classed either as synergistic, agonistic or antagonistic [13].

Data were derived from cell culture as well as a tumour xenograft model. Based

upon those results, special emphasis was put on combinations with taxanes, vinor-

elbine and platinum compounds (as for those substances a synergistic interaction

was hypothesised).

As mentioned above, two randomised trials proved the combination of trastuzu-

mab with either paclitaxel (H0648g) [18] or docetaxel (M77001) [19] superior to

chemotherapy alone. In H0648g, patients who had not received prior adjuvant

anthracycline-based therapy were treated with a combination of doxorubicin and

trastuzumab. While this combination again was highly effective in terms of onco-

logical end points, a surprisingly high rate of cardiotoxicity was observed.

3 Trastuzumab in the Adjuvant Setting

Due to the proven benefits of trastuzumab in the palliative setting, adjuvant trials were

initiated evaluating the possible role of trastuzumab in the prevention of breast cancer

recurrences. More than 13,000 women were included in a total of six prospective

randomised phase III trials. Five studies showed a benefit for the respective trastuzu-

mab groups in terms of progression-free survival and (with the exception of the

FinHER-trial) overall survival. Those results have ultimately established trastuzumab

as golden standard in the adjuvant therapy for Her-2-positive early breast cancer.

Importantly, chemotherapy regimens and the timing of trastuzumab administration

varied among the different studies. Therefore, a number of unanswered questions

concerning the optimal way to administer adjuvant trastuzumab remain. Furthermore,

the last trial to report, the French PACS 04 study, presented divergent results: Herein,

no additional benefit was found with the addition of adjuvant trastuzumab. Respective

designs of the adjuvant breast cancer trials are summarised in Fig. 1.
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3.1 HERA

HERA (Herceptin Adjuvant) was the largest of the adjuvant trastuzumab studies.

This international, non-US, adjuvant multicentre trial randomised a total of 5,102

patients following standard adjuvant therapy (a minimum of four cycles of adju-

vant/neo-adjuvant chemotherapy with or without radiotherapy was required) to

three treatment arms: Control, trastuzumab 12 months and trastuzumab 24 months.

Disease-free survival was defined as primary study end point. It is noteworthy that

in difference to the US-trials NSABP-B31 and NCCTG N9831, just over half of

women had lymph-node positive disease. Therefore, information on the efficacy of

trastuzumab in node-negative disease is largely derived from the HRA study. Initial

data have been published in 2005. At 1 year of median follow-up, a relative

reduction of recurrence risk of 46% was observed in the treatment group compared

with control (hazard ratio [HR], 0.54; 95% confidence interval [CI], 0.43–0.67; p<
0.0001). Further, a trend towards prolonged overall survival was reported [26].

Despite a 51% crossover rate, this trend reached statistical significance at the

second planned interim analysis at a median follow-up of 23.5 months (HR, 0.66;

95% CI, 0.47–0.91; p ¼ 0.0115) [27].

A number of issues concerning specific aspects of the HERA trial need to be

discussed: First, the sequential design might reduce the benefit of adjuvant trastu-

zumab, as there was no additional synergistic effect of chemotherapy plus trastu-

zumab combinations. Second, less than one-third of the study population had

received prior anthracycline and taxane chemotherapy, rendering the administered

chemotherapy protocols suboptimal. Third, patients were randomised upon com-

pletion of conventional chemotherapy, which may result in the selection of a more

favourable cohort, as patients with early recurrences were not included into the

study.

Still, HERA is a successful protocol proving the benefit of trastuzumab also in

non-anthracycline and/or taxane pre-treated patients as well as in node-negative

tumours.

3.2 NSABP B-31 and NCCTG N9831

NSABP B-31 was a two-arm, randomised phase III trial of four cycles of AC

followed by four cycles of paclitaxel every 3 weeks (or 12 cycles of weekly

paclitaxel) with or without trastuzumab. Trastuzumab treatment was initiated

after completion of AC therapy, therefore concomitantly to paclitaxel. Only

node-positive women were included. In contrast, NCCTG N9831 had a three-arm

design. Two arms were identical to the corresponding arms of B-31, while a third

arm initiated trastuzumab after the end of chemotherapy (HERA style). In the latter

trial, also patients with high-risk node-negative disease were allowed, although

their relative number was much lower than in HERA. Similar to B-31, treatment
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again consisted of ACx4 followed by 12 cycles of weekly paclitaxel. Therefore,

with FDA approval, a joint analysis comparing the two concurrent trastuzumab

arms with the two control arms was conducted. A total number of 3,968 patients

were included in the combined analysis, of which 93% had node-positive tumours.

After 2 years of median follow-up, patients treated with trastuzumab had a

significantly longer disease-free survival as compared to the control group (HR,

0.48; 95% CI, 0.39–0.59; p < 0.001). Also, a significant benefit in terms of overall

survival was observed (HR, 0.67; 95% CI, 0.48–0.93; p ¼ 0.015) [28]. At a median

follow-up of 2.9 years, despite a 21% crossover rate, updated results were similar:

Risk of both, disease recurrence (HR, 0.48; 95% CI, 0.41–0.57; p < 0.00001) and

death (HR, 0.65; 95% CI, 0.51–0.84; p ¼ 0.0007) was significantly reduced [29].

Again, a number of aspects need to be considered. A small subsets of patients

included in the joint analysis was identified Her-2-negative at central review.

Furthermore, adjuvant AC!P might be considered a suboptimal adjuvant chemo-

therapy regimen.

3.3 BCIRG 006

A third trial was initiated by the BCIRG. This randomised three-arm open-label

study conducted at centres in the US, Europe, South Africa, Asia and Venezuela

had a slightly different design. Control arm consisted of ACx4 followed by four

cycles of docetaxel every 3 weeks. This was compared to the same regimen plus

trastuzumab (initiated after AC as in the North American studies) and a third

(anthracycline-free) arm consisting of carboplatin, docetaxel and trastuzumab

(TCH). A total of 3,222 patients were included, 71% had lymph-node-positive

tumours.

Of interest is the inclusion of an anthracycline-free regimen. In the light of

cardiac safety concerns, this seems an attractive option in patients with known pre-

existing cardiac conditions. Currently however, anthracycline-free regimens cannot

be considered a standard in the adjuvant therapy of breast cancer.

Updated results were presented at the 2006 San Antonio Breast Cancer Symposium

[30]. At a median follow-up of 36 months, both trastuzumab groups were significantly

superior overAC!docetaxel in terms of recurrence-free (HR, 0.61; 95%CI, 0.48–0.76;

p < 0.0001 [AC!docetaxel+trastuzumab]; HR, 0.67; 95% CI, 0.54–0.83; p ¼ 0.0003

[TCH]) as well as overall survival (HR, 0.59; 95% CI, 0.42–0.85; p ¼ 0.004

[AC!docetaxel+trastuzumab]; HR, 0.66; 95% CI, 0.47–0.93; p¼ 0.017 [TCH]).

3.4 FinHER

A total of 1,010 women with node-positive or high-risk node-negative breast

cancers were accrued to this randomised, controlled, open-label trial. The study

was designed to compare the relative benefits of three cycles of docetaxel
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administered every 3 weeks to twelve cycles of weekly vinorelbine before receiving

three cycles of FEC. Two hundred and thirty-two Her-2-positive patients were

further randomised to nine cycles of weekly trastuzumab or control. Recurrence

free survival was defined as primary end point.

While there was only a trend towards improved overall survival, a significant

reduction in recurrence-free survival events was observed in patients receiving

trastuzumab (HR, 0.42; 95% CI, 0.21–0.83; p ¼ 0.01) [31]. In the overall popula-

tion, docetaxel was significantly more active than vinorelbine in the adjuvant

treatment of breast cancers.

This trial, while interesting, is limited by the small number of Her-2-positive

patients as well as the non-significant improvement of overall survival. Therefore,

further trials challenging the optimal duration of trastuzumab treatment must be

awaited. For now, the golden standard remains treatment for 12 months.

3.5 PACS 04

This study is important, as it was the first – and hitherto only – trial not to report an

additional benefit of trastuzumab. In total, 3,010 women with node-positive breast

cancer were randomised to six cycles of epirubicin plus docetaxel or six cycles of

FEC (epirubicin 100 mg/m²). No results from this randomisation became available

yet. The 528 Her-2-positive patients included were further randomised to trastuzu-

mab for 1 year versus control upon availability of their respective Her-2-status.

Similar to HERA, patients started trastuzumab after the completion of conventional

adjuvant chemotherapy and irradiation.

At a median follow-up of 4 years, there was no added benefit observed for the

addition of trastuzumab over chemotherapy alone in terms of recurrence-free

survival (HR, 0.86; 95% CI, 0.61–1.22; p ¼ 0.41) as well as overall survival

(HR, 1.27; 95% CI, 0.68–2.38) [32].

While the study may be underpowered to detect a small advantage for the

trastuzumab group, it may appear reasonable to ask whether the HERA-style

sequential approach might have added to these results.

3.6 Discussion of Adjuvant Trials

When considering the above presented studies, despite PACS 04 results, there is

clear-cut evidence in support of trastuzumab for 12 months in the adjuvant setting.

Due to different designs of the adjuvant trials, a number of questions concerning the

optimal use of trastuzumab remain unanswered.

In the light of BCIRG 006, it is intriguing to further evaluate the potential future

role of an anthracycline-free regimen.
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Also, the aspect of treatment duration is not resolved yet. While the HERA-trial

evaluated longer treatment – the third arm (trastuzumab for 24 months) has not yet

reported – FinHER is suggesting that less than 1 year of treatment might be

sufficient. This question was also probed in E2198, a pilot trial examining the

cardiac side effects of paclitaxel plus trastuzumab prior to doxorubicin plus cyclo-

phosphamide (AC) in Her-2-positive patients. Patients received paclitaxel plus

weekly trastuzumab for 10 weeks followed by four cycles of AC. Upon completion

of chemotherapy, one arm received trastuzumab for a further 52 weeks. Disease-

free survival and overall survival were comparable between the two groups. The

authors concluded that while the trial was not designed or powered to test for non-

inferiority of short-course trastuzumab, a significant advantage for prolonged

trastuzumab administration was not observed. Currently, two major trials are

ongoing directly comparing short- versus long-course therapy. Up until results

from those studies become available, the matter is open to speculation and 12

months of adjuvant trastuzumab remains the golden standard.

Obviously, another important issue concerns the optimal time-point of trastuzu-

mab initiation. In HERA and PACS 04, biological therapy was started upon

completion of chemotherapy and irradiation. All other trials had a shorter or longer

course of concurrent therapy. The obvious advantage of such a design is the

minimisation of post-surgery trastuzumab delays (1–4 months versus 8 months in

HERA) [11], furthermore, preclinical models had suggested a synergistic effect of

trastuzumab when administered in conjunction with certain chemotherapeutic

agents [13]. PACS 04, using a sequential design, indeed reported no benefit of

trastuzumab. When considering the results of the above-mentioned studies, patients

with early relapses, who are assumed to derive the largest benefit from concomitant

treatment, were not included into the HERA study population due to the randomi-

sation after the end of conventional therapy. This might have added to the positive

results of the HERA trial. On the other hand, it is reasonable to assume that a longer

time-span between anthracycline exposure and initiation of trastuzumab might

reduce cardiac toxicity. It is hoped for that result from the sequential treatment

arm of N9831 when available will provide further insight into the relative risks and

benefits of the two different approaches.

Another largely unresolved question concerns the concurrent administration of

trastuzumab with radiotherapy. Again, preclinical data suggest a radiosensitising

effect of concurrent trastuzumab [33]. Currently, no data are available from pro-

spective randomised studies. Yet, in a subgroup analysis of N9831 concurrent

adjuvant radiotherapy and trastuzumab were not associated with increased acute

adverse events, including cardiac side effects. Still, authors concluded that further

follow-up is required to assess late adverse events [34]. Therefore, for the moment

being, the combination of adjuvant irradiation and trastuzumab appears safe, and

may enhance irradiation activity.

Only a very limited number of small-size tumours (pT1a, pT1b) were included

in the above-mentioned trials. Therefore, it is not possible to give a final recom-

mendation concerning those patients and chemotherapy plus trastuzumab may not

be necessary in node-negative tumours smaller than 1 cm in size [35]. However, a
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combined retrospective analysis of approximately 1,000 women with tumours

<1 cm suggests that even in this relative good-risk subgroup, Her-2-positive

patients had 5.09 (95% CI, 2.56–10.14; p < 0.0001) times the risk of recurrence

and 7.81 times (95% CI, 3.17–19.22; p < 0.0001) the risk of distant recurrence

compared with patients with hormone receptor-positive tumours, leaving this

matter to debate [36].

With the establishment of antibody therapy in early stage Her-2-positive breast

cancer, recurrence rate was reduced by approximately 50%. Despite this success, a

number of patients will still experience disease recurrence during antibody therapy

or upon follow-up. Therefore, there is an urgent need to answer the question,

whether trastuzumab should be re-induced in those individuals. Data from the

RHEA (Re-treatment after Herceptin Adjuvant) phase II trial, which is currently

ongoing, will hopefully provide information concerning this problem [37].

4 Trastuzumab in the Neo-adjuvant Setting

First reported in 1973 in inoperable breast cancer, the concept of pre-operative

treatment has evolved into the use in operable disease with the objective of

increasing the rate of breast conserving surgeries [38]. Different studies lead to

the assumption that pathologic complete response (pCR) might act as surrogate

for improved survival [39–41]. Due to the high efficacy of trastuzumab in the

metastatic setting, it was reasonable to evaluate the effect on pCR in a neo-

adjuvant setting. Early phase II trials reported pCR rates in the range of 18–39%

[42–45].

In a phase III trial, patients received four cycles of paclitaxel every 3 weeks

followed by four cycles of 5-FU, epirubicin and cyclophosphamide (FEC) with or

without weekly trastuzumab for 24 weeks. The trial was terminated prematurely

after the first 34 patients completed therapy, because a significant difference in

terms of pCR favouring the trastuzumab arm was observed (66.7% versus 25%;

p ¼ 0.02) [46]. The German GeparQuattro trial randomised patients to four cycles

of epirubicin plus cyclophosphamide (EC) followed by four cycles of docetaxel

with or without capecitabine. Her-2-positive patients were treated with trastuzu-

mab every 3 weeks concurrently to chemotherapy. pCR rates at surgery were

31.8% with trastuzumab and 15.4% without trastuzumab (p < 0.001). Importantly,

none of the patients included on the trial experienced congestive heart failure or a

decrease in left ventricular ejection fraction <45% [47]. The Austrian Breast and

Colorectal Cancer Study Group (ABSCG) has now completed recruitment of

ABSCG 24, a neo-adjuvant trial comparing six cycles of standard epirubicin plus

docetaxel (ED) to ED with the addition of capecitabine. Her-2-positive patients had

a further randomisation to trastuzumab versus control [37]. Results are not avail-

able yet, but are expected to be presented at the 2009 San Antonio Breast Cancer

Symposium.
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A meta-analysis of eight neo-adjuvant trials conducted by the German Breast

Group and AGO (Arbeitsgemeinschaft Gyn€akologische Onkologie; Working group

Gynaecologic Oncology) included a total of 6,634 patients, 1,407 of which were

Her-2-positive; 671 of those had received neo-adjuvant trastuzumab, while the

remaining 736 had not. pCR rates reported were 41.1% in trastuzumab-treated

patients, as compared to 27.7% [48].

While similar to the adjuvant setting the optimal combination of chemotherapy

plus trastuzumab awaits further clarification, it appears reasonable to accept tras-

tuzumab as golden standard even in the pre-operative setting.

5 Side Effects of Adjuvant Trastuzumab Therapy

The main issue of trastuzumab-related side effects regard cardiac toxicity. This

problem was first reported in the pivotal metastatic trial, with the highest frequency

in patients treated with a combination of doxorubicin plus trastuzumab [18]. In the

adjuvant setting, approximately 5% of patients are expected to develop some form

of cardiac function impairment, and 1%may develop symptomatic congestive heart

failure (CHF) [26, 28, 49]. In most cases, the systolic dysfunction appears to be

reversible [50], still, a close monitoring of patients on trastuzumab treatment is

mandatory. At highest risk for a drop of left ventricular ejection fraction (LVEF) are

patients of old age and those with known hypertension; further risk factors include

pre-existing diabetes, coronary heart disease, and valvular dysfunction [11, 50].

When comparing the rates of cardiac dysfunction in HERA to results from the

combined analysis of NSABP B-31 and NCCTG N9831, it is noteworthy that

cardiac side effects appear less pronounced in the HERA study [51]. It is possible

that the sequential design of HERA may hold responsible for this observation;

furthermore, the number of patients receiving anthracyclines as adjuvant treatment

was lower in the HERA study [11, 26]. Randomisation in HERA occurred upon

completion of conventional treatment, and the eligibility threshold of LVEF was

more stringent in HERA (�55% as compared to �50%) [51]. This might have

excluded patients with worse LVEF, thereby apparently reducing cardiac side

effects.

Further adverse events reported were mainly concerning anaphylactic reactions;

furthermore, the HERA trial reported a minimal increase of infections (22 patients

[1.3%] versus 7 patients [0.4%] in the control group) [26], and the combined

analysis of NSABP B-31 and NCCTG N9831 trials observed rare cases of intersti-

tial pneumonitis that in some cases appeared to be related to trastuzumab therapy

(four cases in B-31 and five in N9831). In BCIRG 006, there were no significant

differences in grade 3 or 4 haematologic or non-haematological adverse events

among the three treatment arms [52]. Also, in the FinHER trial, no differences were

observed in the respective trastuzumab and non-trastuzumab groups [31]. Interest-

ingly, a recently published paper evaluated gastrointestinal side effects of trastuzu-

mab (i.e. nausea, vomiting, diarrhoea, abdominal pain). Those were observed in as
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much as 12% of trastuzumab administrations. As only 46 patients were available

for this retrospective chart review, however, further prospective evaluation of those

symptoms appears necessary [53]. A single case report is available describing a

case of trastuzumab-induced hepatopathy in an otherwise healthy women receiving

adjuvant therapy for breast cancer [54]. This report, however, has not been verified

in prospective studies.

6 Ongoing Studies

Lapatinib is an orally available tyrosine kinase inhibitor blocking the tyrosine

kinase domains of EGFR and Her-2. Lapatinib in combination with capecitabine

was found superior over chemotherapy alone in terms of response rate and progres-

sion-free survival [55]. Furthermore, patients in the combination group experienced

significantly less brain metastases. This is mirrored by another trial suggesting

direct activity of lapatinib on cerebral lesions [56].

In the adjuvant setting, the ALLTO trial (BIG 2-06/N063D; NCT00490139)

is currently ongoing. This prospective randomised phase III study incorporates

four treatment arms: A standard arm of trastuzumab for 1 year is compared

with lapatinib for 1 year, lapatinib for 12 weeks followed by trastuzumab for 6

months (sequential) or trastuzumab in combination with lapatinib (concurrent).

Recruitment is well on the way, and study completion is expected for June

2010 [37].

Bevacizumab is a humanised monoclonal antibody targeting vascular endothe-

lial growth factor (VEGF). Increased signalling via the ras/raf/MAPKinase signal-

ling pathway, as is the case in Her-2-positive disease, will increase HIF-1a and

consequently VEGF [57–60]. This mechanism may be blocked by trastuzumab.

Based upon this rationale, a randomised multicentre study is currently on the way,

evaluating docetaxel plus trastuzumab with or without bevacizumab in the first line

metastatic setting (AVAREL; A Study of Avastin (Bevacizumab) in Combination

With Herceptin (Trastuzumab/Docetaxel) in Patients With HER-2-Positive Meta-

static Breast Cancer; NCT00391092) [37]. Meanwhile, a randomised adjuvant

study was initiated (BETH; Bevacizumab and Trastuzumab Adjuvant Therapy in

Her-2-positive Breast Cancer; NCT00625898) [37].

Other important studies were mentioned already: The SOLD (Synergism or

Long Duration; NCT00593697) and PHARE (Protocol of Herceptin Adjuvant

with Reduced Exposure; NCT00381901) studies are directly comparing long-

versus short-term trastuzumab treatment [37]. In this context, results from the

2-year trastuzumab arm of the HERA trial are also eagerly awaited. NCCTG

N9831 again will hopefully resolve questions regarding the superiority of a con-

comitant versus a sequential approach for administering chemotherapy and trastu-

zumab. The RHEA trial is challenging the problem of trastuzumab re-induction in

patients who progressed after adjuvant trastuzumab therapy.
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7 Conclusion

Targeting Her-2 with trastuzumab has dramatically changed the prognosis of

patients with Her-2-positive breast cancer, both in advanced and in early stage

disease. Meanwhile, three prospective randomised phase III trials have reported

superior overall survival when trastuzumab is added to conventional chemotherapy.

Still, questions remain concerning the potential role of anthracycline-free che-

motherapy regimens (which might reduce cardiac toxicity), the optimal time point

of trastuzumab initiation, the combination of trastuzumab and irradiation, the role

of trastuzumab in tumours smaller than 1 cm and the optimal duration of trastuzu-

mab therapy. A number of important trials are still ongoing and will hopefully

resolve some of those questions.
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Trastuzumab Resistance in Breast Cancer

Floriana Morgillo, Michele Orditura, Teresa Troiani, Erika Martinelli,

Ferdinando De Vita, and Fortunato Ciardiello

Abstract The amplification and expression of ERBB2 have been linked with

prognosis and response to therapy with the anti-HER-2-humanised monoclonal

antibody, trastuzumab, in patients with advanced metastatic breast cancer. How-

ever, one of the major clinical problems encountered with trastuzumab treatment is

that metastatic breast cancer patients, who initially responded to trastuzumab,

showed disease progression within 1 year from treatment initiation. Several studies

have already reported or speculated on potential mechanisms of resistance to

trastuzumab. Despite these important leads, there is/are no biomarker(s) that can

reliably predict lack of benefit from trastuzumab, which in turn can be used for

subsequent clinical trial development and/or individual therapeutic decisions.

1 Introduction

The ErbB/HER family is composed of four growth factor receptors that share a

high degree of sequence homology: EGFR (or erbB1 or HER1), erbB2 (or HER-2;

or neu in rodents), erbB3 (or HER3) and erbB4 (or HER4). It has been well

established that signalling through EGFR, HER-2, and HER3 is associated with

malignant transformation and cancer progression by increasing proliferation,

survival, metastasis and resistance to antitumour therapy [1]. These receptors

are transmembrane proteins with intracellular tyrosine kinase activity (except

for HER3), and their activation results from the formation of homodimers and

heterodimers, which is dependent on their ligands (except for HER-2). The

extracellular domain of HER-2 is unable to bind extracellular ligand and depends

on heterodimerising with other ligand-activated receptors. Moreover, its catalytic

activity can potently amplify signalling by ErbB-containing heterodimers via
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increasing ligand binding affinity and/or receptor recycling and stability [1]. The

localisation of HER-2 in epithelial cells is regulated by the membrane-associated

glycoprotein MUC4 and sialomucin complex, indicating a critical role of MUC4

as an intramembrane modulator of HER-2 activity [2]. HER3 is deficient in

tyrosine kinase activity and needs to bind other receptors of this family for enzyme

function [1]. Interestingly, the association of kinase-dead HER3 with ligand-less

HER-2, however, makes a remarkably efficient signalling complex, mediating

multiple cellular function [3]. Over-expression of HER-2 leads to activation of

the HER-2-mediated signalling pathway, even in the absence of ligand. HER-2 co-

operating with other receptors mediates multiple downstream signalling pathways,

including the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-

3-kinase (PI3K) pathways. These pathways are regulated by many HER-2 molecular

partners, including Shc, Grb2, the Crk family of adaptor proteins, phospholipase

Cg, and the repressors of signalling, CHK and Dok-2 [1]. These signalling path-

ways play a key role in tumourigenesis by promoting cell proliferation, differenti-

ation, angiogenesis, invasion and survival [1]. Moreover, nuclear expression of

HER-2 has been significantly correlated with Cox-2 expression [4]. The contribu-

tion of nuclear HER-2 to the tumourigenic process clearly deserves further inves-

tigation.

EGFR is over-expressed in 20–30% of breast cancers occurring more frequently

in triple-negative breast cancers (pathologically negative for oestrogen receptor,

progesterone receptor and HER-2). Its over-expression predicts resistance to anti-

oestrogen therapy in oestrogen receptor-positive breast indicating an aggressive

cancer type and, consequently, poor prognosis [5]. A novel molecular classification

established by DNA microarray technology and gene-expression profiles has iden-

tified HER-2 as an independent breast cancer subgroup [6], which has diagnostic,

prognostic and therapeutic implications. HER-2 is over-expressed in 15–25% of

invasive breast carcinomas, and this over-expression is due to gene amplification in

more than 90% of cases [7].

Other mechanisms of hyperactivation include decreased levels of phosphatase,

increased co-expression of other ErbB/HER receptors and/or their ligands (e.g.

TGF-a and amphiregulin), heterodimerisation and crosstalk with other tyrosine

kinases (e.g. IGF-IR) and interactions with the ER .

HER3 and HER4 are not considered strong prognostic markers in breast cancer.

According to the above concept, all ErbB/HER family members work together, and

alterations in one member have direct effects on the tightly controlled signalling

pathway.

2 Trastuzumab: Clinical Efficacy and Resistance

Trastuzumab (Herceptin®; Genentech, South San Francisco, CA, USA) is a huma-

nised monoclonal IgG1 that binds to the ectodomain of HER-2 and induces clinical

responses in HER-2-over-expressing breast cancers prolonging patient survival
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when combined with chemotherapy [8, 9]. Trastuzumab has been the first HER-2-

targeted therapy approved by the United States Food and Drug Administration

(FDA) for the treatment of HER-2-over-expressing metastatic breast cancer

(MBC). The clinical efficacy of trastuzumab seems limited to breast cancers that

over-express HER-2 as measured by intense membrane staining in the majority of

tumour cells with HER-2 antibodies (3þ by immunohistochemistry) or excess

copies of the HER-2 gene determined by fluorescence in situ hybridisation. In

addition, trastuzumab with adjuvant chemotherapy (either in sequence or in com-

bination) significantly improves disease-free and overall survival rates in patients

with early stage HER-2-over-expressing breast cancer [8–10]. Trastuzumab

reduces signalling mediated by HER-2 through the phosphatidylinositol 3-kinase

(PI3K) and mitogen-activated protein kinase (MAPK) cascades. Reduced down-

stream signalling through these pathways induces the cyclin-dependent kinase

inhibitor p27kip1, which promotes cell cycle arrest and apoptosis [11]. Trastuzu-

mab rapidly dissociates the non-receptor tyrosine kinase Src from HER-2, reducing

Src activity such that the phosphatase and tensin homologue deleted on chromo-

some ten (PTEN) is dephosphorylated and translocated to the plasma membrane

where it is active [12]. The efficacy of trastuzumab may also depend upon its ability

to induce an immune response. HER-2-targeted antibodies, including trastuzumab,

were shown to promote apoptosis in multiple breast cancer cell lines via antibody-

dependent cellular cytotoxicity (ADCC) [13]. Trastuzumab has also been shown to

inhibit angiogenesis, resulting in decreased microvessel density in vivo and reduced

endothelial cell migration in vitro. Expression of pro-angiogenic factors was

reduced, while expression of anti-angiogenic factors was increased in trastuzu-

mab-treated tumours relative to control-treated tumours in vivo [14]. Combining

trastuzumab with the chemotherapeutic agent paclitaxel actually inhibited angio-

genesis more potently than did trastuzumab alone [15], perhaps due to trastuzumab-

mediated normalisation of the tumour vasculature allowing for better drug delivery.

However, many patients with HER-2 gene-amplified metastatic breast cancers do

not respond or eventually escape trastuzumab, suggesting both de novo and

acquired mechanisms of therapeutic resistance.

In fact, the rate of primary resistance to single-agent trastuzumab for HER-2-

over-expressing MBC is 66–88% [16]. Further phase III trials revealed that

combining trastuzumab with paclitaxel or docetaxel [17–19] could increase

response rates, time to disease progression and overall survival compared with

trastuzumab monotherapy. However, the majority of patients who achieve an

initial response to trastuzumab-based regimens develop resistance within 1 year.

In the adjuvant setting, administration of trastuzumab in combination with or

following chemotherapy improves the disease-free and overall survival rates in

patients with early stage breast cancer. However, approximately 15% of these

women still develop metastatic disease despite trastuzumab-based adjuvant

chemotherapy.

Elucidating the molecular mechanisms underlying primary or acquired (treat-

ment-induced) trastuzumab resistance is critical to improving the survival of

metastatic breast cancer patients whose tumours over-express HER-2 [20].
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3 Trastuzumab: Mechanisms of Resistance

3.1 Steric Hindrance of Receptor–Antibody
Interaction: Over-expression of MUC4

The first investigated mechanism by which resistance to targeted antibodies may

develop was the disruption of the interaction between the therapeutic agent and

the target protein. Resistance to trastuzumab was associated with increased

expression of the membrane-associated glycoprotein MUC4 [21]. MUC4 was

shown to bind and sterically hinder HER-2 from binding to trastuzumab [21,

22]. MUC4 has been suggested to contribute to cancer because of its ability to

inhibit immune recognition of cancer cells, promote tumour progression and

metastasis, suppress apoptosis and activate HER-2 [23]. MUC4 interacts directly

with HER-2, an event that is dependent upon an epidermal growth factor (EGF)-

like domain on the ASGP-2 subunit of MUC4 [21]. Through this interaction, it is

proposed that MUC4 serves as a ligand for HER-2, resulting in increased

phosphorylation of HER-2 on the residue Tyr1248, which is a major phosphory-

lation site contributing to the transforming ability of the HER-2 oncoprotein.

MUC4 does not affect total HER-2 receptor expression levels [21]. In the JIMT-1

trastuzumab-resistant cell line described by Nagy and colleagues [22] established

from a breast cancer patient showing her-2 gene amplification and primary

resistance to trastuzumab, the level of MUC4 protein was inversely correlated

with the trastuzumab binding capacity, and knock-down of MUC4 increased the

sensitivity of JIMT-1 cells to trastuzumab [22]. The conclusion was that elevated

MUC4 expression masks the trastuzumab binding epitopes of HER-2, resulting in

steric hindrance of the interaction between this antibody and its therapeutic target,

resulting in drug resistance. Of interest, HER-2 at the same time is unable to

interact with other proteins, such as EGFR or HER3, because of epitope masking

by MUC4.

3.2 PTEN and PI3K Signalling

Growth factor receptor tyrosine kinases, such as HER-2 and IGF-IR, activate the

PI3K signalling pathway. Constitutive PI3K/Akt activity was previously shown to

inhibit cell-cycle arrest and apoptosis mediated by trastuzumab [24]. Indeed,

trastuzumab-resistant cells derived from the BT474 HER-2-over-expressing breast

cancer line demonstrated elevated levels of phosphorylated Akt and Akt kinase

activity compared with parental cells [25]. These resistant cells also showed

increased sensitivity to LY294002, a small molecule inhibitor of PI3K. Nagata

and colleagues [12] provided compelling evidence supporting a role for the PI3K/

Akt pathway in trastuzumab resistance. They demonstrated that decreased levels
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of the PTEN phosphatase resulted in increased PI3K/Akt phosphorylation and

signalling and blocked trastuzumab-mediated growth arrest of HER-2-over-

expressing breast cancer cells. Moreover, patients with PTEN-deficient HER-2-

over-expressing breast tumours have a much poorer response to trastuzumab-based

therapy and in PTEN-deficient cells, PI3K inhibitors rescued trastuzumab resis-

tance in vitro and in vivo. These results suggest that PTEN loss may serve as a

predictor of trastuzumab resistance, and that PI3K inhibitors or inhibitors of other

downstream targets of PI3K signal, such as mTOR, should be explored as potential

therapies in patients with trastuzumab-resistant tumours expressing low levels of

PTEN protein.

3.3 Serum HER-2 Extracellular Domain

The full-length 185 kDa HER-2 protein has been reported to be cleaved by matrix

metalloproteases into a 110 kDa extracellular domain (ECD), which is released

into cell culture media [26] or circulating in serum in vivo [27], and a 95 kDa

amino-terminally truncated membrane-associated fragment with increased kinase

activity. The problem is that HER-2-targeted monoclonal antibodies bound to

circulating ECD, competing away binding to membrane-bound HER-2. Hence,

signalling from the receptor form of HER-2 continued in the presence of HER-2

antibodies, indicating that HER-2 ECD promoted resistance to HER-2-targeted

antibody therapy.

Indeed, elevated serum levels of HER-2 ECD correlate with poor prognosis in

patients with advanced breast cancer [27]. HER-2 over-expression in breast cancers

correlated with elevated pre-treatment levels of circulating HER-2 ECD in patients

treated with trastuzumab and paclitaxel, and among these patients, responses

correlated with a decline in ECD levels over 12 weeks of therapy versus lower

responses in those whose ECD levels remained high post-treatment [28].

A meta-analysis of eight clinical trials revealed that patients whose HER-2 ECD

levels declined by at least 20% in the first few weeks after initiation of trastuzumab-

based therapy had improved disease-free and overall survival compared with

patients whose HER-2 ECD levels did not drop [29]. Hence, circulating ECD of

HER-2 may be a serum marker useful for predicting response to trastuzumab. In

contrast to these studies, a recent study by Anido and colleagues [30] suggests that

truncated forms of HER-2 are actually the result of alternative initiation of transla-

tion from different methionines within the her-2 sequence, which are referred to as

C-terminal fragments of HER-2. The authors present compelling in vivo data

showing that trastuzumab does not inhibit growth of mammary xenografts of the

T47D breast cancer cell line stably transfected with the truncated form of HER-2,

but does inhibit growth of T47D HER-2 stable transfectant xenografts. Hence, this

study suggests that the presence of truncated forms of HER-2 may promote resistance

to trastuzumab.
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3.4 Amplification of Ligand-Induced Activation
of ErbB Receptors

Exogenous ligands of the EGFR and HER3/4 co-receptors have been shown to

rescue from the anti-proliferative effect of the antibody [31]. This is consistent with

structural and cellular data using ErbB receptor ectodomains and different HER-2

monoclonal antibodies, which show that trastuzumab is unable to block ligand-

induced EGFR/HER-2 and HER-2/HER3 heterodimers [32]. Recently, Ritter et al.

[33] described a model of trastuzumab resistance by the generation of trastuzumab-

resistant breast cancer cell line (BT-474) in vivo. The resistant cells retained HER-2

gene amplification and trastuzumab binding. They exhibited higher levels of phos-

phorylated EGFR (P-EGFR) and EGFR/ HER-2 heterodimers as well as over-

expression of EGFR, transforming growth factor a (TGFa), heparin-binding EGF

and heregulin RNAs compared with the parental, trastuzumab-sensitive cells,

suggesting enhanced EGFR-mediated activation of HER-2. Small-molecule inhi-

bitors of EGFR and HER-2 were effective against the antibody-resistant cells,

suggesting that (a) they were still dependent on the ErbB receptor network and

(b) amplification of ligand-induced activation of ErbB receptors is a potential

mechanism of acquired resistance to trastuzumab.

4 IGF-IR Signalling Pathway in Breast Cancer

Similar to ErbB/HER family members, IGF-IR is a receptor tyrosine kinase that can

be activated by binding to its ligands IGF-I and IGF-II and regulates the cell

proliferation, survival and metastasis of cancer cells, including breast cancer

cells. IGFBPs protect IGFs from degradation and negatively regulate the interaction

between IGFs and their receptors [34]. Binding of IGFs to IGF-IR stimulates

receptor tyrosine kinase and activate intracellular adaptor proteins, such as the

insulin receptor substrate (IRS) family and SHC, MAPK and PI3K signalling

pathway. Importantly, activation of PI3K/Akt signalling pathway subsequently

stimulates mammalian target of rapamycin (mTOR), which results in mRNA

translation and protein synthesis. Up-regulation of the IGF-IR signalling pathway

increases the expression of cyclins and other proteins that are involved in main-

taining cancer cell proliferation and survival. IGFs play an important role in

maintaining the hallmarks of malignancy, including uncontrolled proliferation,

survival and metastasis in breast cancer. IGF-IR activation affects motility and

metastasis, and can also regulate the metastatic phenotype by enhancing invasion

through the extracellular matrix, stimulating the secretion of matrix metalloprotei-

nases, deregulating the expression or function of E-cadherin, and affecting cell

migration and invasion. In addition, tissues expressing a higher level of IGFs, such

as the lung and bone, are more frequent sites of breast cancer metastasis [35]. An

increased IGF-IR signalling pathway has been found in breast cancers, and activation
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of IGF-IR signalling is well correlated with breast cancer progression, increased

resistance to chemotherapy and radiotherapy, and indicative of a poor prognosis in

breast cancer [36–38]. IGF-IR can interact with and activate HER-2 [39], and

increased IGF-IR signalling has been associated with trastuzumab resistance [40].

Heterodimerisation between IGF-IR and HER-2 was observed in trastuzumab-

resistant breast cancer cells and in gefitinib-resistant breast cancer cells [37, 38].

Esteva et al. previously reported that IGF-IR induces the phosphorylation of HER-

2, which in turn is inhibited by the IGFIR tyrosine kinase inhibitor I-OMe-AG538

in trastuzumab-resistant breast cancer cells. They found IGF-IR and HER-2 hetero-

dimerisation in trastuzumab-resistant cells but not in parental, trastuzumab-

sensitive SKBR3 breast cancer cells. Importantly, anti-IGF-IR agents restored

trastuzumab sensitivity and decreased cell viability in trastuzumab-resistant cells

[38]. Similarly, HER-2 blockade also disrupted heterodimerisation and inhibited

cell viability in trastuzumab-resistant cells. These results suggest that targeting

IGF-IR might be a useful strategy in trastuzumab-resistant breast cancers in which

heterodimerisation and signal crosstalk exist between IGF-IR and HER-2. Interest-

ingly, IGFBP3, which blocks IGF1-mediated activation of IGF-IR, has been shown

to arrest growth in trastuzumab-resistant cells. Other investigators have further

explored the ability of IGFBP3 to suppress HER-2-over-expressing breast tumour

growth and restore the tumours’ sensitivity to trastuzumab [41]. Treatment with

recombinant human IGFBP3 (rhIGFBP3) has shown significant dose-dependent

growth inhibition of trastuzumab-resistant HER-2-over-expressing breast cancer

cells with increased IGF-IR levels and enhanced the antitumour effect of trastuzu-

mab in vitro and in vivo, due to the ability of rhIGFBP3 to inhibit HER-2- and IGF-

IR-mediated activation of the Ras/MAPK and PI3K/Akt pathways. Thus, combin-

ing HER-2 and IGF-IR targeting agents might be an effective therapeutic strategy

for trastuzumab-resistant HER-2-over-expressing breast cancer.

Decreased p27Kip1 expression has been observed in trastuzumab-resistant cells

derived from the SKBR3 cell line [42], and inhibition of p27Kip1 expression levels

by small interfering RNA resulted in decreased sensitivity to trastuzumab in HER-2-

over-expressing SKBR3 breast cancer cells [43]. Trastuzumab sensitivity in the

cells was restored by increasing the expression of exogenous p27Kip1 via transfec-

tion or of endogenous p27Kip1 by the proteasome inhibitor MG132. These results

indicate that p27Kip1 plays a critical role in the response to trastuzumab and that it

might be useful as a therapeutic target in trastuzumab-resistant breast cancers [42].

The decrease in p27Kip1 protein levels in trastuzumab-resistant cells is possibly

regulated by upstream signalling of p27Kip1, such as the crosstalk between HER-2

and IGF-IR, leading to the activation of the IGF-IR-mediated PI3K/Akt signal

pathway, resulting in p27Kip1 degradation by ubiquitin ligase SKP2 and contribut-

ing to trastuzumab resistance [38]. The protein level of p27Kip1 was also decreased

in response to IGF-I in parental and resistant SKBR3 cells. Thus, trastuzumab

resistance mediated by p27Kip1 could be overcome by targeting IGF-IR signalling

by either antibody blockade or kinase inhibition, demonstrating the potential

importance of IGF-IR signalling pathway as a therapeutic target in trastuzumab-

resistant breast cancer.
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5 Conclusions

The increasing evidence of trastuzumab resistance in breast cancer patients is

becoming very important, considering also the use of this drug in the adjuvant

setting. Therefore understanding the mechanisms of non-response to trastuzumab is

urgently needed to provide alternative strategies to overcome resistance.

References

1. Hynes NE, Lane HA (2005) ERBB receptors and cancer: the complexity of targeted inhibitors.

Nat Rev Cancer 5:341–354

2. Ramsauer VP, Carraway CA, Salas PJ, Carraway KL (2003) Muc4/ sialomucin complex, the

intramembrane ErbB2 ligand, translocates ErbB2 to the apical surface in polarized epithelial

cells. J Biol Chem 278:30142–30147

3. Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF 3rd, Hynes NE (2003) The ErbB2/

ErbB3 heterodimer functions as an oncogenic unit: ErbB2 requires ErbB3 to drive breast

tumor cell proliferation. Proc Natl Acad Sci USA 100:8933–8938

4. Wang SC, Lien HC, XiaW, Chen IF, Lo HW,Wang Z, Ali-SeyedM, Lee DF, Bartholomeusz G,

Ou-Yang F et al (2004) Binding at and transactivation of the COX-2 promoter by nuclear

tyrosine kinase receptor ErbB-2. Cancer Cell 6:251–261

5. Klijn JG, Berns PM, Schmitz PI, Foekens JA (1992) The clinical significance of epidermal

growth factor receptor (EGF-R) in human breast cancer: a review on 5232 patients. Endocr

Rev 13:3–17

6. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pollack JR, Ross DT,

Johnsen H, Akslen LA et al (2000) Molecular portraits of human breast tumours. Nature

406:747–752

7. Owens MA, Horten BC, Da Silva MM (2004) HER2 amplification ratios by fluorescence in

situ hybridization and correlation with immunohistochemistry in a cohort of 6556 breast

cancer tissues. Clin Breast Cancer 5:63–69

8. Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE Jr, DavidsonNE, Tan-Chiu E, Martino S,

Paik S, Kaufman PA et al (2005) Trastuzumab plus adjuvant chemotherapy for operable

HER2-positive breast cancer. N Engl J Med 353:1673–1684

9. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A, Untch M, Smith I, Gianni L,

Baselga J, Bell R, Jackisch C et al (2005) Trastuzumab after adjuvant chemotherapy in HER2-

positive breast cancer. N Engl J Med 353:1659–1672

10. Buzdar AU, Ibrahim NK, Francis D, Booser DJ, Thomas ES, Theriault RL, Pusztai L,

Green MC, Arun BK, Giordano SH et al (2005) Significantly higher pathologic complete

remission rate after neoadjuvant therapy with trastuzumab, paclitaxel, and epirubicin chemo-

therapy: results of a randomized trial in human epidermal growth factor receptor 2-positive

operable breast cancer. J Clin Oncol 23:3676–3685

11. Nahta R, Esteva FJ (2006) Herceptin: mechanisms of action and resistance. Cancer Lett

232:123–138

12. Nagata Y, Lan KH, Zhou X, TanM, Esteva FJ, Sahin AA, Klos KS, Li P, Monia BP, Nguyen NT

et al (2004) PTEN activation contributes to tumor inhibition by trastuzumab, and loss of

PTEN predicts trastuzumab resistance in patients. Cancer Cell 6:117–127

13. Cooley S, Burns LJ, Repka T, Miller JS (1999) Natural killer cell cytotoxicity of breast cancer

targets is enhanced by two distinct mechanisms of antibody-dependent cellular cytotoxicity

against LFA-3 and HER2/neu. Exp Hematol 27:1533–1541

58 F. Morgillo et al.



14. Izumi Y, Xu L, di Tomaso E, Fukumura D, Jain RK (2002) Tumour biology: Herceptin acts as

an anti-angiogenic cocktail. Nature 416:279–280

15. Klos KS, Zhou X, Lee S, Zhang L, Yang W, Nagata Y, Yu D (2003) Combined trastuzumab

and paclitaxel treatment better inhibits ErbB-2-mediated angiogenesis in breast carcinoma

through a more effective inhibition of Akt than either treatment alone. Cancer 98:1377–1385

16. Baselga J, Tripathy D,Mendelsohn J, Baughman S, Benz CC, Dantis L, Sklarin NT, Seidman AD,

Hudis CA, Moore J et al (1996) Phase II study of weekly intravenous recombinant humanized

anti-p185HER2 monoclonal antibody in patients with HER2/neu-overexpressing metastatic

breast cancer. J Clin Oncol 14:737–744

17. Seidman AD, Fornier MN, Esteva FJ, Tan L, Kaptain S, Bach A, Panageas KS, Arroyo C,

Valero V, Currie V et al (2001) Weekly trastuzumab and paclitaxel therapy for metastatic

breast cancer with analysis of efficacy by HER2 immunophenotype and gene amplification.

J Clin Oncol 19:2587–2595

18. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, BajamondeA, Fleming T, EiermannW,

Wolter J, Pegram M et al (2001) Use of chemotherapy plus a monoclonal antibody against

HER2 for metastatic breast cancer that overexpresses HER2. N Engl J Med 344:783–792

19. Esteva FJ, Valero V, Booser D, Guerra LT, Murray JL, Pusztai L, Cristofanilli M, Arun B,

Esmaeli B, Fritsche HA et al (2002) Phase II study of weekly docetaxel and trastuzumab for

patients with HER-2-overexpressing metastatic breast cancer. J Clin Oncol 20:1800–1808

20. Nahta R, Yu D, Hung MC, Hortobagyi GN, Esteva FJ (2006) Mechanisms of disease:

understanding resistance to HER2-targeted therapy in human breast cancer. Nat Clin Pract

Oncol 3:269–280

21. Price-Schiavi SA, Jepson S, Li P, Arango M, Rudland PS, Yee L, Carraway KL (2002) Rat

Muc4 (sialomucin complex) reduces binding of anti-ErbB2 antibodies to tumor cell surfaces,

a potential mechanism for herceptin resistance. Int J Cancer 99:783–791

22. Nagy P, Friedlander E, Tanner M, Kapanen AI, Carraway KL, Isola J, Jovin TM (2005)

Decreased accessibility and lack of activation of ErbB2 in JIMT-1, a herceptin-resistant,

MUC4-expressing breast cancer cell line. Cancer Res 65:473–482

23. Carraway KL, Price-Schiavi SA, Komatsu M, Jepson S, Perez A, Carraway CA (2001) Muc4/

sialomucin complex in the mammary gland and breast cancer. J Mammary Gland Biol

Neoplasia 6:323–337

24. Yakes FM, Chinratanalab W, Ritter CA, King W, Seelig S, Arteaga CL (2002) Herceptin-

induced inhibition of phosphatidylinositol- 3 kinase and Akt is required for antibody-mediated

effects on p27, cyclin D1, and antitumor action. Cancer Res 62:4132–4141

25. Chan CT, Metz MZ, Kane SE (2005) Differential sensitivities of trastuzumab (Herceptin)-

resistant human breast cancer cells to phosphoinositide-3 kinase (PI-3K) and epidermal

growth factor receptor (EGFR) kinase inhibitors. Breast Cancer Res Treat 91:187–201

26. Lin YZ, Clinton GM (1991) A soluble protein related to the HER-2 proto-oncogene product is

released from human breast carcinoma cells. Oncogene 6:639–643

27. Yamauchi H, O’Neill A, Gelman R, Carney W, Tenney DY, Hosch S, Hayes DF (1997)

Prediction of response to antiestrogen therapy in advanced breast cancer patients by pretreat-

ment circulating levels of extracellular domain of the HER-2/c-neu protein. J Clin Oncol

15:2518–2525

28. Fornier MN, Seidman AD, Schwartz MK, Ghani F, Thiel R, Norton L, Hudis C (2005) Serum

HER2 extracellular domain in metastatic breast cancer patients treated with weekly trastuzu-

mab and paclitaxel: association with HER2 status by immunohistochemistry and fluorescence

in situ hybridization and with response rate. Ann Oncol 16:234–239

29. Ali SM, Esteva FJ, Fornier M, Gligorov J, Harris L, Kostler WJ, Luftner D, Pichon MF, Tse C,

Lipton A (2006) Serum HER-2/neu change predicts clinical outcome to trastuzumab-based

therapy. J Clin Oncol 24(Suppl):500

30. Anido J, Scaltriti M, Bech Serra JJ, Santiago Josefat B, Todo FR, Baselga J, Arribas J (2006)

Biosynthesis of tumorigenic HER2 C-terminal fragments by alternative initiation of transla-

tion. EMBO J 25:3234–3244

Trastuzumab Resistance in Breast Cancer 59



31. Motoyama AB, Hynes NE, Lane HA (2002) The efficacy of ErbB receptor-targeted anticancer

therapeutics is influenced byt he availability of epidermal growth factor-related peptides.

Cancer Res 62:3151–3158

32. Agus DB, Akita RW, Fox WD, Lewis GD, Higgins B, Pisacane PI, Lofgren JA, Tindell C,

Evans DP, Maiese K et al (2002) Targeting ligand activated ErbB2 signaling inhibits breast

and prostate tumor growth. Cancer Cell 2:127–137

33. Ritter CA, Perez-Torres M, Rinehart C, Guix M, Dugger T, Engelman JA, Arteaga CL (2007)

Human breast cancer cells selected for resistance to rastuzumab in vivo overexpress epidermal

growth factor receptor and ErbB ligands and remain dependent on the ErbB receptor network.

Clin Cancer Res 13:4909–4919

34. Firth SM, Baxter RC (2002) Cellular actions of the insulin-like growth factor binding proteins.

Endocr Rev 23:824–854

35. Sangai T, Fujimoto H, Miyamoto S, Maeda H, Nakamura M, Ishii G, Nagai K, Nagashima T,

Miyazaki M, Ochiai A et al (2008) Roles of osteoclasts and bone-derived IGFs in the survival

and growth of human breast cancer cells in human adult bone implanted into nonobese

diabetic/severe combined immunodeficient mice. Clin Exp Metastasis 25:401–410

36. Morgillo F, Woo JK, Kim ES, Hong WK, Lee HY (2006) Heterodimerization of insulin-like

growth factor receptor/epidermal growth factor receptor and induction of survivin expression

counteract the antitumor action of erlotinib. Cancer Res 66:10100–10111

37. Jones HE, Goddard L, Gee JM, Hiscox S, Rubini M, Barrow D, Knowlden JM, Williams S,

Wakeling AE, Nicholson RI et al (2004). Insulin-like growth factor-I receptor signalling and

acquired resistance to gefitinib (ZD1839; Iressa) in human breast and prostate cancer cells.

Endocr Relat Cancer 11:793–814

38. Nahta R, Yuan LX, Zhang B, Kobayashi R, Esteva FJ (2005) Insulin like growth factor-I

receptor/human epidermal growth factor receptor 2 heterodimerization contributes to trastu-

zumab resi stance of breast cancer cells. Cancer Res 65:11118–11128

39. Balana ME, Labriola L, Salatino M, Movsichoff F, Peters G, Charreau EH, Elizalde PV

(2001) Activation of ErbB-2 via a hierarchical interaction between ErbB-2 and type I insulin-

like growth factor receptor in mammary tumor cells. Oncogene 20:34–47

40. Lu Y, Zi X, Zhao Y, Mascarenhas D, Pollak M (2001) Insulin-like growth factor-I receptor

signaling and resistance to trastuzumab (Herceptin). J Natl Cancer Inst 93:1852–1857

41. Jerome L, Alami N, Belanger S, Page V, Yu Q, Paterson J, Shiry L, PegramM, Leyland-Jones B

(2006) Recombinant human insulin-like growth factor binding protein 3 inhibits growth of

human epidermal growth factor receptor-2- overexpressing breast tumors and potentiates

herceptin activity in vivo. Cancer Res 66:7245–7252

42. Nahta R, Hung MC, Esteva FJ (2004) The HER-2-targeting antibodies trastuzumab and

pertuzumab synergistically inhibit the survival of breast cancer cells. Cancer Res

4:2343–2346

43. Le XF, Claret FX, Lammayot A, Tian L, Deshpande D, LaPushin R, Tari AM, Bast RC Jr

(2003) The role of cyclin-dependent kinase inhibitor p27Kip1 in anti-HER2 antibody-induced

G1 cell cycle arrest and tumor growth inhibition. J Biol Chem 278:23441–23450

60 F. Morgillo et al.



Treatment with Trastuzumab Beyond

Progression

Gunter von Minckwitz and Cristina Pirvulescu

Abstract Trastuzumab is the first antibody that has shown clinical activity in

patients with HER-2-positive breast cancer. The mechanism of action is not

fully understood; however, antibody-derived cellular cytotoxicity (ADCC) is

considered to explain important peculiarities of its clinical activity such as

treatment beyond progression. Based on early pre-clinical data, trastuzumab

was used beyond progression since the start of its clinical use. Initially evidence

to use trastuzumab beyond progression came only from observational studies,

which might have been biased by the unknown decision criteria for or against

continuation of trastuzumab. Only recently, the randomised GBG 26 study

demonstrated that capecitabine and continuing trastuzumab beyond progression

achieved a higher response rate and longer progression-free survival than

capecitabine alone. Supportive evidence came from studies combining trastu-

zumab with lapatinib or pertuzumab in trastuzumab pre-treated patients,

showing better results than the same treatment without trastuzumab. A blockade

of HER-2 throughout all stages of Her-2-positive breast cancer should therefore

be considered.

1 Introduction

Therapeutic strategies have been developed in order to block the HER-2 signal-

ling pathways, and to improve the outcome of patients. With the development of

trastuzumab, a new clinically relevant subgroup of breast cancer was established

[1]. Especially in combination with cytotoxic agents, not only very promising
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response rates but also an improvement in survival could be demonstrated for

treatment with trastuzumab [2, 3]. Patients with HER-2-positive metastatic

breast cancer treated repeatedly with trastuzumab at the MD Anderson Hospital,

Houston, have demonstrated a 2-year overall survival better than patients with

HER-2-negative disease. With this targeted agent in hand, positive HER-2 status

cannot be considered any longer as a negative but rather as a positive prognostic

factor [4].

However, despite very long periods of disease control, most patients with HER-

2-positive MBC develop resistance to trastuzumab [5, 6].

Change of treatment at disease progression is a general principle in oncology.

It is not known whether this holds true for novel biological agents such as

trastuzumab. Reports on effects of trastuzumab beyond progression were made

from the very beginning of the clinical use of this drug. Increasing evidence

from preclinical data, retrospective cohort, phase II and phase III studies now

supports this concept, which represents a paradigm shift of treatment pattern in

oncology.

2 Mechanisms of Action of Trastuzumab

Four main mechanisms are currently under discussion to explain clinical activity to

trastuzumab.

Trastuzumab blocks HER-2 activated cell proliferation [7]. HER-2 signalling

initiates cell proliferation, differentiation and survival. In tumour cells with over-

expression of HER-2 increased signalling leads to increased cell proliferation.

Trastuzumab blocks the activation of HER-2 signalling and reduces cell proli-

feration.

Trastuzumab prevents the formation of p95HER-2 [8]. P95 HER-2 is a highly

active, truncated isoform of HER-2, where the extracellular domain is cleaved

by metalloproteinases. When trastuzumab is bound to the extracellular domain,

metalloproteinases cannot cleave this domain and down-stream signalling is

prevented.

Activated HER-2 is also involved in inducing tumour neo-angiogenesis [9]. By

inhibition of HER-2, trastuzumab also decreases neo-angiogenesis and therefore

the blood supply to the tumour.

Trastuzumab mediates the antibody-dependent cellular cytotoxicity (ADCC)

and activates the body’s own immune response [10]. When trastuzumab binds to

HER-2, natural killer cells are recruited that can bind via their Fcg-receptor to the

Fc domain of the antibody. Thus activated, the natural killer cells release cytolytic

agents and destroy the tumour cells. Polymorphisms of the Fcg-receptor are cur-

rently investigated as modulators of trastuzumab activity [11].

Especially the last mechanism could be an explanation for maintaining activity

of trastuzumab throughout the course of metastatic disease.
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3 Preclinical Evidence for Treatment Beyond Progression

with Trastuzumab

The rule to stop treatment at disease progression derives from the traditional clinical

management of cytotoxic agents. Cumulative toxicity did not allow continuation of

the use of these agents as long as no proof for restoration of efficacy was available.

The switch to ideally non-cross resistant agents was the preferred way in general.

It has been argued, however, that this paradigm may not apply to molecularly

targeted drugs such as trastuzumab. Preclinical data indicate that trastuzumab is

effective against tumour cell proliferation as long as it is present, whereas trastu-

zumab withdrawal results in rapid tumour cell re-growth [12, 13]. Tripathy and

colleagues found out that breast cancer cell proliferation is inhibited partially by

continuing trastuzumab even after the development of resistance [14]. Furthermore,

trastuzumab significantly enhances the anti-tumour effect of taxanes in tumours

progressing under trastuzumab alone [15]. Conversely, Nahta and colleagues report

that the continuation of trastuzumab beyond development of resistance did not

improve the efficacy of chemotherapy, e.g. vinorelbine [16]. As these investigations

are best on cell line experiments, they cannot account for the activity of trastuzu-

mab mediated by ADCC. Barok et al. could demonstrate in an in-vivo model that

trastuzumab was active not only in a sensitive transplanted breast cancer cell line,

but also in an in vitro trastuzumab-resistant cell line [17]. So, it appears that activity

of trastuzumab cannot sufficiently be predicted by in-vitro experiments, in-vivo

experiments might be preferable, but finally clinical activity beyond progression

remains to be demonstrated.

4 Evidence from Retrospective Cohort and Phase II

Studies Supporting Treatment Beyond Progression

with Trastuzumab

Clinical evidence on treatment with trastuzumab beyond progression with a switch

to a different chemotherapy was reported from various retrospective analyses

(Table 1). The largest prospective study [19] was a non-randomised extension

study to the pivotal phase III trial (H0648g)2, where patients progressing after

first-line chemotherapy and trastuzumab switched to another chemotherapy and

continued trastuzumab. The objective response rate was modest with 11% and the

duration of response was 6 months. Other prospective, non-randomised studies

reported response rates of 18–29% and a time to progression of 8.0 months

however, the sample sizes were small including a maximum of 40 patients per

trial. Several retrospective observational cohort studies reported response rates of

up to 50% [21, 22, 32] however, these results might be biased due to unknown

factors influencing physicians’ decision to stop or to continue trastuzumab. As an

example, a large observational study assessed 910 patients treated with trastuzumab
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Table 1 Overview of observational and phase II trastuzumab treatment beyond progression

studies

Study N (Second

line

Trastuzumab)

Study cohort Response to Second

trastuzumab containing

regimes

ORR

(%)

TTP (months)

Fountzilas et al.

(2003) [18]

80 Mono-institutional, retrospective

analysis

80 HER-2 over-expressed MBC

(IHC 2þ or 3þ)

24 5.2

Tripathy et al.

(2004) [19]

93 Extension study to a pivotal

phase III trial (H0648g)

120 HER-2 over-expressed MBC

(IHC 3þ)

11 n.r.

Gelmon et al.

(2004) [20]

65 Multi-institutional, retrospective

analysis

105 HER-2 over-expressed MBC

(IHC 2þ or 3þ)

32 6.0

Garcı́a-Sáenz

et al. (2005)

[21]

31 Mono-institutional, retrospective

analysis

58 HER-2 over-expressed MBC

(IHC 2þ or 3þ)

26 3.0

Stemmler et al.

(2005) [22]

23 Retrospective analysis

136 HER-2 over expressed MBC

(IHC 3þ)

39 6.0

Tokajuk et al.

(2006) [23]

14 Retrospective analysis

27 HER-2 over-expressed MBC

(IHC 3þ)

50 5.1

Morabito et al.

(2006) [24]

26 Phase II, monocentric, one arm

study (trastuzumabþ
gemcitabineþvinorelbine)

26 HER-2 over-expressed MBC

(IHC 2þ or 3þ)

29 n.r.

Bartsch et al.

(2006) [25]

54 Prospective, observational study

54 HER-2 over expressed MBC

(IHC 3þ, FISH)

26 6.0

Montemurro

et al. (2006)

[26]

40 Retrospective analysis

132 HER-2 over-expressed MBC

(IHC 3þ)

18 6.3

Orlando et al.

(2006) [27]

22 Prospective, one arm,

observational study

(metronomic CMþ
trastuzumab)

22 HER-2 over-expressed MBC

(IHC 3þ, FISH)

18 6.0

Bachelot et al.

(2007) [28]

17 Phase II, multicenter, 2-step trial

(vinorelbineþtrastuzumab)

17 HER-2 over-expressed MBC

(IHC 3þ, FISH, CISH)

29 n.r.

Bartsch et al.

(2007) [29]

40 Prospective, monocentric,

one arm study

(capecitabineþtrastuzumab)

20 8.0

(continued)
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for metastatic disease in Germany [31]. Treatment of trastuzumab beyond progres-

sion was recorded in 112 patients, where with 81 patients showed tumour progres-

sion and were treated with another chemotherapy without trastuzumab. Baseline

demographics and prior therapy were similar in the two treatment groups. However,

overall survival was significantly increased in patients continuing trastuzumab

treatment beyond disease progression (time to subsequent progression: 20.1 vs.

13.4 months).

5 Phase III Evidence Supporting the Concept of Treatment

Beyond Progression with Trastuzumab

Initial attempts in the USA (MD Anderson Cancer Centre and South West Oncol-

ogy Group) to investigate trastuzumab beyond progression in combination with

vinorelbine in prospective randomised trials have failed because a strong prevision

by physicians and patients for the superiority of this continuation approach resulted

in insufficient accrual.

The first evidence came from a randomised trial comparing lapatinib in com-

bination with capecitabine vs. capecitabine alone in patients previously treated

with trastuzumab [33, 34]. Lapatinib increased the efficacy of capecitabine by

improving the response rate from 14.3% to 22.5% and prolonging time to pro-

gression from 4.3 to 6.2 months. These results can of course be explained by not

only a non-cross resistance of the two anti-HER-2 agents, but also by a general

synergism of both anti-HER-2 treatments in combination with cytotoxic agents

even beyond progression.

Table 1 (continued)

Study N (Second

line

Trastuzumab)

Study cohort Response to Second

trastuzumab containing

regimes

ORR

(%)

TTP (months)

40 HER-2 over-expressed MBC

(IHC 3þ, FISH)

Metro et al.

(2007) [30]

37 Retrospective analysis

69 HER-2 over-expressed MBC

29 6.7

Jackisch et al.

(2007) [31]

112 Retrospective observational

study

112 HER-2 over-expressed MBC

with continued trastuzumab

treatment (compared with 81

patients which discontinued

trastuzumab treatment)

n.r. 20.1 (vs. 13.4

for patients

without

trastuzumab)

n.r. not reported
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6 The GBG 26 Treatment Beyond Progression Study

The GBG 26 TBP trial [35] was conducted by the German Breast Group together

with groups from Austria, Denmark, Netherlands, Slovenia and the UK and pro-

vides now the only phase III evidence for continuing trastuzumab beyond progres-

sion in patients with HER-2-positive MBC. Capecitabine monotherapy was chosen

as chemotherapy as it was the only agent approved by the authorities for the

treatment of patients with MBC resistance to both anthracycline and paclitaxel.

Capecitabine produces objective response rates of 20–25% with a median duration

of 5 months in this patient population. The combination of capecitabine and

trastuzumab showed a clinical benefit rate of 63–70% in heavily pre-treated patients

with HER-2-positive advanced breast cancer [36]. The initial plan was to recruit

482 patients to demonstrate an improvement of 27.5% in the time to progression

(4.0 months with capecitabine alone and 5.1 months with capecitabine and

continued trastuzumab). Despite over 50 actively participating sites, accrual was

very slow, so that the trial was closed after randomisation of 156 patients, when the

lapatinib became registered in this setting.

Seventy-eight patients were randomised to capecitabine alone (X; 2,500 mg/m²
on days 1–14, q21), and 78 to capecitabine plus continuation of trastuzumab (XH;

6 mg/kg, q3w) (Fig. 1). Patients were randomised and stratified according to pre-

treatment: taxanes/trastuzumab as first-line therapy (n ¼ 111), taxanes/trastuzumab

as adjuvant therapy (n ¼ 3), and trastuzumab alone or without taxanes as first-line

treatment (n ¼ 42). Half of the patients were also pre-treated with anthracyclines.

After a median follow-up of 15.6 months, the median time to progression was 5.6

months in the capecitabine group and 8.2 months in the capecitabine plus trastu-

zumab group with an unadjusted hazard ratio of 0.69 (95% confidence interval

[95% CI]: 0.48–0.97; 2-sided log-rank test P ¼ 0.0338). Overall response rates

were 27.0% with capecitabine and 48.1% with capecitabine plus trastuzumab (odds

Capecitabine 2500 mg/m² d 1–14 q3w

 
Capecitabine 2500 mg/m² d 1–14 q3w 

+
continuation of Trastuzumab 6 mg/kg q3w

R

R = randomization

n = 78

n = 78

Fig. 1 TBP-study design
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ratio ¼ 2.50; P ¼ 0.0115). Brain metastases were also observed in this trial in

eight patients receiving the combination therapy, and in five patients treated with X

alone (Fig. 2).

Continuing trastuzumab beyond progression was not associated with an increase

in toxicity. The incidence of cardiac morbidities was low in both arms (2.7% with X

and 5.2% with XH, but only one patient with a decrease in left ventricular ejection

fraction of below 40%). It has to be considered that the median time on trastuzumab

treatment before entering the study was 45 weeks and cardiac co-morbidities was an

exclusion criterion, so that most patients at risk for trastuzumab-induced cardiac

toxicity were excluded from trial participation.

Overall survival was 20.4 (95% CI: 17.8–24.7) months in the capecitabine group

and 25.5 (95% CI: 19.0–30.7) months in the capecitabine plus trastuzumab group

(P ¼ 0.257). Long-term follow-up data will be available at the end of 2010.

The GBG 26 trial has several strengths and limitations. The results consistently

show superior efficacy of continuation of trastuzumab in the adjusted and sensiti-

vity analyses. The trial investigated in a straightforward prospective way the

beyond progression approach as all patients progressed during trastuzumab.

Patients in the capecitabine group probably had an ongoing exposure to trastuzu-

mab due its long half-life. Due to premature closure of the trial, the number of

patients included in the trial is small, but it is the only trial worldwide that reached a

sufficient sample size for statistical analysis.

X   : 5.6 (4.2 - 6.3) mos
XH : 8.2 (7.3 - 11.2) mos 

HR = 0.69 (two-sided p = 0.034; 
one-sided p = 0.017) 

Progression to CNS:
X: 8.3%     XH: 13.8%

PFS
X: 5.6 mos  XH: 8.2 mos
P = 0.026 two sided

Product-Limit Survival Estimates
With Number of Subjects at Risk

S
ur

vi
va

l P
ro

ba
bi

lit
y

Time to disease progression, months
arm X

X

XH

XH
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0.8

0.6

0.4

0.2

0.0

0 10 20 30 40

74
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40 15
29
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1
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Fig. 2 Time to progression, primary end point of the GBG 26 TBP study comparing capecitabine

(X) with X and continued trastuzumab beyond progression (XH) [35]
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7 Further Randomised Trials Exploring Treatment

Beyond Progression

Two additional trials are conducted in Europe and in only Italy with a comparable

design; the Pandora study and the THOR (Trastuzumab Halted Or Retained) study

[37, 38]. The main difference in designs of these two trials compared with GBG 26

is that second line chemotherapy was not fixed, but the investigators could choose

among numerous regimens enlisted in the protocols. The Pandora study closed

randomisation after only about 20 patients due to poor accrual and the THOR study

still plans to reach a minimum target accrual of 80 patients. It is planned to conduct

a meta-analysis of these two trials together with GBG 26 to achieve more statistical

power.

8 Trastuzumab Beyond Progression in Combination

with Other Targeted Agents

The combination of lapatinib and trastuzumab was investigated in a large rando-

mised phase II study including 296 heavily and trastuzumab pre-treated patients

with HER-2-positive metastatic breast cancer [39]. As the control arm was lapatinib

therapy alone, this design also represents a treatment beyond progression trial. The

continuation of trastuzumab prolonged the time to progression from 8.1 to 12.0

weeks (HR 0.73; p ¼ 0.008) in this unfavourable group of patients.

An interesting result was also reported for the combination of trastuzumab with

pertuzumab, an antibody directed against the dimerisation epitope of the HER-2

receptor that inhibits the dimerisation of HER-2 with other HER family receptors.

This phase II study reported on 66 patients all pre-treated with trastuzumab [40].

The combination of both agents resulted in an objective response rate of 24.2% and

a clinical benefit rate of 50.0%. As pertuzumab alone in another trial did not show

any clinical activity in a comparable setting, also these results have to be explained

by the activity of trastuzumab beyond progression.

9 Conclusion and Future Perspectives

There is growing evidence in the literature for the use of trastuzumab beyond

disease progression. Antibody-derived cellular cytotoxicity (ADCC) might be the

relevant mechanism for this so far, not for other treatment observed concept. It is

supported by various in-vivo data and evidence from multiple cohort study as well

as by a randomised phase III study not only for the combination with chemotherapy,

but also for the combination with other anti-HER-2 agents.
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To further improve the prognosis of patients with HER-2-positive metastatic

breast cancer even beyond that of patients with HER-2-negative disease, a blockade

of HER-2 throughout all stages of early and metastatic breast cancer should be

considered.
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Pertuzumab – a HER-2 Dimerisation

Inhibitor – for the Treatment of Breast

and Other Cancers

Giulia Bianchi and Luca Gianni

Abstract Pertuzumab is a recombinant humanised monoclonal antibody targeting

the extracellular domain of human epidermal growth factor receptor 2 (HER-2) to

block HER-2 dimerisation with other HER family members. Preclinical pertuzu-

mab data showed activity in a number of solid tumour types, and synergistic or

additive activity was also observed when pertuzumab was combined with chemo-

therapy or with other targeted agents, including trastuzumab and erlotinib. Pertu-

zumab has also been studied in the clinical setting, both as monotherapy and in

combination with other agents in a variety of tumour types. Following encouraging

results of a Phase II trial of pertuzumab and trastuzumab in patients with HER-2-

positive metastatic breast cancer, this indication has become the focus of attention

for further investigation.

1 Introduction

Pertuzumab, a recombinant humanised monoclonal antibody (MAb) targeting the

extracellular domain of human epidermal growth factor receptor 2 (HER-2), is

currently being investigated in a range of solid tumours. The validity of HER-2 as a

target in cancer therapy has primarily been demonstrated by the efficacy of the

HER-2-targeted MAb trastuzumab in treating HER-2-positive metastatic breast

cancer (MBC) [1–3]. In contrast to trastuzumab, which inhibits signalling via

HER-2 alone, pertuzumab is a HER-2 dimerisation inhibitor, blocking ligand-

activated signalling via HER-2 heterodimers. By inhibiting receptor dimerisation,
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pertuzumab is anticipated to have broader HER-2 blockade than trastuzumab, and

may also be useful in combination with trastuzumab and other therapies acting on

the HER family due to this complementary mechanism of action.

We review the rationale for the development of pertuzumab, available preclini-

cal data showing its mechanism of action, and completed and ongoing clinical trials

in solid tumours, including breast and ovarian carcinomas.

2 The HER Family and Its Role in Cancer

The HER family consists of four structurally related members: HER1 (also known

as epidermal growth factor receptor), HER-2, HER3 and HER4 [4]. Each receptor

molecule consists of an extracellular ligand-binding domain, a transmembrane

domain and an intracellular tyrosine kinase (TK) domain [5]. A range of HER

ligands has been identified, including transforming growth factor alpha, epidermal

growth factor and heregulins [4]. Binding of these ligands to the HER family

causes the receptors to form homodimers and heterodimers, which in turn stimu-

lates intrinsic TK activity through phosphorylation [6, 7]. The end result is activa-

tion or modulation of many cellular processes, including cell proliferation,

differentiation, migration and survival [8, 9]. Specific pathways that are known

to be activated by the HER family include the phosphoinositide 3-kinase signalling

pathway, which mediates cell survival, and the mitogen-activated protein kinase

pathway, which regulates cellular processes, such as gene transcription and prolif-

eration [10].

HER-2 is unique among the HER family in that it has no known natural ligand

[7]. Instead, it potentiates receptor signalling through dimerisation with other

members of the family [7]. HER3 is also unusual because it lacks intrinsic TK

activity, relying instead on dimerisation with other HER family members to trans-

duce signals [4]. Dimerisation of HER family members is believed to be essential

for HER activity and may play an important role in driving malignant cell growth

and survival in many tumour types [11, 12]. HER-2 is constitutively active and

is, therefore, the preferred heterodimerisation partner of all HER family members

[13, 14].

Changes in expression and activation of HERs have been documented in a range

of epithelial tumour types, including breast, lung, prostate, colorectal and ovarian

cancers, and they are often associated with aggressive disease and poor clinical

outcomes [15–20]. HER-2 over-expression by gene amplification has been docu-

mented in 20–25% of breast cancers [21–24], and co-expression of HER1 and

HER-2 is frequently observed in ovarian cancers [25].

The involvement of the HER family in tumourigenesis, and the central role

played by HER-2 in potentiating signalling of other HER molecules, makes HER-2

a logical candidate for targeted anti-cancer therapies.
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3 Pertuzumab

3.1 Preclinical Data

Pertuzumab is a recombinant humanised MAb that binds to the extracellular

domain of HER-2 and blocks its ability to dimerise with other HER family

receptors (Fig. 1) [26]. These actions contrast with those of trastuzumab – an

established HER-2-targeted MAb – which binds to a different section of the

HER-2 extracellular domain and does not affect the ability of HER-2 to dimerise

with other members of the HER family (Fig. 1). The complementary actions of

pertuzumab and trastuzumab at HER-2 suggest that they have synergistic activity.

3.1.1 Pertuzumab Alone

The pharmacokinetics of pertuzumab have been examined in mice, rats and cyno-

molgus monkeys [27]. Studies involving single and multiple doses of pertuzumab

Trastuzumab

Pertuzumab

Dimerisation domain
of HER-2

Subdomain IV of HER-2

HER-2, human epidermal growth factor receptor 2;
ADCC, antibody-dependent cellular cytotoxicity

Trastuzumab prevents HER-2 receptor
shedding

– functionally important as an activation
  mechanism of HER-2 

Blocks HER-2 signalling

Activates ADCC 

Does not inhibit HER-2 dimerisation

Pertuzumab inhibits HER-2 forming
dimer pairs 

Does not prevent HER-2 receptor
shedding

Blocks multiple HER signalling
pathways 

Activates ADCC

Fig. 1 Differential binding of pertuzumab and trastuzumab to the extracellular domain of HER-2,

and the potential for the monoclonal antibodies to act synergistically
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revealed biphasic disposition consistent with a two-compartment model. The ana-

lyses indicated that pertuzumab has a distribution phase of <1 day, a terminal half-

life of ~10 days and a volume of distribution of ~40 mL/kg. The safety of the drug

was evaluated in cynomolgus monkeys at doses of 15, 50 and 150 mg/kg. Treatment

was well tolerated at all dose levels and the only notable adverse event (AE) was

diarrhoea. The incidence of diarrhoea was generally higher in animals receiving

150 mg/kg and resolved following treatment cessation. No cardiac toxicity was

noted in animal studies.

In vitro studies in cell lines derived from breast and prostate tumours show that

pertuzumab inhibits the formation of HER-2-containing dimers and diminishes

ligand-activated HER-2 signalling via Akt and mitogen-activated protein kinase

(Erk1 and Erk2) pathways [10]. Pertuzumab has also shown activity in a variety of

mouse xenograft models, including breast, lung and prostate [10, 28]. In contrast to

trastuzumab, however, the activity of pertuzumab in tumour models is independent

of HER-2 protein-expression level, with <80% growth inhibition observed in low

HER-2-expressing breast cancer explants [10].

3.1.2 Pertuzumab in Combination with Other Targeted Agents

In vitro studies have also shown that pertuzumab augments the activity of other

inhibitors of the HER pathway. Friess et al. evaluated pertuzumab and the HER1

TK inhibitor erlotinib, both alone and in combination, in explanted non-small-cell

lung cancer (NSCLC) cells and breast cancer cells [29]. They observed that

compared with monotherapy, the combination showed additive or greater than

additive inhibitory effects on tumour growth.

More recently, pertuzumab has been examined in combination with trastuzumab

in HER-2-positive breast and NSCLC xenografts [30, 31]. The findings showed that

the combination of trastuzumab and pertuzumab has a synergistic anti-tumour

effect and induces tumour regression in both xenograft models that cannot be

achieved by either MAb as monotherapy (Fig. 2) [31]. The differential effects of

trastuzumab and pertuzumab on HER-2 dimerisation may contribute to the syner-

gistic activity of the agents.

Synergistic effects between these MAbs were also observed in mice with

HER-2-positive breast and NSCLC xenografts that were initially treated with

trastuzumab monotherapy until the tumour started to progress [31]. Near-infrared

fluorescence imaging experiments confirmed that binding of pertuzumab to

tumours was not impaired by trastuzumab pretreatment. Furthermore, the authors

showed by in vitro assay that both trastuzumab and pertuzumab potently activate

antibody-dependent cellular cytotoxicity. It is proposed that the synergistic effects

are due to the differing but complementary mechanisms of action of trastuzumab

and pertuzumab, namely prevention of formation of p95HER-2 (a truncated and

constitutively active form of HER-2 [32]) and inhibition of HER-2 dimerisation,

respectively [31].
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Fig. 2 Combination of trastuzumab and pertuzumab induces tumour regression in (a) non-small-

cell lung cancer (Calu-3) and (b) breast (KPL-4) xenograft tumour models [31]. NB permission

will be required to reproduce this figure
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3.1.3 Pertuzumab in Combination with Chemotherapy

The importance of inhibiting HER dimerisation was examined in a study in

which mice carrying xenograft tumours of HER-2-over-expressing cells were

treated with oestrogen supplementation or oestrogen withdrawal, either alone or

in combination with tamoxifen and one to three HER inhibitors (pertuzumab,

trastuzumab and gefitinib, a HER1-targeted TK inhibitor) [33]. Combination

treatment with pertuzumab, trastuzumab and gefitinib to block signals from all

HER homo- and heterodimers inhibited growth of HER-2-over-expressing xeno-

grafts significantly better than single agents and doublet combinations. Pertuzu-

mab has also been shown to inhibit cell growth when combined with cytotoxic

therapy [34]. In mice carrying trastuzumab-resistant, HER-2-positive xenograft

tumours, the triple combination of pertuzumab, trastuzumab and bevacizumab

achieved complete tumour regression, suggesting crosstalk between the vascular

endothelial growth factor pathway and the epidermal growth factor receptor and

HER-2 pathways [35].

3.2 Phase I Data

Pertuzumab has been evaluated in four Phase I studies: in one as monotherapy and

in three combined with other agents (Table 1) [36–45, 47–49].

3.2.1 Pertuzumab Monotherapy

In an initial study conducted by Agus et al., patients with incurable, locally

advanced, recurrent or metastatic solid tumours that had progressed during or

after standard therapy were recruited to a dose-escalation study of pertuzu-

mab (0.5–15 mg/kg) administered intravenously (iv) every 3 weeks (q3w)

[36]. A total of 21 patients with a variety of tumour types were enrolled, of

whom 19 completed a minimum of two cycles of therapy and 10 were treated

beyond Cycle 2. During the study, pertuzumab was generally well tolerated

at all dose levels and the maximum tolerated dose was not reached. Partial

responses (PRs) were observed in two patients, one with ovarian cancer and

one with islet-cell carcinoma of the pancreas. Responses were documented

by Response Evaluation Criteria In Solid Tumours (RECIST) [50] after 1.5

and 6 months of pertuzumab therapy, respectively, and lasted for 11 and

10 months, respectively. Stable disease (SD) lasting for >2.5 months was

observed in six patients. The pharmacokinetics of pertuzumab was similar to

other humanised immunoglobulin G antibodies, supporting a 3-week dosing

regimen.

78 G. Bianchi and L. Gianni



Table 1 Clinical trials of pertuzumab, alone and in combination with other agents

Indication Dose/regimen No. of

patients

Key efficacy findings (for

completed studies)

Phase I: monotherapy

Advanced solid

tumours

Pertuzumab 0.5, 2, 5, 10 and

15 mg/kg

21 PRs observed in 2 patients: 1

patient with ovarian cancer

experienced a PR of 10

months after 6 months’

therapy and 1 patient with

pancreatic islet-cell

carcinoma experienced a

PR of 11 months following

1.5 months’ therapy; 6

patients experienced SD of

>2.5 months (range

2.6–5.5) [36]

Phase I: combination therapy

Advanced solid

tumours

Pertuzumab 1,050 mg +

capecitabine 825, 1,000,

1,250 mg/m2

18 Of 18 patients evaluated for

response, 11 achieved SD

[37]

Pertuzumab 1,050 mg +

docetaxel 60, 75 mg/m2

Pertuzumab 420 mga +

docetaxel 75, 100 mg/m2

19 SD was observed at 4 cycles in

>50% of patients treated.

Confirmed radiological PR

with >50% decline in PSA

in a patient with HRPC was

observed [38]

Advanced NSCLC Pertuzumab 420 mga +

erlotinib 100, 150 mg/day

9 Study closed, final results

expected 2009 [39]

Phase II: monotherapy

Advanced ovarian

cancer

Cohort 1: pertuzumab

420 mga
61 Of 117 patients assessable for

efficacy, 5 (4.3%) had a

PR, 8 (6.8%) had SD for

�6 months and 10 had

CA125 reduction of

�50%. Median PFS was

6.6 weeks [40]

Cohort 2: pertuzumab

1,050 mg

62

MBC with low HER-2

expression

Arm A: pertuzumab 420 mga 41 10% of patients had either a

PR or SD for �6 months

[41]

Arm B: pertuzumab 1,050 mg 37

HRPC, chemotherapy

naı̈ve

Cohort 1: pertuzumab

420 mga
35 Pertuzumab has no clinically

significant single-agent

activity in castrate patients

with HRPC at either dose

level [42]

Cohort 2: pertuzumab

1,050 mg

33

HRPC pre-treated with

docetaxel

Pertuzumab 420 mga 41 Of 30 efficacy-assessable

patients, 5 had SD for

�23 weeks; 1/5 had SD for

36 weeks. No patients had

CR or PR [43]

Advanced, recurrent

NSCLC

Pertuzumab 420 mga 43 None of the 43 patients

experienced a response

[44]

(continued)
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3.2.2 Pertuzumab Combination Therapy

A study of pertuzumab in combination with docetaxel – an anti-mitotic chemother-

apy – was conducted to determine the maximum tolerated dose, dose-limiting

toxicities and any pharmacokinetic interactions between the two compounds [38].

From the study, the recommended dose for this combination was established as

docetaxel 75 mg/m2 and pertuzumab 420 mg following a loading dose of 840 mg.

Table 1 (continued)

Indication Dose/regimen No. of

patients

Key efficacy findings (for

completed studies)

Phase II: combination therapy

HER-2-positive MBC Pertuzumab 420 mga +

trastuzumab 2 mg/kg qw,

6 mg/kg q3w

66 CBR was 50%, ORR was

24.2%; 5 patients (7.6%)

experienced a CR, 11

(16.7%) experienced a PR

and 17 (25.8%)

experienced SD for �6

months. Median PFS was

5.5 months [45, 46]

HER-2-positive MBC Pertuzumab 420 mga +

trastuzumab (LD 6/8

mg/m2), 6 mg/m2

11 ORR was 18%. 2 patients had

a PR, 3 had SD, 6 had PD.

Median TTP was 6 weeks

[47]

Platinum-resistant

ovarian, peritoneal

or fallopian tube

cancer

Gemcitabine 800 mg/m2

� pertuzumab/placebo

420 mga

65

65

Median PFS not significantly

different between

gemcitabine + placebo vs

gemcitabine + pertuzumab

arms (2.6 vs 3.0 months,

respectively); PFS at 4

months was 34% vs 49%

[48]. Retrospective

analysis by HER3 mRNA

level showed an efficacy

signal

Platinum-sensitive

ovarian cancer

Carboplatin-based

chemotherapyb

� pertuzumab 420 mga

150 Median PFS not significantly

different between

chemotherapy alone or

with pertuzumab. Slight

trend towards improved

PFS was seen in patients

with lower HER3 mRNA

levels [49]
aLD of 840 mg
bMaintenance dose q3w

CBR clinical benefit rate, CR complete response, HER human epidermal growth factor receptor,

HRPC hormone-refractory prostate cancer, LD loading dose, MBC metastatic breast cancer,

NSCLC non-small-cell lung cancer, ORR objective response rate, PD progressive disease, PFS
progression-free survival, PR partial response, PSA prostate-specific antigen, qw weekly, q3w
3-weekly, SD stable disease, TTP time to progression
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SD was observed after four cycles in more than half of the patients treated;

confirmed radiological PR with a >50% decline in prostate-specific antigen was

observed in a patient with hormone-refractory prostate cancer.

Pertuzumab has also been examined in combination with capecitabine – an oral

fluoropyrimidine that is metabolised to 5-fluorouracil – in patients with advanced

malignancies [37]. Patients were treated in three sequential cohorts with pertuzu-

mab at a fixed dose of 1,050 mg given iv on day 1 plus escalating-dose oral

capecitabine (825, 1,000, 1,250 mg/m2) twice daily on days 1–14 of each 21-day

treatment cycle. The combination of capecitabine and pertuzumab was well toler-

ated at all dose levels and no dose-limiting toxicities were observed. There was no

apparent change in the pharmacokinetics of capecitabine or pertuzumab when

administered together. Clinical activity was observed, with SD reported in 11 of

18 patients.

Initial findings from a Phase I combination trial of pertuzumab 420 mg q3w

(840 mg loading dose) with oral erlotinib 100 mg in patients with NSCLC indicate

that this combination is also well tolerated, with the most frequent AEs being rash

and diarrhoea [39]. These AEs were mostly mild, with grade 3 rash and diarrhoea

experienced by 27% and 7% of patients, respectively. A second phase of the trial, in

which patients will receive pertuzumab in combination with erlotinib 150 mg, is

now underway.

3.2.3 Pertuzumab Dosing and Scheduling

The Phase I trials established effective and tolerable dosing schedules for pertuzu-

mab that were used in further trials. The optimum dosing schedules were either a

loading dose of 840 mg followed by 420 mg q3w or a higher dose of 1,050 mg q3w,

which has been used in some Phase II studies in breast cancer and ovarian cancer

[40, 41].

3.3 Clinical Trials in Breast Cancer

Following the signals of clinical activity with pertuzumab that were observed in the

Phase I clinical trials in advanced solid tumours, Phase II trials were initiated in

more specific tumour types, namely cancers of the breast, ovary, prostate and lung.

One of the first trials involved 79 patients with MBC with low HER-2 expression

[41, 51]. Patients were randomised to receive iv pertuzumab q3w, either at 420 mg

with a loading dose of 840 mg (n ¼ 41) or at 1,050 mg (n ¼ 37). The results of this

study showed only limited efficacy in HER-2-normal patients: only two patients,

both receiving the lower dose of pertuzumab, showed a PR; SD was observed in

44% of patients who received pertuzumab 420 mg and in 38% of those who

received the 1,050 mg dose.
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Based on excellent preclinical results in combination with trastuzumab in

HER-2-positive tumour models and the limited efficacy seen in HER-2-normal

patients, the focus of investigations moved to HER-2-positive breast cancer. In

an initial small study, 11 patients with measurable HER-2-positive MBC who

had received up to three trastuzumab-based regimens received trastuzumab 8 or

6 mg/kg and pertuzumab 840 mg iv loading dose in Cycle 1 followed by

trastuzumab 6 mg/kg and pertuzumab 420 mg q3w in subsequent cycles [47].

In total, patients received 64 cycles of trastuzumab plus pertuzumab. The

objective response rate (ORR) was 18%: two patients had a PR, three had SD

and six had progressive disease. The median time to progression was 6 weeks.

Overall, the combination of trastuzumab and pertuzumab was well tolerated,

with grade 1 and grade 2 diarrhoea (according to the National Cancer Institute

Common Terminology Criteria for Adverse Events) being the most common

AE, occurring in 18% and 27% of patients, respectively. Unexpectedly, echo-

cardiogram and cardiac magnetic resonance analysis revealed left ventricular

systolic dysfunction in six patients (54%; three grade 1, two grade 2 and one

grade 3). The majority of cardiac toxicity observed in the study was asymptom-

atic and reversible; however, as the long-term effects of these cardiac effects are

not known, further investigation is warranted to define overall risks and benefits.

A larger second study, also investigating the combination of trastuzumab and

pertuzumab in trastuzumab-pre-treated patients, did not confirm these findings

[45, 46]. In this study, 66 patients with HER-2-positive MBC that had pro-

gressed during prior trastuzumab therapy received weekly trastuzumab (4 mg/kg

loading dose then 2 mg/kg weekly) or 8 mg/kg loading dose then 6 mg/kg q3w,

and pertuzumab q3w (840 mg loading dose then 420 mg q3w). The results from

this trial were encouraging: the clinical benefit rate was 50% and the ORR was

24.2% (Table 2) [45]. Five patients (7.6%) experienced a complete response, 11

patients (16.7%) experienced a PR and 17 patients (25.8%) experienced SD for

�6 months. The median progression-free survival (PFS) was 5.5 months. Due to

these promising results, a third cohort of patients has been recruited, using

similar inclusion and exclusion criteria, to assess the activity of pertuzumab

monotherapy in this population. Following documented progression during

pertuzumab monotherapy, trastuzumab could be added to continuing pertuzu-

mab treatment. To date, 29 patients have been recruited, with a clinical benefit

rate of 11.1% (including 7.4% PR and 3.7% SD of �8 cycles) [52]. Fifteen of

these 29 patients have had trastuzumab added to their continuing pertuzumab

Table 2 Response rates in

patients (n ¼ 66) with human

epidermal growth factor

2-receptor positive metastatic

breast cancer [45]

Best overall response n (%)

Responders 33 (50)

Non-responders 33 (50)

Complete response 5 (7.6)

Partial response 11 (16.7)

Stable disease �8 cycles 17 (25.8)

Progressive disease 33 (50)
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following documented progression, with a 20% PR rate. It is particularly

noteworthy that these patients who had progressed during two prior lines of

anti-HER-2 therapy responded to treatment with a combination of pertuzumab

and trastuzumab. However, at the time of this analysis, two patients receiving

pertuzumab monotherapy and four patients receiving pertuzumab and trastuzu-

mab had not yet reached eight cycles of assessment to reach the overall best

response end point. Further data are eagerly awaited.

Overall, the combination of trastuzumab and pertuzumab was well tolerated and

AEs were mild to moderate. The most frequent AEs (grade 1/2 [grade 3/4]) in the

original two cohorts treated with pertuzumab and trastuzumab were diarrhoea (64%

[3%]), fatigue (33% [0%]), nausea (27% [0%]), skin rash (26% [2%]) and headache

(20% [0%]), which were similar to those experienced by patients in the third cohort

receiving this combination (diarrhoea 27% [7%], nausea 27% [0%], vomiting 27%

[0%] and fatigue 27% [7%]). In patients who received pertuzumab monotherapy,

the most frequent AEs were also diarrhoea (48% [3%]), nausea (34% [0%]),

vomiting (24% [0%]) and fatigue (17% [3%]). These AEs are most likely caused

by a reduction in HER1:HER-2 dimers and are much less severe than the gastroin-

testinal and skin toxicities associated with other agents that block HER1 signalling,

such as lapatinib and cetuximab [53, 54]. In contrast to the trial conducted by

Portera et al. [47], only three patients had a decrease in left ventricular ejection

fraction (LVEF) of �10% points and <50% absolute value, and none of these

patents experienced any clinical symptoms related to the cardiac changes. In the

third cohort, two patients receiving pertuzumab monotherapy and one patient

receiving the combination experienced asymptomatic LVEF falls, none of which

required treatment [52]. Differences between the studies conducted by Portera et al.

[47] and Baselga et al. [45, 46, 52], including the exclusion criteria and criteria to

evaluate the decline in LVEF, may explain the different outcomes. In particular, it

should be noted that patients who had experienced a decrease in LVEF during

trastuzumab therapy or had a history of hypertension were eligible for the Portera

trial [47] but were excluded from the study conducted by Baselga et al. [45, 46].

The efficacy of pertuzumab in HER-2-positive breast cancer is now being tested

in a Phase III study – CLEOPATRA (CLinical Evaluation Of Pertuzumab And

TRAstuzumab). This study has been designed to investigate PFS in 800 previously

untreated women with HER-2-positive MBC receiving trastuzumab (8 mg/kg

loading dose then 6 mg/kg q3w) plus docetaxel (75 mg/m2 q3w � 6) with or

without pertuzumab (840 mg loading dose then 420 mg q3w). A Phase II study of

neo-adjuvant treatment with pertuzumab plus trastuzumab (with or without doc-

etaxel) in HER-2-positive early breast cancer (NEOSPHERE) completed accrual in

the summer of 2009. Two further studies are currently in development: a rando-

mised Phase II trial of trastuzumab and capecitabine with or without pertuzumab in

patients with HER-2-positive MBC who had progressed after one line of trastuzu-

mab-based therapy in the metastatic setting (PHEREXA), and a randomised

Phase II trial to evaluate pertuzumab and trastuzumab given with either anthracy-

cline- or non-anthracycline-based chemotherapy as neo-adjuvant therapy for HER-

2-positive breast cancer.
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3.4 Clinical Trials in Ovarian Cancer

The efficacy of pertuzumab has also been evaluated in ovarian cancer. In an initial

trial, the efficacy of pertuzumab as monotherapy was examined in patients with

advanced, refractory ovarian cancer who had been heavily pre-treated [40]. Patients

received either a loading dose of pertuzumab 840 mg iv followed by 420 mg q3w

(n ¼ 61) or 1,050 mg q3w (n ¼ 62). The primary end point of the study was

response rate. Tumour biopsies were obtained in the low-dose group to perform

an exploratory analysis of phosphorylated HER-2 (pHER2). Efficacy was assessed

in 122 patients. The ORR was 4.3%, with an additional 41% achieving SD. The

median PFS was 6.6 weeks and median overall survival was 52.7 weeks.

The biopsy findings suggested an association between the presence of pHER2

and efficacy. Analysis of 28 samples in which HER-2 status could be determined

revealed eight (29%) with evidence of phosphorylation. Overall, more patients with

pHER2 had SD compared with those without phosphorylation (75% vs 25%,

respectively) and more patients without pHER2 experienced progression (65% vs

12.5%). Furthermore, the median time to progression was longer in the pHER2

cohort compared with the cohort without pHER2 (20.9 vs 5.8 weeks, respectively).

Pertuzumab was well tolerated in the study. Diarrhoea was reported in 69.1% of

patients and five patients had asymptomatic LVEF decreases of <50%.

The findings from this preliminary trial prompted further investigation into the

efficacy of pertuzumab in patients with ovarian cancer. Makhija et al. presented

findings from a trial investigating the efficacy of pertuzumab in platinum-resistant

epithelial ovarian cancer [48]. Patients who had previously received up to one

therapeutic intervention were randomised to gemcitabine 800 mg/m2 on days 1 and

8 of a 28-day cycle, with either pertuzumab (840 mg initial dose followed by

420 mg iv q3w) or placebo. The primary outcome was PFS, with tumour response

assessed using RECIST. In addition, HER-2 activation-related expression profiles

were examined.

A total of 130 patients received treatment. The median PFS was not significantly

different between the gemcitabine plus placebo arm compared with the gemcitabine

plus pertuzumab arm (2.6 vs 3.0 months, respectively; p ¼ 0.07); the 4-month

PFS rate was 34% versus 49%, respectively. The combination was generally well

tolerated. The most frequent AEs in the pertuzumab patients were fatigue, nausea,

diarrhoea, back pain, grade 3/4 neutropenia, skin rash, headache, stomatitis, epi-

staxis and rhinorrhoea. Clinically significant congestive heart failure was reported

in one patient who received pertuzumab but there was no imbalance in LVEF

results between the treatment arms. The exploratory analysis of HER-2 activation-

related expression profiles indicated that low HER3 mRNA levels may be a

predictive marker in this patient population [55, 56]. Women who had low HER3

mRNA levels (n ¼ 61) had longer PFS if they received gemcitabine plus pertuzu-

mab rather than gemcitabine plus placebo (5.3 vs 1.4 months, respectively; hazard

ratio 0.34). Conversely, those with high HER3 mRNA levels (n ¼ 61) had shorter

PFS if they received gemcitabine plus pertuzumab rather than gemcitabine plus
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placebo (2.8 vs 5.5 months, respectively; hazard ratio 1.48). A similar relationship

was noted for HER3 mRNA levels and overall survival.

A trial of pertuzumab in combination with either carboplatin/paclitaxel

or carboplatin/gemcitabine in patients with relapsed platinum-sensitive ovarian

cancer has been performed. The data indicate that pertuzumab in combination

with carboplatin-based chemotherapy is well tolerated, with no new safety signals

or clinically significant cardiac toxicity [49]. Pertuzumab does not appear to

enhance the activity of chemotherapy in this patient group; however, retrospective

analyses in those patients with sensitive ovarian cancer who had a relatively a short

treatment-free interval (6–12 months) show that low HER3 mRNA expression may

be associated with benefit from chemotherapy plus pertuzumab, similar to the

reported findings of Amler et al. [55, 56] in patients with resistant ovarian cancer.

This may be due to negative feedback loop in which HER-2/HER3 dimerisation

leads to downregulation of, and therefore lower expression of, HER3 [56].

3.5 Clinical Trials in Other Malignancies

Clinical trials of pertuzumab have been conducted in other tumours, including

prostate cancer and NSCLC, but the results have been mixed. A study conducted

by Agus et al. in 41 patients with hormone-refractory prostate cancer failed to show

evidence of response [43]. Among the 30 patients in whom efficacy was assessed,

17% achieved SD, remaining progression free for �23 weeks. Retrospective

analysis suggested that survival was prolonged with pertuzumab treatment com-

pared with historic controls with similar baseline prognostic features. A separate

study in castrate patients with hormone-refractory prostate cancer treated with

pertuzumab 420 mg (840 mg loading dose) or 1,050 mg iv q3w failed to show

any clinical response, as defined by a 50% decline in prostate-specific antigen [42].

A trial of pertuzumab in NSCLC revealed no responses among 43 patients.

Eighteen (41.9%) and nine patients (20.9%) had SD at 6 and 12 weeks, respectively,

and the median PFS was 6 weeks [44]. The authors concluded that further clinical

development of pertuzumab should focus on rational combinations of pertuzumab

with other drugs active in NSCLC. One such approach would be a combination of

therapies that inhibit different aspects of the HER family. Pertuzumab has been

investigated in combination with the HER1 TK inhibitor erlotinib in a Phase I dose-

escalation study in patients with previously treated NSCLC [39]. No dose-limiting

toxicities were observed in either the first cohort receiving an 840 mg loading dose

of pertuzumab followed by 420 mg three times a week thereafter and erlotinib

100 mg once daily, or the second cohort receiving erlotinib 150 mg once daily

combined with the same dose of pertuzumab, which was, therefore, selected as

the optimum dose level for the combination [39]. At the time of analysis, the six

patients in Cohort 1 had best tumour responses of two with PRs, two with

SD and two with disease progression, while the seven evaluable patients in Cohort

2 achieved responses of one with PR, three with SD and three with disease
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progression. Two further patients in Cohort 2 had not yet reached the best

tumour response end point. A Phase II study of pertuzumab in combination with

erlotinib is currently ongoing (NCT00855894; http://www.clinicaltrial.gov/ct2/

show/NCT00855894?term¼pertuzumab&cond¼cancer&rank¼8) in patients with

relapsed or previously treated NSCLC.

4 Conclusions and Future Directions

Pertuzumab represents a novel approach to the treatment of cancers in which HER

pathways are disrupted. As a HER-2 dimerisation inhibitor, the activities of pertu-

zumab would be anticipated to extend beyond its role as a HER-2-targeted agent.

By blocking receptor dimerisation, pertuzumab is anticipated to have broader

applicability than therapies acting on individual HERs and could also act synergis-

tically when used in combination with such agents.

Preclinical data indicated that pertuzumab inhibits growth in a wide range of

tumour models, with evidence that growth inhibition was independent of HER-2

levels. Phase I/II monotherapy trials suggested that, despite the preclinical data

in HER-2-negative tumour types, investigations should focus on HER-2-positive

tumours as well as combinations of pertuzumab with other agents targeting the

HER system in both HER-2-positive and HER-2-normal tumours.

Investigations of pertuzumab in lung and prostate cancers indicated a lack of

single-agent activity, suggesting that pertuzumab monotherapy in these tumour

types would not be sensible. The potential for pertuzumab to provide benefits

when used in combination with other agents, particularly those acting on different

members of the HER family, remains a possibility. While trials of pertuzumab in

combination with other HER family inhibitors in NSCLC are ongoing, it seems no

further investigations into the efficacy of pertuzumab in prostate cancers will

proceed.

The applicability of pertuzumab in the treatment of ovarian cancer is also unclear.

Response rates from a trial combining pertuzumab with gemcitabine were disap-

pointing, although subgroup analyses from this trial suggested a specific subpopula-

tion with low levels of HER3 mRNAmay benefit from therapy. Further investigation

of responsive subpopulations in different tumour types is warranted.

Based on the encouraging Phase II findings for pertuzumab in HER-2-positive

breast cancer, this indication has become the focus of attention for further investi-

gation with more trials now underway. Pertuzumab is currently being evaluated in a

large, first-line, randomised, Phase III trial of women with metastatic HER-2-

positive MBC. In this trial, women will be randomised to receive docetaxel and

trastuzumab with either placebo or pertuzumab. A Phase II study of neo-adjuvant

treatment with pertuzumab plus trastuzumab (with or without docetaxel) in HER-2-

positive early breast cancer has just completed accrual and will be ready for

analysis by the summer of 2010. A Phase II trial (PHEREXA) is in preparation to

investigate the addition of pertuzumab to trastuzumab and capecitabine treatment in
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second-line trastuzumab-pre-treated patients. Another Phase II trial, to assess the

combination of pertuzumab and trastuzumab given with chemotherapy in the neo-

adjuvant setting to treat patients with HER-2-positive breast cancer, is also in

development. It is anticipated that, together, these trials will determine whether

the synergy noted in early development translates into clinical benefits in these

patient populations, and clarify whether pertuzumab in combination with trastuzu-

mab and chemotherapy warrants investigation in the post-surgical setting.
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Beyond Trastuzumab: Second-Generation

Targeted Therapies for HER-2-positive Breast

Cancer

Flavio F. Solca, Guenther R. Adolf, Hilary Jones,

and Martina M. Uttenreuther-Fischer

Abstract Growth factor receptors of the ErbB family play key roles in transmitting

mitogenic and anti-apoptotic signals in epithelial cells. Aberrant activation of these

pathways by a variety of mechanisms, including receptor over-expression due to

gene amplification and activating mutations in receptors or downstream signal

transducers, contributes to tumourigenesis, invasion and tumour angiogenesis.

Consequently, these pathways have been the focus of intense drug discovery

activities for a number of years, resulting in several approved and development-

stage therapeutic agents. These include monoclonal antibodies as well as

low-molecular-weight kinase inhibitors. In particular, trastuzumab, a monoclonal

antibody specific for the human epidermal growth factor receptor (HER-2) receptor,

has provided a major therapeutic advance for patients with HER-2-positive breast

cancer, and the drug has often been heralded as the first example of personalised

cancer medicine. Unfortunately, as a consequence of the side-effect profile of

trastuzumab, a proportion of patients are not eligible for treatment; in addition,

primary and acquired resistance mechanisms limit its efficacy. Further research into

the mechanisms of resistance suggests that inhibition of additional members of the

ErbB family, in particular the epidermal growth factor receptor (EGFR), also

known as HER1, may maximise inhibition of the signalling pathways with a

resultant improvement in efficacy. This chapter focuses on small-molecule inhibi-

tors of both the HER-2 and EGFR/HER1 kinases that bind to their targets either

reversibly (lapatinib, XL647, AEE788) or irreversibly (neratinib, pelitinib, BIBW

2992). The data reviewed here indicate that such inhibitors will be a useful addition

to currently available treatment options for women with HER-2-positive breast

cancer.
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1 Introduction

1.1 HER-2 and EGFR/HER1 are ErbB Receptor Family
Members

Both HER-2 ((also known as neu or c-ErbB2) and EGFR/HER1/c-ErbB1) are

members of the ErbB family of transmembrane receptor tyrosine kinases, which

also includes HER3/c-ErbB3 and HER4/c-ErbB4. These receptors play key roles

in transmitting mitogenic and anti-apoptotic signals in epithelial cells (Fig. 1).

Aberrant activation of erbB signalling pathways by a variety of mechanisms,

including receptor over-expression due to gene amplification and activating muta-

tions in receptors or downstream signal transducers, contributes to tumourigenesis,

invasion and tumour angiogenesis. Consequently, these pathways have been in the

Fig. 1 ErbB receptor signal transduction pathway: Activation of ErbB receptor signalling is

mainly dependent on ligand-induced homo- or hetero-dimerisation (both paracrine and autocrine

mechanisms described) of ErbB partners and results in transphosphorylation of selected tyrosine

residues which act as competent docking sites for intracellular signalling molecules. Ligands (e.g.,

TGFa) are membrane bound and depend on activation of the ADAM family of metalloproteinases

by external stimuli. The main intracellular pathways activated by ErbB dimers are briefly

described in the introduction and only schematically outlined here. These comprise the Ras/Raf/

MAPK, PI3K/AKT, PLCg1/PKC, STAT and Par-6 atypical PKC as well as the SRC pathway (for

review see [10, 12, 13]). Please note that EGFR can also be referred to as HER1, however for

clarity it has only been labelled as EGFR in this figure
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focus of intense drug discovery activities for a number of years, resulting in several

approved and development-stage therapeutic agents that include monoclonal anti-

bodies as well as low-molecular-weight kinase inhibitors [1–11]. The ErbB pro-

teins consist of three distinct structural domains: an extracellular ligand-binding

domain, a transmembrane region and an intracellular tyrosine kinase domain [12].

Upon ligand engagement (at least 13 ligands are known), ErbB members homo- or

heterodimerize to form functional units that convey the extracellular signal to the

cell interior (Table 1) [13, 14]. Ligand binding induces a conformational change in

the extracellular domain that exposes the interaction loop in the CR1 subdomain.

This substructure, shared by all ErbB receptors, is responsible for receptor–

receptor interaction and allows dimerisation between ErbB family members.

HER-2 is unique in that it does not need a ligand for activation as its interaction

loop is constitutively exposed [15]. Activation of all other ErbB receptor molecules

is mediated by a ligand-dependent mechanism. ErbB3 has no intrinsic tyrosine

kinase activity and therefore depends on other ErbB receptor molecules for signal

transduction. Ligand-independent activation mainly occurs in disease situations

through receptor over-expression or mutations (e.g. EGFRvIII) [12].

Once activated, the dimerized ErbB molecules trans-phosphorylate each other

on specific C-terminal tyrosine residues. Activation of the intrinsic tyrosine kinase

activity requires interaction between the N-lobe of one kinase domain and the C-

lobe of the engaged partner [16]. The phosphorylated residues provide docking sites

for various proteins including adaptor proteins such as Shc [17, 18], Crk, Grb2 [18],

Grb7 and Gab1, kinases such as Src, Chk and phosphatidylinositol 3-kinase (PI3K/

AKT), protein tyrosine phosphatases and transcription factors [13, 14, 18]. ErbB

receptor dimerisation initiates multiple signal transduction pathways: Ras/Raf/

MAPK [17–19], PI3K/AKT [20, 21], PLCg1/PKC [22], STAT [20, 23] and Par-6

atypical PKC [24]. Activation of these cellular pathways ultimately results in

expression of specific target genes that control cell proliferation, resistance to

apoptosis, invasion/migration, as well as angiogenesis.

1.2 The Role of HER-2 and EGFR/HER1 in Tumourigenesis

Various mechanisms can lead to aberrant activation of the pathways initiated by

HER-2 and EGFR/HER1 including over-expression of ligands for erbB receptors,

amplification of receptor genes (e.g., EGFR/HER1, HER-2), certain mutations in

EGFR/HER1 and/or HER-2, transcriptional and translational aberrations, or degra-

dation defects yielding over-expression of EGFR/HER1 and HER-2 proteins [11,

25]. As HER-2 is the preferred dimerisation partner for ErbB receptors, it plays a

key role in tumourigenesis in various cancers.

A better understanding of the mechanisms involved in activation of the ErbB

receptor pathway and the role of HER-2 in the development of breast cancer led to

the development of trastuzumab. Trastuzumab is indicated for treatment of HER-2-

positive breast cancer in various settings [26]. However, it has several limitations: It
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is associated with cardiotoxicity, which makes some patients ineligible and neces-

sitates monitoring in those who receive the drug [26]. It is not effective in all

patients with HER-2-positive disease [27]. Furthermore, ErbB receptor pathway

blockade by trastuzumab is not complete because it targets only one member in the

ErbB receptor dimer and thus development of resistance by HER reprogramming

(increased activation of other ErbB family members, such as EGFR/HER1) has

been demonstrated as a mechanism for acquired resistance to trastuzumab [28].

Therefore, inhibition of more than one member of the ErbB family is expected to

maximise inhibition of mitogenic signalling and could improve efficacy of targeted

ErbB inhibitors. Several preclinical studies of the combination of trastuzumab with

erlotinib [29] or gefitinib [30–33] in HER-2-positive breast cancer cell lines as well

as xenograft models support this concept [34], although some researchers believe

that these combinations may not be beneficial in the long run as it is possible that

they target only specific subpopulations of cells in the tumour [35]. Reports of the

clinical use of these combinations are unfortunately limited. One case report

suggests that trastuzumab combined with gefitinib may improve the outcome of

metastatic breast cancer [36]. A Phase I trial of erlotinib and trastuzumab provided

preliminary evidence of anti-tumour activity [37], whereas a Phase II trial of

trastuzumab, gefitinib and docetaxel showed encouraging results [38]. However,

it is important to note that not all studies assessing combinations of trastuzumab and

gefitinib [39] or erlotinib are positive, thus leaving room for a new generation of

ErbB inhibitors that target more than one ErbB family member.

Several other drugs addressing different mechanisms directly or indirectly

targeting the ErbB family members are of interest in addressing the limitations of

trastuzumab. Pertuzumab, for instance, (a recombinant monoclonal antibody [2C4;

Omnitarg] targeting HER-2), is the first representative of a new class of HER-

2 antibodies specifically targeting dimerisation and is expected to mask HER-2 to

its partners, thereby preventing the formation of active erbB receptor dimers. The

heat shock protein 90 (Hsp90), a molecular chaperone involved in the turnover and

folding of many proteins, including HER-2, is targeted by several Hsp90 inhibitors

currently in development, including tanespimycin, retaspimycin, alvespimycin,

SNX-5422, STA-9090, XL888, IPI-493, CNF2024 and AUY922. Histone deacety-

lases (HDACs) regulate gene transcription by controlling the coiling of chromatin.

Dysregulation of HDAC function in cancers may result in oncogene over-expres-

sion. HDAC inhibitors currently in development include vorinostat, panobinostat,

belinostat, pivanex, romidepsin, valproic acid, ITF2357, MS-275, SB939,

MGCD0103, CHR-3996 and PCI-24781. T-DM1 is a novel trastuzumab–drug

conjugate that combines the activity of trastuzumab with the targeted delivery

of the maytansinoid DM1, a microtubule-disrupting agent, to HER-2-positive

cells. T-DM1 is currently in late-stage development for the treatment of breast

cancer. Finally, inhibition of both EGFR/HER1 and HER-2 kinase activity, and

thus all cancer relevant receptor homo- and heterodimers, is expected to maximise

inhibition of mitogenic signalling and to result in improved efficacy [25, 40, 41].

Irreversible binding provides both sustained blockade of receptors, which may

improve inhibition of tumour cell proliferation, and activity against receptors that
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are resistant to first-generation EGFR/HER1 tyrosine kinase inhibitors (TKIs)

[25, 40, 41]. Drugs that combine irreversible binding with inhibition of multiple

targets offer the greatest opportunity to prevent tumour growth in HER-2-positive

breast cancer.

This chapter focuses on small-molecule inhibitors that target both HER-2 and

EGFR/HER1, binding either reversibly (lapatinib, XL647, AEE788) or irreversibly

(neratinib, pelitinib, BIBW 2992) to the tyrosine kinase domains of these receptors.

As most of these compounds are still in development, data are often only available

from conference abstracts.

2 Small-Molecule Inhibitors Targeting Both HER-2

and EGFR/HER1

2.1 Lapatinib

Lapatinib (Tyverb®/Tykerb®, GlaxoSmithKline) is a reversible EGFR/HER1 and

HER-2 TKI that is indicated, in combination with capecitabine, for treatment of

HER-2-over-expressing advanced or metastatic breast cancer after prior therapy

with anthracyclines, taxanes and trastuzumab [42]. In molecular kinase assays, lapa-

tinib potently inhibits EGFR/HER1 (IC50 ¼ 11 nM) and HER-2 (IC50 ¼ 9 nM) [43]

and is also active on the truncated, trastuzumab-resistant form of HER-2 known as

p95HER2 [44]. Interestingly, lapatinib is more potent in cells over-expressing HER-2

than in those over-expressing EGFR/HER1 [44]. Thus, the growth-inhibitory effect

seems to track more closely with lapatinib’s anti-HER-2 activity, despite comparable

preclinical inhibitory activity against EGFR/HER1 and HER-2 in kinase assays.

Lapatinib’s propensity to bind to inactive EGFR/HER1 [45] may explain why this

molecule is a less potent inhibitor of constitutively activated EGFR/HER1. Experi-

ments involving treatment of BT-474 human breast cancer xenografts with lapatinib

for 77 days showed that lapatinib significantly reduced tumour volume comparedwith

controls, thus supporting clinical trials of lapatinib in breast cancer [44].

Phase II studies demonstrated that lapatinib has activity in HER-2-positive

breast cancer both as monotherapy [46–50] and in combination with paclitaxel

[51], bevacizumab [52], trastuzumab [53] or tamoxifen [54]. The activity of

lapatinib and trastuzumab on biomarker modulation was compared in a neo-adju-

vant trial [55]. Complete pathologic responses were observed in 38% of the patients

treated upfront with trastuzumab and in 70% of the patients with lapatinib [55].

While cases with low PTEN or PIK3CA mutations were significantly less likely to

show response to trastuzumab, these parameters were not associated with decreased

response to lapatinib, providing a possible explanation for the clinical activity of

lapatinib in a subset of trastuzumab-resistant patients [55].

In a pivotal Phase III trial, women with HER-2-positive locally advanced or

metastatic breast cancer that had progressed following treatment including a taxane,
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an anthracycline and trastuzumab received capecitabine either alone or with lapa-

tinib. In a planned interim analysis, lapatinib plus capecitabine was superior to

capecitabine alone, with improved time to progression (TTP) (8.4 vs. 4.4 months;

p < 0.001) and fewer disease progression events (49 vs. 72) [5]. In the updated

analysis, lapatinib significantly prolonged TTP (6.2 vs. 4.3 months; progression-

free survival (PFS) benefit 1.9 months; p < 0.001) improved the objective response

rate (ORR; 24 vs. 14%; p ¼ 0.017) and reduced the number of patients with CNS

involvement at first progression (4 vs. 13; p ¼ 0.045) [6]. There was a trend to

prolonged overall survival (OS) (15.6 vs. 15.3 months; p ¼ 0.177), although data

were not mature at the time of publication [6].

As paclitaxel (as monotherapy or with carboplatin) is an option for first-line

treatment of HER-2-positive metastatic breast cancer [56], a Phase III combination

trial was initiated. Paclitaxel plus lapatinib significantly improved TTP (36.4 vs.

25.1 weeks; p ¼ 0.005), event-free survival (35.1 vs. 21.9 weeks; p ¼ 0.004), ORR

(63.3 vs. 37.8%; p ¼ 0.023) and clinical benefit rate (69.4 vs. 40.5%; p ¼ 0.011)

compared with paclitaxel plus placebo in 86 women with HER-2-positive meta-

static breast cancer, but at the expense of increased toxicity [7]. Duration of

response was increased (32 vs. 24 weeks). Among the 49 patients receiving

lapatinib, there were five complete responses (CRs), 26 partial responses (PRs)

and nine patients with stable diseases (SDs), compared with 1, 13 and 11, respec-

tively, in the 37 patients not receiving lapatinib. These results are in the same range

as previously documented paclitaxel/trastuzumab combinations in the first-line

setting, i.e. TTP 6.6–9.0 months and ORR 62–81% [8].

In a third Phase III trial, in untreated postmenopausal metastatic breast cancer, 1,286

women received daily letrozole (2.5 mg) and lapatinib (1,500 mg) or letrozole plus

placebo; 219 patients had HER-2-positive disease [8]. In the HER-2-positive popula-

tion, addition of lapatinib to letrozole increased median PFS (8.2 vs. 3.0 months;

p ¼ 0.019), ORR (27.9 vs. 14.8%; p ¼ 0.021) and clinical benefit rate (47.7 vs.

28.7%; p ¼ 0.003). There was no difference in ORR or clinical benefit rate in the

HER-2-negative population. At the time of reporting, 41% of patients were still being

followed; a possible OS trendwas noted in the HER-2-positive population (p ¼ 0.185).

Cardiotoxicity is a potential issue for patients treated with trastuzumab. Analysis

of safety data from 3,689 subjects treated with lapatinib reported 41 cardiac events

among 2,275 breast cancer patients and 19 among 1,038 patients with other tumours

[57]. Events were usually asymptomatic, caused reversible decreases in left ven-

tricular ejection fraction and were not related to previous treatment regimen,

suggesting that the adverse cardiac effects observed with trastuzumab treatment

are drug-related rather than a class effect of HER-2 inhibitors.

2.2 XL647

Some TKIs targeting the ErbB receptor pathway, including both XL647 and

AEE788, also target vascular endothelial growth factor receptors (VEGFRs).
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The VEGFR pathway is involved in angiogenesis, another important target for

cancer therapy. XL647 (Exelixis) reversibly binds to EGFR/HER1, HER-2,

VEGFR2, VEGFR3 and EphB4 [58]. In in vitro kinase assays, XL647 is a potent

inhibitor of EGFR/HER1 and HER-2, as shown by the IC50 values of 0.3 and

16 nM, respectively [58]. No clinical data in breast cancer were available at the time

of writing; XL647 is currently in Phase I trials in advanced solid tumours.

2.3 AEE788

Similarly, AEE788 (Novartis) targets multiple receptor tyrosine kinases, with

potent activity against EGFR/HER1, HER-2 and VEGFR2 [59]. In vitro, it inhibits

EGFR/HER1 and HER-2 with IC50 values of 2 and 6 nM, respectively. It has anti-

proliferative activity against EGFR/HER1- and HER-2-over-expressing cell lines,

and inhibits phosphorylation of EGFR/HER1 in A431 cells and HER-2 in BT-474

cells [59]. AEE788 has potent anti-tumour activity in a number of animal models of

cancer, including HER-2-positive breast cancer, in which it caused 57% tumour

regression at the highest dose [59]. A Phase I trial in advanced tumours has been

completed [60] but results are not yet available.

2.4 Neratinib

Neratinib (HKI-272; Wyeth) covalently binds to a conserved cysteine residue in the

ATP-binding pocket of EGFR/HER1 and HER-2 [61], and thereby irreversibly

inactivates the targeted receptor molecule. Neratinib has been shown to inhibit

downstream signal transduction events resulting in G1 arrest and decreased cellular

proliferation.

In vitro, neratinib inhibits EGFR/HER1 and HER-2 with IC50 values of 59 and

92 nM, respectively [62]. In cellular studies, it is highly active against HER-2-

positive breast cancer cell lines, and has limited activity against cell lines that are

negative for both HER-2 and EGFR/HER1 [61]. It inhibits ligand-independent

HER-2 phosphorylation in BT-474 breast cancer cells at similar doses to those

required to inhibit cell proliferation, but EGF-dependent EGFR/HER1 inhibition

occurs at a lower dose. Neratinib also attenuates activity of the PI3K/AKT pathway

[61]. In xenograft studies, it inhibits the growth of HER-2-dependent tumours.

In a Phase I trial in 72 patients with advanced EGFR/HER1- or HER-2-positive

tumours that had failed standard therapy, 7 of 23 evaluable patients with breast

cancer had a PR and one had SD [63]. A Phase II study in 136 patients with

advanced HER-2-positive breast cancer showed that neratinib is generally well

tolerated and has anti-tumour activity in this setting [64]. Response was assessed in

patients who had (n ¼ 61) or had not (n ¼ 63) received prior treatment with

trastuzumab, although no information is available on the success or failure of this
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prior treatment. In trastuzumab-treated and -naı̈ve patients, the ORRs were 26 and

56%; 16-week PFS rates were 60 and 77%, with a median PFS of 23 and 40 weeks,

and clinical benefit rates of 36 and 68%, respectively.

Neratinib is currently in Phase III testing with a trial in second-line treatment of

HER-2-positive metastatic breast cancer; additional Phase III trials are planned in

second and later lines of treatment for metastatic breast cancer, as well as first-line

treatment of metastatic breast cancer in combination with a taxane.

2.5 Pelitinib

Pelitinib (EKB-569; Wyeth) is a potent irreversible inhibitor of EGFR/HER1 with

modest activity against HER-2, as shown by in vitro IC50 values of 8 and 378 nM,

respectively [65]. Preclinical studies show that pelitinib inhibits growth of EGFR/

HER1-dependent A431 cells (IC50 79 nM) and HER-2-dependent SKBR3 cells

(IC50 17 nM), as well as growth of A431 tumours in mice after oral dosing at

10–80 mg/kg [65]. However, all further published details on pelitinib involve only

EGFR/HER1-driven, not HER-2-driven, models.

There is little information on the use of pelitinib in breast cancer and available

data are derived from other tumour types. In the two pelitinib monotherapy Phase I

trials reported, pelitinib was well tolerated [66, 67], and no major anti-tumour

responses [66] were observed. Pelitinib has been tested in combination with

chemotherapy in three Phase I/IIa trials in patients with advanced colorectal cancer

with encouraging results [68–70]. It is currently in Phase II trials, but none include

breast cancer patients.

2.6 BIBW 2992

BIBW 2992 (afatinib; Tomtovok™; Boehringer Ingelheim [trade name not FDA
approved]) is a potent, irreversible EGFR/HER1 and HER-2 inhibitor suitable for

once-daily oral administration [71, 72]. In vitro, it inhibits the intrinsic kinase

activity of EGFR/HER1 and HER-2 with lower IC50 values (0.5 and 14 nM,

respectively) than reported for lapatinib, neratinib and pelitinib [71, 73]. BIBW

2992 induces dephosphorylation of constitutively phosphorylated HER-2 BT-474

breast cancer cells at nanomolar concentrations [74] and inhibits their proliferation

in two- and three-dimensional culture systems. In vivo, BIBW 2992 shows potent

anti-tumour activity in many human xenograft models known to depend on ErbB

signalling [41]. In the trastuzumab-sensitive breast cancer model MDA-MB-453,

daily administration of BIBW 2992 at 20 mg/kg induces tumour regression [41].

Interestingly, BIBW 2992 also shows potent anti-tumour activity in a HER-2-

positive but trastuzumab-resistant model (SUM 190) known to express large

amounts of HER-2 (3+ by HerceptestTM) and displaying activated EGFR/HER1,
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HER-2 and HER3 (Table 2 and Fig. 2) [75]. In this model, dephosphorylation of

constitutively activated HER-2 was best achieved by BIBW 2992 and lapatinib;

erlotinib and trastuzumab only marginally modulated this biomarker, if at all

(Table 2). Cellular proliferation was most potently inhibited by BIBW 2992

(median effective concentration 7 nM), suggesting that inhibition of both EGFR/

HER1 and HER-2 might be more effective than more selective EGFR/HER1

(erlotinib) or HER-2 inhibition (trastuzumab and lapatinib). In vivo, treatment of

mice bearing established SUM 190 tumours (80 mm3) with trastuzumab corrobo-

rated the primary resistance to trastuzumab, whereas treatment with BIBW 2992

suppressed tumour growth in a dose-dependent manner (Fig. 2a). BIBW 2992 was

Table 2 In vitro activity of several ErbB inhibitors on SUM 190 cells: the proce-

dure used to determine HER-2 phosphorylation and anchorage independent prolif-

eration of SUM 190 cells was published previously [71]

Compound HER-2-phosphorylation

EC50 (nM)

Proliferation (soft

agar) EC50 (nM)

Trastuzumab >13,000 >660

Erlotinib 762 226

Lapatinib 68 188

BIBW 2992 30 7

HER-2 human epidermal growth factor receptor 2

Fig. 2 In vivo activity of trastuzumab, lapatinib and BIBW 2992 in SUM 190 xenografts: (a)

established tumours (80 mm3) treated daily with vehicle or BIBW 2992 at indicated doses or bi-

weekly (every 3 or 4 days) with trastuzumab; (b) all groups were treated with bi-weekly (every 3 or

4 days) trastuzumab until day 11. Follow-up treatments included trastuzumab as described, once-

daily treatment with BIBW 2992 or twice-daily lapatinib
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also able to completely suppress the growth of large tumours (350 mm3), whereas

lapatinib-induced tumour growth delay, reflecting in vitro results (Table 2).

While several mechanisms have been described for trastuzumab resistance,

“HER reprogramming” involving high levels of EGFR/HER1 ligands activating

other ErbB receptors seems to be a possible mechanism for the primary resistance

of SUM 190, as high levels of heparin-binding EGF-like growth factor have been

measured in this cell line. This mechanism has also been described for secondary

(acquired) resistance to trastuzumab in other models (e.g., BT-474 xenografts [28]).

Therefore, evaluation of the efficacy of BIBW 2992 in patients with primary or

secondary trastuzumab failure seems warranted.

BIBW 2992 monotherapy has been assessed in Phase I dose-escalation studies in

patients with advanced solid tumours, including those with breast cancer [76–79].

There are currently only limited efficacy data for BIBW 2992 in breast cancer, but

these support the discussed concepts: BIBW 2992 at 50 mg/day in 34 patients with

HER-2-positive breast cancer for whom trastuzumab therapy was not effective

induced PR in four patients and SD in 14 patients [80].

Further clinical results are available for lung cancer. In Phase I trials, BIBW

2992 treatment resulted in objective response and SD in unselected patients with

advanced non-small-cell lung cancer [40, 77, 81]. In preliminary findings from a

single-arm Phase II trial of BIBW 2992 in 24 chemotherapy-treated EGFR/HER1

mutation-positive patients, 12 patients had PR and nine had SD [82].

No non-mechanism-related toxicities have been evident with BIBW 2992 in

clinical trials to date [40, 76, 77, 83, 84], and dose-limiting toxicities such as

diarrhoea and rash are comparable to those of other agents in this class [40].

BIBW 2992 has also been assessed in combination with docetaxel in a Phase I

dose-finding study in patients with advanced solid tumours [85]. Of the five

patients with breast cancer included in this trial, four derived clinical benefit:

one had a CR, two had a PR and one had SD. BIBW 2992 is currently in Phase II

trials in HER-2-positive locally advanced and HER-2-positive and -negative

metastatic breast cancer.

3 Conclusion

The advent of trastuzumab provided a major advance in the treatment of breast

cancer. The limitations of trastuzumab in terms of both efficacy and tolerability are

currently being addressed by a wave of low-molecular weight, orally bioavailable

inhibitors of ErbB receptor kinases, with encouraging signals of efficacy emerging

from ongoing clinical development programs. These NCEs differ in their potency

on the EGFR/HER1 and HER-2 kinases and their mode of target binding (reversible

or irreversible), with possible impact on efficacy including the development of

secondary resistance as well as tolerability. Lapatinib has already demonstrated

efficacy in HER-2-positive patients progressing on trastuzumab-containing combi-

nation regimens and was approved by the FDA in 2007. The available data thus
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indicate that the new generation of small-molecule inhibitors are likely to further

extend the treatment options for women with HER-2-positive breast cancer.
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