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Summary

Targeted therapies have improved cure rates and prolonged
survival in metastasised breast cancer. The most important
new molecular targets in breast cancer therapy are epiderm-
al growth factor receptor (ErbB) family signalling, DNA
repair pathways and angiogenesis. Blocking ErbB2 sig-
nalling with anti-ErbB2 antibodies or ErbB2 kinase inhibit-
ors is effective in both the adjuvant and the palliative treat-
ment of ErbB2 positive breast cancer. Poly-ADP-ribose
polymerase (PARP) inhibitors lead to synthetic lethality
in double strand repair deficient tumours. Anti-VEGF an-
tibodies reduce tumour-induced angiogenesis and prolong
progression-free survival in breast cancer. The use of both
PARP inhibitors and antiangiogenic therapy is currently
hampered by a lack of predictive biomarkers. In contrast,
predictive markers are available for ErbB family signalling.
This review is intended to give a concise summary of re-
cent developments in the therapy of breast cancer with a
focus on new, targeted therapies.
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Introduction

Although significant progress in breast cancer diagnosis
and therapy has been made in the last two decades, this
disease remains one of the leading causes of death in wo-
men. This has spurred research on new and more efficient
treatments that overcome the limitations of conventional
chemotherapy. Recently, the term ‘targeted therapies’ has
been coined to describe new drugs that have been designed
based on the knowledge of the underlying molecular patho-
logy of the disease.
Generally speaking, targeted therapies come in three “fla-
vours”: (i) hormone receptor antagonists, (ii) monoclonal
antibodies, and (iii) inhibitors of catalytic kinase domains.
Indeed, the first targeted therapy in oncology was the use
of anti-hormonal compounds in oestrogen and progester-
one positive breast cancer. However, in this review we will
forgo the discussion of this topic in order to focus on re-
cent developments of the field. Monoclonal antibodies bind
with high specificity to their target antigen on the tumour
cell and usually induce complement-mediated phagocytos-

is. Kinase inhibitors often bind to the ATP-binding pocket
of the enzyme and thus inhibit its catalytic reaction.
In a recent review, Hanahan and Weinberg have summar-
ised the most conspicuous features of human tumours: sus-
taining proliferative signalling, evading growth suppres-
sion, avoiding immune destruction, enabling replicative
immortality, tumour-promoting inflammation, activating
invasion and metastasis, inducing angiogenesis, genome
instability and mutation, resisting cell death, and deregu-
lating cellular energetics [1]. Although all the hallmarks of
cancer are principally treatable with drugs, only three of
them are currently exploited for the therapy of breast can-
cer: 1. inhibition of proliferative cell signalling, 2. interfer-
ence with DNA repair, and 3. anti-angiogenic therapy.
In this review, we will give an outline of the hallmarks of
cancer currently targeted in breast cancer therapy and dis-
cuss some lessons we have learned while using targeted
therapies for this disease.

Targeting proliferative cell signalling

Signalling through the epidermal growth factor receptor
family (ErbB) seems to be the most important growth stim-
ulator for breast cancer cells although there are some data
that suggest a role for insulin-like growth factor receptor
signalling and other receptor tyrosine kinases as well.
Downstream of the ErbB receptor, signalling is transduced
via 2 main pathways: Ras-Raf-MAPK and PI3K-Akt/PKB-
mTOR.

ErbB2/Her2-neu
The most important ErbB family member in breast cancer
is ErbB2/Her2-neu. ErbB2 can homo- or heterodimerise
with other members of the ErbB family and thus initiate
downstream signalling. The ErbB2 gene is amplified in
20% of breast cancers. ErbB2 amplification is associated
with clinical outcome and in particular predicts response to
anti-ErbB2 therapy and in some studies also to anthracyc-
line- and/or taxane-based chemotherapy. Adequate ErbB2
testing is mandatory for every breast cancer patient. Am-
plification can be detected by either FISH or immunohis-
tochemistry (IHC). An ErbB2/CEP17 ratio (i.e. the number
of ErbB2 signals normalised to the number of centromere
signals) of more than 2.2 or a IHC graded as 2+ (if FISH is
also positive) or 3+ are accepted criteria for defining ErbB2
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amplification or overexpression [2, 3]. Trastuzumab (Her-
ceptin; Genentech/Roche, South San Francisco, CA), the
first therapy against ErbB2 over-expressing breast cancer,
is exceptionally successful in both the palliative and the
adjuvant setting. In the first palliative phase III trial pub-
lished in 2001, trastuzumab prolonged the OS from 20.3
to 25.1 months [4]. Adjuvant trastuzumab after chemother-
apy reduced the one-year relapse risk by 46–52% [5, 6].
The most common side-effect of trastuzumab in these tri-
als was cardiotoxicity, with up to 7% of patients showing
a decrease of left ventricular ejection fraction (LVEF). Pa-
tients with ErbB2-positive breast cancer used to have a
worse outcome compared to their ErbB2 negative counter-
parts. This has changed nowadays and women with ErbB2
amplified breast cancer receiving trastuzumab have an im-
proved prognosis compared to women with ErbB2 negat-
ive disease [7]. Despite these impressive results, more than
50% of ErbB2 over-expressing breast cancers are primar-
ily resistant to trastuzumab [8]. Down-regulation of PTEN
was shown to result in trastuzumab resistance [9]. These
results were confirmed by an unbiased genome-wide RNA
interference screen that identified the PI3K pathway as a
major determinant of trastuzumab resistance [10]. In a co-
hort of 55 breast cancer patients, loss of PTEN and activ-
ating PIK3CA mutations were predictive of resistance to
trastuzumab therapy. However, only about 50% of trastuzu-
mab resistant breast cancer cells harbour PTEN or PIK3CA
mutations. Interestingly enough, in this large-scale RNAi
screening, no other signalling pathway contributed signi-
ficantly to trastuzumab resistance. This raises the question
whether at least part of the primary trastuzumab resistance
is due to an inherent low efficacy of the trastuzumab-medi-
ated immune response rather than to true resistance.
In an effort to improve trastuzumab efficacy, the antibody
was conjugated to the fungal toxin DM1 (trastuzumab-
maytansine = T-DM1, Genentech/Roche, South San Fran-
cisco, CA). DM1 binds to tubulin and inhibits microtubule
assembly more efficiently than vincristine or vinblastine.
A phase II trial has shown an objective response rate of
25.9% in trastuzumab and chemotherapy pretreated meta-
static breast cancer patients [11]. Hypokalaemia and throm-
bocytopenia were the most frequent toxicities. A phase III
trial is running.
Another possibility to tackle trastuzumab resistance is the
blockade of PI3K signalling, for example at the level of
Akt/PKB. However, isolated inhibition of Akt/PKB or pos-
sibly other components of the PI3K signalling pathway
leads to feedback activation of multiple receptor tyrosine
kinases, such as ErbB3, IGF-1 receptor and insulin receptor
[12]. Whether combined inhibition of PI3K, Akt/PKB and
ErbB2 is feasible and the side-effects are tolerable, has
yet to be tested in the clinical setting. Alternatively, trastu-
zumab might be combined with an mTOR inhibitor. The
mammalian target of rapamycin (mTOR) is a downstream
component of the PI3K pathway. A recent phase I/II trial
with everolimus (Novartis, Basel) and trastuzumab in wo-
men who progressed on trastuzumab-based therapy showed
a partial response in 7 out of 47 patients and stable disease
in an additional 9 patients [13]. It was hypothesised that
everolimus-evoked relieve of S6-dependent negative feed-
back might explain the observed effect. In this and in most

other trials investigating mTOR inhibitors S6 kinase was
used as a surrogate marker for mTOR inhibition. However,
S6 is but one of many downstream effectors of mTOR
signalling, and recent data indicate that other components
such as 4EBP-elF4E might be more important effectors of
mTOR signalling in human tumours [14]. Thus, it does not
come as a surprise that the phosphorylation of S6 kinase
did not correlate with the response rate in this trial [13].
This example vividly underlines the importance of ad-
equate biomarker analyses in trials with targeted agents.
When secondary trastuzumab resistance occurs in women
pretreated with the anti-ErbB2 antibody, trastuzumab can
either be continued in combination with a new therapy or
one can switch to another anti-ErbB2 therapy. Although
preliminary results of the GBG26/BIG 3-05 trial investigat-
ing trastuzumab beyond progression were promising [15],
the final analysis of this study was negative for overall sur-
vival [16].
The first drug approved by the FDA for trastuzumab res-
istant breast cancer was the oral ErbB2 and ErbB1 kinase
inhibitor lapatinib. Lapatinib bioavailability is highly in-
fluenced by concomitant food intake. In particular, high-fat
food increases the uptake of lapatinib [17, 18]. The pivotal
trial that led to lapatinib approval compared lapatinib plus
capecitabine with capecitabine monotherapy. The trial was
closed prematurely, because the first interim analysis
showed that the combined treatment with lapatinib reduced
the risk of disease progression by 51% [19]. Diarrhoea,
dyspepsia, and rash were more frequent in the group with
lapatinib. There were no differences in the mean LVEF val-
ues between the two cohorts. The combination of lapatinib
and capecitabine is particularly attractive in the therapy of
ErbB2 positive brain metastasis [20]. In general, the benefit
of lapatinib is probably larger in ER and PR negative breast
cancer [21]. As first line palliative therapy, combination of
lapatinib with either letrozol or paclitaxel improved time to
progression and the clinical benefit rate if compared to en-
docrine or chemotherapy alone [22, 23]. Combining lapat-
inib with trastuzumab in trastuzumab-refractory metastatic
breast cancer increased PFS and clinical benefit rate versus
lapatinib alone [24]. Lapatinib is also active as monother-
apy in ErbB2 positive inflammatory or non-inflammatory
breast cancer that progressed on trastuzumab therapy [25,
26]. In the neoadjuvant setting, lapatinib and paclitaxel
were effective against ErbB2 positive inflammatory breast
cancer [27]. First results from the phase III neoadjuvant
NeoAltto trial confirm the superiority of a combined trastu-
zumab/lapatinib treatment with regard to pathological com-
plete response. However, the other large phase III trial run-
ning in the neoadjuvant setting, GeparQuinto, raised some
concerns about increased toxicity when combining lapat-
inib with epirubicin/cyclophosphamide (EC) and docetaxel
chemotherapy [28]. For adjuvant use, lapatinib is currently
being evaluated in the Altto trial. Intriguingly, an interim
analysis led to the premature closure of arm B (lapatinib
alone).
Of note, preliminary data indicate that (in contrast to trastu-
zumab) low PTEN expression does not predict resistance
to lapatinib [29]. Intriguingly, there are preclinical data that
lapatinib is also active in ErbB2 negative breast cancer
cells. Expression of neuregulin-1 and ErbB3 (but not Er-
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bB1) seems to predict response to lapatinib in ErbB2 non-
amplified cancer cells [30]. These surprising results argue
that an amplification of ErbB2 or activation of ErbB1 are
not a conditio sine qua non for lapatinib activity. However,
this hypothesis has not yet been tested in a clinical trial and
the currently available clinical data still suggest that ErbB2
expression is necessary.
A new approach to circumvent trastuzumab resistance is
the combination therapy with pertuzumab. Pertuzumab is
a monoclonal antibody which binds to the ErbB2 dimer-
isation domain and inhibits heterodimerisation with ErbB1,
ErbB3 and ErbB4. Thus, pertuzumab can serve as a
paradigm for a new class of targeted drugs, which are
aimed at inhibiting protein-protein interactions rather than
inhibiting catalytic domains or inducing an immune re-
sponse. The efficacy of a combined pertuzumab and trastu-
zumab therapy in patients with disease progression during
prior trastuzumab-based therapy was assessed in an open-
label, single arm trial [31]. The objective response rate
was 24.2% and the clinical benefit rate 50%. The neoad-
juvant Neosphere Trial confirmed the benefit of combining
trastuzumab with pertuzumab [32]. Importantly, the palli-
ative phase III CLEOPATRA trial has tested the combina-
tion of pertuzumab with trastuzumab and docetaxel against
placebo, trastuzumab and docetaxel. Pertuzumab increased
the PFS from 12.4 to 18.5 months [33]. This underlines the
efficacy of a dual inhibition of the ErbB2 signalling path-
way. An adjuvant trial with pertuzumab and trastuzumab
(APHINITY) is running.
In addition, there are interesting data with neratinib, an or-
al, irreversible, ErbB1, -2 and -4 inhibitor. In a phase II
trial, 16 weeks PFS rates were 59% for trastuzumab-pre-
treated and 78% for trastuzumab-naïve patients [34]. No
phase III data are available yet. Finally, there is eviden-
ce that the HSP90 chaperones play a role in degrading the
ErbB2 receptor. Inhibiting HSP90 therefore increases Er-
bB2 expression at the cell surface. Tanespimycin binds to
the ATP pocket of HSP90 thus inhibiting its function. In a
phase II trial, the objective response rate in trastuzumab-re-
fractory patients was 22% and the clinical benefit rate was
59% [35]. Unfortunately, no further trial with tanespimycin
is on-going at this time (cf. [36]).

ErbB1/EGFR
EGFR over-expression has been observed in about 15% of
unselected breast cancers. In triple negative breast cancer,
up to 50% of tumours were found to over-express EGFR
[37]. It is not clear whether EGFR over-expression is pre-
dictive for anti-EGFR-therapy. Phase II trials investigating
single-agent gefitinib or erlotinib showed only a minim-
al activity. However, an exploratory analysis of gefitinib
therapy with tamoxifen or anastrozol compared to endo-
crine therapy alone indicated a possible benefit in terms of
PFS for the gefitinib arm [38]. Although overexpression
seems to be a frequent phenomenon, EGFR mutation is not.
About 11% of triple negative breast cancers were positive
for EGFR mutations in a recent analysis [39]. At this time
we do not know if an EGFR mutation predicts response to
EGFR blocking agents in breast cancer.

mTOR inhibitors
mTOR inhibitors such as everolimus and temsirolimus have
not only been tested in combination with ErbB2 inhibitors
(see above) but also with endocrine therapy. A phase III tri-
al investigated letrozol with or without temsirolimus in ER
positive, metastatic breast cancer [40]. The trial was ter-
minated early because of increased toxicity and lack of ef-
ficacy. However, a more recent phase II trial assessing let-
rozol with or without everolimus in the neoadjuvant setting
showed a marginally significant increase of the response
rate in the combination arm [41]. More importantly yet,
the phase III BOLERO-2 trial has investigated the com-
bination of the aromatase inhibitor exemestane plus ever-
olimus in patients with advanced breast cancer. The PFS
was 6.9 months in the interventional and 2.8 months in the
control group [42]. Taken together, the clinical results ob-
tained with mTOR inhibitors are strongly dependent on the
chosen concomitant therapy. This dependence on combin-
ation therapy is a feature often observed in targeted ther-
apies.

Src
Src is another kinase involved in proliferative signalling in
breast cancer cells. Membranous src is detected in almost
80% of triple negative breast cancers but in only 40% of
the other breast cancer subtypes [43]. The results of a phase
II trial with the combined src/abl inhibitor dasatinib were
disappointing [44]. Another phase II trial with bosutinib
(again a src/abl inhibitor) showed evidence of activity [45],
but the utility of these compounds in breast cancer therapy
has yet to be formally established.

Interference with DNA repair

In mammalian cells, the most important mechanism for re-
pair of DNA double strand breaks is homologous recom-
bination. Blocking homologous recombination and thus
DNA double strand break repair results in severe chromo-
somal aberrations that usually lead to cell death. In familial
breast cancer, BRCA1 and -2 genes are frequently mutated.
Since BRCA is a crucial component of intracellular homo-
logous recombination, double strand break repair is defect-
ive in affected cells.
In contrast, both single strand and base excision repair are
controlled by mechanisms independent of BRCA. Single
strand break repair definitively depends on poly-ADP-
ribose polymerase (PARP), while the role of PARP in base
excision repair has remained elusive (reviewed by [46]).
The observation that PARP inhibitors trigger cell death in
BRCA deficient cells has sparked the interest for PARP in-
hibitors in breast cancer therapy.

PARP inhibitors
Synthetic lethality is a concept that describes cell death as
a consequence of blocking two complementing intracellu-
lar pathways. PARP inhibitors induce synthetic lethality in
BRCA deficient cells by inhibiting single strand repair in
an already double strand repair deficient cell. By which
molecular mechanism this is achieved is still a matter of de-
bate (reviewed by [46]). An unresolved issue around PARP
inhibitors is the question whether only BRCA mutated can-
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cers or rather all triple negative cancers are targets for
PARP inhibition. Triple negative and basal-like breast can-
cer share many clinico-pathological features with BRCA
mutated tumours. To describe the similarity between
BRCA mutated and BRCA wild-type cancers resembling
BRCA deficient tumours, the term ‘BRCA-ness’ has been
coined [47]. BRCA-ness of BRCA wildtype tumours can
for example result from CpG island hypermethylation of
the BRCA promoter, leading to transcriptional silencing of
the BRCA gene [48]. Another possibility for BRCA pro-
ficient tumours to gain properties of BRCA mutated can-
cers is the down-regulation of cyclin-dependent kinase 1
(CDK1) [49]. CDK1 phosphorylates BRCA, which is es-
sential for the formation of BRCA foci in the vicinity of
double strand breaks.
In triple negative metastatic breast cancer, a phase II trial
of gemcitabine and carboplatin with or without the PARP
inhibitor iniparib has shown an impressive increase of the
overall survival from 7.7 to 12.3 months [50]. Unfortu-
nately, the results of the following phase III study were
sobering. No OS benefit could be demonstrated [51]. It is
possible that the inconsistency of these results is due to
the heterogeneity of the triple negative population; in par-
ticular, BRCA status or markers of BRCA-ness were not
assessed in the trial, making it impossible to tell whether
basal-like breast cancer or BRCA deficient tumours were
more likely to respond to iniparib therapy. Additionally,
iniparib might be a rather weak PARP inhibitor when com-
pared to other compounds in development (see also [52]).
Interestingly, a phase II trial with the oral PARP inhibitor
olaparib exclusively in BRCA mutated breast cancer pa-
tients showed a response rate of 41% in a heavily pretreated
population [53]. BRCA mutated cancers might therefore
represent the better target for PARP inhibition than triple
negative breast cancer. Although the development of PARP
inhibitors was slowed down by the negative phase III trial
described above, the chances are that they will ultimately
find their way into the clinic.
In this situation, efforts to identify predictive biomarkers
for PARP inhibition therapy are mandatory. Larger trials
assessing the relevance of BRCA mutation as a marker are
needed. PARP expression predicts response to neoadjuvant
therapy with anthracyclines or taxanes, but we do not know
whether it determines response to PARP inhibitors or not
[54]. Different other single gene markers have been tested,
but none is robust enough for clinical use. In addition, there
is still no standardised way to assess BRCA-ness, thus pre-
cluding the use of BRCA-ness as a predictive marker at this
time [55].
However, nature has been very inventive when developing
mechanisms of resistance against anticancer drugs. This is
also true for PARP inhibitors. A particularly artful way of
evading tumour therapy has recently been elucidated: sec-
ondary somatic BRCA mutations may restore BRCA func-
tionality in carcinomas from women with germline muta-
tions of BRCA1/2. These secondary mutations possibly
predict resistance to platin derivatives and PARP inhibitors
[56].

Anti-angiogenic therapy

Angiogenesis, the sprouting of new vessels from existing
ones, and vasculogenesis, the de novo formation of vessels,
are rate-limiting steps in the progression of malignant tu-
mours. Thus, blocking vessel formation may lead to tu-
mour starving and regression.

Anti-VEGF-A
The first anti-angiogenic drug approved by the FDA was
bevacizumab, a monoclonal antibody that binds the vascu-
lar endothelial growth factor A (VEGF-A). In the neoad-
juvant setting, two phase III studies have shown an increase
of pathological complete response in women with local-
ised ErbB2-negative breast cancer [57, 58]. Three large
phase III trials have investigated bevacizumab in the first
line therapy of metastasised breast cancer: in the pivotal
ECOG E2100 trial, paclitaxel plus bevacizumab prolonged
the PFS and increased the objective response rate [59, 60].
The AVADO trial demonstrated similar though less im-
pressive improvements when combining docetaxel with be-
vacizumab [61]. Finally, the RIBBON-1 study showed an
increase in PFS from 5.7 to 8.6 months in the cohort with
capecitabine and bevacizumab, and an increase from 8 to
9.2 months in the taxane/anthracyclin and bevacizumab
group [62]. However, all three trials failed to demonstrate
an OS benefit. Further information comes from the Athena
registry, whose OS data are now mature. Athena is a one-
arm outcome study. Patients with ErbB2 negative metastat-
ic breast cancer received a taxane or another non-anthra-
cycline chemotherapy in combination with bevacizumab.
If chemotherapy was discontinued for toxicity or patient/
physician choice (but not for progress), bevacizumab could
be continued as monotherapy. The median OS was 30.0
months in patients who continued bevacizumab after dis-
continuation of chemotherapy and 18.4 months in patients
who discontinued bevacizumab before or at the same time
as stopping chemotherapy [63]. A subgroup analysis indic-
ated that triple negative breast cancer might benefit most
from anti-VEGF-A therapy. However, since this is not a
randomised and controlled trial, there may be important
confounding factors, which significantly interfere with the
results. Thus, there is still no proof that bevacizumab in-
creases OS in patients with advanced breast cancer. Wheth-
er OS and/or PFS are useful endpoints in clinical trials with
targeted therapies in mammary tumours is discussed con-
troversially. It is debatable whether OS is a fair benchmark
for the activity of new drugs, when today’s patients suffer-
ing from metastasised breast cancer receive an average of
3–6 palliative chemotherapy lines without any evidence of
OS improvement for later-line chemotherapies. On the oth-
er hand, PFS may not be an important endpoint unless side-
effects and quality of life are taken into consideration as
well. These complex considerations together with other as-
pects including economic and public health issues form the
basis of an ethical discourse which will not only be of im-
portance for regulatory health authorities but for society as
well.
Importantly, anti-VEGF-A therapies such as bevacizumab
have side-effects, the most important being hypertension,
proteinuria, bleeding and thromboembolic events. Some
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concerns have also been raised that bevacizumab might in-
crease the rate of heart failure in breast cancer patients
[64]. However, major toxicity of bevacizumab was a rare
event in the Athena registry [63]. Elderly patients had the
same rate of side-effects except for hypertension, which
was more common than in younger patients [65]. There is
some evidence that polymorphisms of VEGF-A may influ-
ence response and toxicity of anti-VEGF-A therapy [66].
However, these results need to be confirmed in larger pro-
spective clinical trials.

VEGFR inhibitors

Instead of blocking the ligand, VEGF signalling can be
suppressed by VEGFR kinase inhibitors. A randomised
phase II trial compared paclitaxel and bevacizumab with
paclitaxel and motesanib, a VEGFR1, -2, -3, PDGFR and
cKit inhibitor [67]. The clinical benefit rate was the same
for the motesanib and the bevacizumab cohort, but more
side-effects occurred in the motesanib group. An open-la-
bel, multicentre phase III trial compared paclitaxel plus
sunitinib versus paclitaxel plus bevacizumab [68]. This tri-
al was terminated early by the independent data monitoring
board during an interim analysis. At data cut off, the ob-
jective response rate was the same for both treatment arms
but the duration of response was longer in the bevacizumab
arm. This is but one of 4 phase III trials that failed to
provide clinical evidence of activity of sunitinib. Together
with several other negative trials of VEGFR inhibitors (re-
viewed by [69]) there is limited hope that VEGFR kinase
inhibition will provide a significant benefit in breast cancer
therapy.
However, anti-angiogenic compounds directed against oth-
er targets, such as for example PlGF or angiopoietins, have
been successfully tested in preclinical models of breast
cancer, suggesting that further trials with new anti-an-
giogenic compounds will follow. One of the main obstacles
for anti-angiogenic therapy remains the lack of reliable
biomarkers. Despite significant research efforts to identify
cell populations or serum proteins predictive of response
to anti-angiogenic treatment, such markers have yet to be
found.

Conclusions and outlook

The era of targeted therapies has brought rapid progress to
the treatment of breast cancer. Targeted therapies increase
cure rates in localised and prolong survival in metastas-
ised breast cancer. The list of targets for drug treatment has
dramatically increased with a deeper understanding of the
molecular pathology of breast cancer. However, there are
some concerns that need to be addressed in the future. First,
a reproducible sub-classification of breast cancer needs to
be developed. Terms such as basal-like, triple negative and
BRCA-ness have to be better defined and accommodated
in such a classification. Ideally, a new classification should
mirror targets for drug treatment rather than mere prognos-
is. Second, every targeted therapy is in need of an adequate
biomarker. Although the use of biomarkers will reduce the
number of patients who potentially can be treated with a
compound, the clinical benefit and cost-effectiveness is ex-

pected to be higher in selected populations. Third, specif-
ic weaknesses of targeted therapies should be addressed.
For example, therapeutic efficacy is a main concern with
antibodies while specificity is major issue with kinase in-
hibitors. Finally, the rapidly growing body of new drugs
will force us to rethink the way we do clinical trials in
breast cancer research. Performing large phase III trials
with every single one of these new compounds will not be
possible. Selection of promising agents earlier in develop-
ment will have to be more rigorous. However, development
of new targeted therapies will undoubtedly continue at a
quick pace and hopefully further increase both the life span
and the quality of life of breast cancer patients.

Funding / potential competing interests: No financial support
and no other potential conflict of interest relevant to this article
was reported.

Correspondence: Andreas Wicki, MD, PhD, Dept. of Medical

Oncology, University Hospital, Petersgraben 4, CH-4031 Basel,

Switzerland, awicki[at]uhbs.ch

References

1 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011;144:646–74.

2 Hammond ME, Hayes DF, Wolff AC. Clinical notice for American
Society of Clinical Oncology – College of American Pathologists
Guideline Recommendations on ER/PgR and HER2 testing in breast
cancer. J Clin Oncol. 2011;29:e458.

3 Wolff AC, M. Elizabeth H. Hammond, Jared N. Schwartz, et al. Amer-
ican Society of Clinical Oncology/College of American Pathologists
Guideline Recommendations for human epidermal growth factor re-
ceptor 2 testing in breast cancer. J Clin Oncol. 2006;25:118–45.

4 Slamon DJ, Leyland-Jones B, Shak S, et al. Use of chemotherapy plus
a monoclonal antibody against HER2 for metastatic breast cancer that
overexpresses HER2. N Engl J Med. 2001;344:783–92.

5 Piccart-Gebhart MJ, Procter M, Leyland-Jones B, et al. Trastuzumab
after adjuvant chemotherapy in HER2-positive breast cancer. N Engl J
Med. 2005;353:1659–72.

6 Romond EH, Perez EA, Bryant J, et al. Trastuzumab plus adjuvant
chemotherapy for operable HER2-positive breast cancer. N Engl J Med.
2005;353:1673–84.

7 Dawood S, Broglio K, Buzdar AU, Hortobagyi GN, Giordano SH.
Prognosis of women with metastatic breast cancer by HER2 status
and trastuzumab treatment: an institutional-based review. J Clin Oncol.
2010;28:92–8.

8 Vogel CL, Cobleigh MA, Tripathy D, et al. Efficacy and safety of trastu-
zumab as a single agent in first-line treatment of HER2-overexpressing
metastatic breast cancer. J Clin Oncol. 2002;20:719–26.

9 Nagata Y, Lan KH, Zhou X et al. PTEN activation contributes to tumor
inhibition by trastuzumab, and loss of PTEN predicts trastuzumab res-
istance in patients. Cancer Cell. 2004;6:117–27.

10 Berns K, Horlings HM, Hennessy BT, et al. A functional genetic ap-
proach identifies the PI3K pathway as a major determinant of trastuzu-
mab resistance in breast cancer. Cancer Cell. 2007;12:395–402.

11 Burris HA, Rugo HS, Vukelja SJ et al. Phase II study of the antibody
drug conjugate trastuzumab-DM1 for the treatment of human epidermal
growth factor receptor 2 (HER2)-positive breast cancer after prior
HER2-directed therapy. J Clin Oncol. 2011;29:398–405.

12 Chandarlapaty S, Sawai A, Scaltriti M et al. AKT inhibition relieves
feedback suppression of receptor tyrosine kinase expression and activ-
ity. Cancer Cell. 2011;19:58–71.

13 Morrow PK, Wulf GM, Ensor J et al. Phase I/II study of trastuzumab
in combination with everolimus (RAD001) in patients with

Review article: Current opinion Swiss Med Wkly. 2012;142:w13550

Swiss Medical Weekly · PDF of the online version · www.smw.ch Page 5 of 7

mailto:awicki@uhbs.ch


HER2-overexpressing metastatic breast cancer who progressed on
trastuzumab-based therapy. J Clin Oncol. 2011;29:3126–32.

14 Hsieh AC, Costa M, Zollo O et al. Genetic dissection of the oncogenic
mTOR pathway reveals druggable addiction to translational control via
4EBP-eIF4E. Cancer Cell. 2010;17:249–61.

15 von Minckwitz G, du Bois A, Schmidt M et al. Trastuzumab beyond
progression in human epidermal growth factor receptor 2-positive ad-
vanced breast cancer: a german breast group 26/breast international
group 03-05 study. J Clin Oncol. 2009;27:1999–2006.

16 von Minckwitz G, Schwedler K, Schmidt M et al. Trastuzumab beyond
progression: Overall survival analysis of the GBG 26/BIG 3-05 phase
III study in HER2-positive breast cancer. Eur J Cancer.
2011;47:2273–81.

17 Koch KM, Reddy NJ, Cohen RB et al. Effects of food on the relative
bioavailability of lapatinib in cancer patients. J Clin Oncol.
2009;27:1191–6.

18 Tannock IF. Effects of food on bioavailability of lapatinib: useful data,
wrong conclusion. J Clin Oncol. 2009;27:e42; author reply e43.

19 Geyer CE, Forster J, Lindquist D et al. Lapatinib plus capecitabine
for HER2-positive advanced breast cancer. N Engl J Med.
2006;355:2733–43.

20 Lin NU, Eierman W, Greil R, et al. Randomized phase II study of
lapatinib plus capecitabine or lapatinib plus topotecan for patients with
HER2-positive breast cancer brain metastases. J Neurooncol. 2011.

21 Finn RS, Press MF, Dering J, et al. Estrogen receptor, progesterone
receptor, human epidermal growth factor receptor 2 (HER2), and epi-
dermal growth factor receptor expression and benefit from lapatinib
in a randomized trial of paclitaxel with lapatinib or placebo as first-
line treatment in HER2-negative or unknown metastatic breast cancer.
J Clin Oncol. 2009;27:3908–15.

22 Johnston S, Pippen JJ, Pivot X, et al. Lapatinib combined with letrozole
versus letrozole and placebo as first-line therapy for postmenopausal
hormone receptor-positive metastatic breast cancer. J Clin Oncol.
2009;27:5538–46.

23 Di Leo A, Gomez HL, Aziz Z, et al. Phase III, double-blind, random-
ized study comparing lapatinib plus paclitaxel with placebo plus pacl-
itaxel as first-line treatment for metastatic breast cancer. J Clin Oncol.
2008;26:5544–52.

24 Blackwell KL, Burstein HJ, Storniolo AM et al. Randomized study of
Lapatinib alone or in combination with trastuzumab in women with
ErbB2-positive, trastuzumab-refractory metastatic breast cancer. J Clin
Oncol. 2010;28:1124–30.

25 Kaufman B, Trudeau M, Awada A, et al. Lapatinib monotherapy in pa-
tients with HER2-overexpressing relapsed or refractory inflammatory
breast cancer: final results and survival of the expanded HER2+ cohort
in EGF103009, a phase II study. Lancet Oncol. 2009;10:581–8.

26 Blackwell KL, Pegram MD, Tan-Chiu E, et al. Single-agent lapatinib
for HER2-overexpressing advanced or metastatic breast cancer that
progressed on first- or second-line trastuzumab-containing regimens.
Ann Oncol. 2009;20:1026–31.

27 Boussen H, Cristofanilli M, Zaks T, DeSilvio M, Salazar V, Spector N.
Phase II study to evaluate the efficacy and safety of neoadjuvant lapat-
inib plus paclitaxel in patients with inflammatory breast cancer. J Clin
Oncol. 2010;28:3248–55.

28 von Minckwitz G, Eidtmann H, Loibl S, et al. Integrating bevacizumab,
everolimus, and lapatinib into current neoadjuvant chemotherapy regi-
men for primary breast cancer. Safety results of the GeparQuinto trial.
Ann Oncol. 2011;22:301–6.

29 Dave B, Migliaccio I, Gutierrez MC, et al. Loss of phosphatase and
tensin homolog or phosphoinositol-3 kinase activation and response to
trastuzumab or lapatinib in human epidermal growth factor receptor
2-overexpressing locally advanced breast cancers. J Clin Oncol.
2011;29:166–73.

30 Wilson TR, Lee DY, Berry L, Shames DS, Settleman J. Neureg-
ulin-1-mediated autocrine signaling underlies sensitivity to HER2
kinase inhibitors in a subset of human cancers. Cancer Cell.
2011;20:158–72.

31 Baselga J, Gelmon KA, Verma S et al. Phase II trial of pertuzumab and
trastuzumab in patients with human epidermal growth factor receptor

2-positive metastatic breast cancer that progressed during prior trastu-
zumab therapy. J Clin Oncol. 2010;28:1138–44.

32 Gianni L, Pienkowski T, Im YH, et al. Neoadjuvant pertuzumab and
trastuzumab: antitumor safety analysis of a randomized phase II study
(‘Neosphere’). SABCS. 2010; abstr S3-2.

33 Baselga J, Cortes J, Kim SB, et al. Pertuzumab plus trastuzumab
plus docetaxel for metastatic breast cancer. N Engl J Med.
2012;366:109–19.

34 Burstein HJ, Sun Y, Dirix LY, et al. Neratinib, an irreversible ErbB
receptor tyrosine kinase inhibitor, in patients with advanced Er-
bB2-positive breast cancer. J Clin Oncol. 2010;28:1301–7.

35 Modi S, Stopeck A, Linden H, et al. HSP90 inhibition is effective in
breast cancer: a phase II trial of tanespimycin (17-AAG) plus trastuzu-
mab in patients with HER2-positive metastatic breast cancer progress-
ing on trastuzumab. Clin Cancer Res. 2011;17:5132–9.

36 Arteaga CL. Why is this effective HSP90 inhibitor not being developed
in HER2+ breast cancer? Clin Cancer Res. 2011;17:4919–21.

37 Nielsen TO, Hsu FD, Jensen K et al. Immunohistochemical and clinical
characterization of the basal-like subtype of invasive breast carcinoma.
Clin Cancer Res. 2004;10:5367–74.

38 Cristofanilli M SRVV, et al. Exploratory subset analysis according to
prior endocrine treatment of two randomized phase II trials compar-
ing gefitinib with placebo in combination with tamoxifen or anastrozole
in hormone receptor positive metastatic breast cancer. J Clin Oncol.
2009;27:suppl; abstr 1014.

39 Teng YH, Tan WJ, Thike AA, et al. Mutations in the epidermal growth
factor receptor (EGFR) gene in triple negative breast cancer: possible
implications for targeted therapy. Breast Cancer Res. 2011;13:R35.

40 Chow LSY JJ, Baselga J, et al. Phase III study of temsirolimus with
letrozole or letrozole alone in postmenopausal women with locally
advanced or metastatic breast cancer. Breast Cancer Res Treat.
2006;97:suppl; abstr 6091.

41 Baselga J, Semiglazov V, van Dam P, et al. Phase II randomized study
of neoadjuvant everolimus plus letrozole compared with placebo plus
letrozole in patients with estrogen receptor-positive breast cancer. J Clin
Oncol. 2009;27:2630–7.

42 Baselga J, Campone M, Piccart M et al. Everolimus in postmenopausal
hormone-receptor-positive advanced breast cancer. New Engl J Med.
2012;366:520–9.

43 Tryfonopoulos D, Walsh S, Collins DM, et al. Src: a potential target
for the treatment of triple-negative breast cancer. Ann Oncol.
2011;22:2234–40.

44 Herold CI, Chadaram V, Peterson BL, et al. Phase II trial of dasatinib in
patients with metastatic breast cancer using real-time pharmacodynam-
ic tissue biomarkers of Src inhibition to escalate dosing. Clin Cancer
Res. 2011;17:6061–70.

45 Campone M, Bondarenko I, Brincat S, et al. Phase II study of single-
agent bosutinib, a Src/Abl tyrosine kinase inhibitor, in patients with loc-
ally advanced or metastatic breast cancer pretreated with chemotherapy.
Ann Oncol. 2011 AOP doi:10.1093/annonc/mdr261.

46 Helleday T. The underlying mechanism for the PARP and BRCA syn-
thetic lethality: Clearing up the misunderstandings. Mol Oncol.
2011;5:387–93.

47 Turner N, Tutt A, Ashworth A. Hallmarks of “BRCAness” in sporadic
cancers. Nat Rev Cancer. 2004;4:814–9.

48 Stefansson OA, Jonasson JG, Olafsdottir K, et al. CpG island hyper-
methylation of BRCA1 and loss of pRb as co-occurring events in basal/
triple-negative breast cancer. Epigenetics. 2011;6:638–49.

49 Johnson N, Li YC, Walton ZE, et al. Compromised CDK1 activity
sensitizes BRCA-proficient cancers to PARP inhibition. Nat Med.
2011;17:875–82.

50 O’Shaughnessy J, Osborne C, Pippen JE, et al. Iniparib plus chemo-
therapy in metastatic triple-negative breast cancer. N Engl J Med.
2011;364:205–14.

51 O’Shaughnessy J, Schwartzberg LS, Danso MA, et al. A randomized
phase III study of iniparib in combination with gemcitabine/carboplatin
in metastatic triple-negative breast cancer. J Clin Oncol. 2011;29:suppl;
abstr 1007.

Review article: Current opinion Swiss Med Wkly. 2012;142:w13550

Swiss Medical Weekly · PDF of the online version · www.smw.ch Page 6 of 7



52 Guha M. PARP inhibitors stumble in breast cancer. Nat Biotechnol.
2011;29:373–4.

53 Tutt A, Robson M, Garber JE, et al. Oral poly(ADP-ribose) polymerase
inhibitor olaparib in patients with BRCA1 or BRCA2 mutations and
advanced breast cancer: a proof-of-concept trial. Lancet.
2010;376:235–44.

54 von Minckwitz G, Muller BM, Loibl S, et al. Cytoplasmic
poly(adenosine diphosphate-ribose) polymerase expression is predict-
ive and prognostic in patients with breast cancer treated with neoad-
juvant chemotherapy. J Clin Oncol. 2011;29:2150–7.

55 Turner NC, Ashworth A. Biomarkers of PARP inhibitor sensitivity.
Breast Cancer Res Treat. 2011;127:283–6.

56 Norquist B, Wurz KA, Pennil CC, et al. Secondary somatic mutations
restoring BRCA1/2 predict chemotherapy resistance in hereditary
ovarian carcinomas. J Clin Oncol. 2011;29:3008–15.

57 von Minckwitz G, Eidtmann H, Rezai M, et al. Neoadjuvant chemother-
apy and bevacizumab for HER2-negative breast cancer. N Engl J Med.
2012;366:299–309.

58 Bear HD, Tang G, Rastogi P, et al. Bevacizumab added to neoadjuvant
chemotherapy for breast cancer. N Engl J Med. 2012;366:310–20.

59 Miller K, Wang M, Gralow J, et al. Paclitaxel plus bevacizumab versus
paclitaxel alone for metastatic breast cancer. N Engl J Med.
2007;357:2666–76.

60 Gray R, Bhattacharya S, Bowden C, Miller K, Comis RL. Independent
review of E2100: a phase III trial of bevacizumab plus paclitaxel versus
paclitaxel in women with metastatic breast cancer. J Clin Oncol.
2009;27:4966–72.

61 Miles DW, Chan A, Dirix LY, et al. Phase III study of bevacizumab plus
docetaxel compared with placebo plus docetaxel for the first-line treat-
ment of human epidermal growth factor receptor 2-negative metastatic
breast cancer. J Clin Oncol. 2010;28:3239–47.

62 Robert NJ, Dieras V, Glaspy J, et al. RIBBON-1: randomized, double-
blind, placebo-controlled, phase III trial of chemotherapy with or
without bevacizumab for first-line treatment of human epidermal
growth factor receptor 2-negative, locally recurrent or metastatic breast
cancer. J Clin Oncol. 2011;29:1252–60.

63 Smith I, Pierga JY, Biganzoli L, et al. Final overall survival results and
effect of prolonged (>/=1 year) first-line bevacizumab-containing ther-
apy for metastatic breast cancer in the ATHENA trial. Breast Cancer
Res Treat. 2011;130:133–43.

64 Choueiri TK, Mayer EL, Je Y, et al. Congestive heart failure risk in
patients with breast cancer treated with bevacizumab. J Clin Oncol.
2011;29:632–8.

65 Biganzoli L, Di Vincenzo E, Jiang Z, et al. First-line bevacizumab-con-
taining therapy for breast cancer: results in patients aged >=70 years
treated in the ATHENA study. Ann Oncol. 2012;23:111–8.

66 Etienne-Grimaldi MC, Formento P, Degeorges A, et al. Prospective ana-
lysis of the impact of VEGF-A gene polymorphisms on the pharmaco-
dynamics of bevacizumab-based therapy in metastatic breast cancer pa-
tients. Br J Clin Pharmacol. 2011;71:921–8.

67 Martin M, Roche H, Pinter T, et al. Motesanib, or open-label be-
vacizumab, in combination with paclitaxel, as first-line treatment for
HER2-negative locally recurrent or metastatic breast cancer: a phase
2, randomised, double-blind, placebo-controlled study. Lancet Oncol.
2011;12:369–76.

68 Robert NJ, Saleh MN, Paul D, et al. Sunitinib plus paclitaxel versus
bevacizumab plus paclitaxel for first-line treatment of patients with ad-
vanced breast cancer: a phase III, randomized, open-label trial. Clin
Breast Cancer. 2011;11:82–92.

69 Nielsen DL, Andersson M, Andersen JL, Kamby C. Antiangiogenic
therapy for breast cancer. Breast Cancer Res. 2010;12:209.

Review article: Current opinion Swiss Med Wkly. 2012;142:w13550

Swiss Medical Weekly · PDF of the online version · www.smw.ch Page 7 of 7


	Targeted therapies in breast cancer
	Summary
	Introduction
	Targeting proliferative cell signalling
	Interference with DNA repair
	Anti-angiogenic therapy
	VEGFR inhibitors
	Conclusions and outlook
	References


