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Abstract
Purpose Approximately 20–30% of breast cancer tumors
overexpress or amplify human epidermal growth factor
receptor 2 (HER2). The role of this receptor in the progres-
sion of HER2+ breast cancer and resistance to certain anti-
cancer monotherapies was investigated. The results of
several pre-clinical and clinical trials, with the aim of deter-
mining the most safe and eVective course of treatment for
HER2+ breast cancer, were also thoroughly examined.
Methods A thorough search of databases including
Pubmed, Springer, and The American Society of Clinical
Oncology was performed, and pertinent studies were identi-
Wed. The most relevant studies were preclinical, phase II,
and III clinical trials identifying the function of the HER2
receptor in HER2+ breast cancer progression, as well as
studies assessing the eYcacy of monotherapy and combina-
tion therapy in the treatment of this aggressive form of
cancer.
Results The HER2 receptor belongs to a family of recep-
tors that consists of four cell-surface receptors (HER1-4)
that share strong homology with the epidermal growth
factor receptor (EGFR). All HER receptors interact with
speciWc types of ligands to induce receptor activation,

except for HER2, for which no known ligand has yet been
identiWed. HER2 is activated by forming dimers with other
HER receptors, and this results in a stronger and more pro-
longed signal transduction event. When expressed at nor-
mal levels, HER2 regulates cell growth, diVerentiation, and
survival. However, under pathological conditions of HER2
overexpression, numerous HER2 heterodimers are formed
resulting in aggressive tumor growth. Therefore, the prog-
nosis associated with HER2-positive breast cancer is usu-
ally poor. A speciWc cohort of patients with breast cancer
whose tumors test both hormone receptor (estrogen recep-
tor [ER] and progesterone receptor [PR]) and HER2 posi-
tive have been found to be resistant to targeted hormone
therapy. Studies investigating the etiology of this resistance
have found that the cell membrane estrogen receptor com-
municates with HER2 in promoting the release of ER coac-
tivators that cause the endocrine drug and selective
estrogen receptor modulator, tamoxifen, to act as an agonist
rather than an antagonist of the hormone estrogen. Thus,
research has directed its inquiry toward the development of
therapies speciWcally targeting HER2. The development of
trastuzumab, a recombinant monoclonal antibody against
HER2, initially proved to be a well-tolerated Wrst line of
treatment. However, in the long-term patients, trastuzumab
was shown to develop resistance to this monotherapy.
Therefore, research on HER2 positive breast cancer has
focused on the study of diVerent anti-HER2 combination
therapies over the past decade.
Conclusions While the development and approval of the
HER2-targeted recombinant monoclonal antibody trast-
uzumab (Herceptin) has been eYcacious in slowing HER2
cancer progression, combining this and other anti-HER2
therapy with either chemotherapy or endocrine therapy has
proven more eVective in improving overall and progression
free survival.

A. Davoli · T. L. Brown (&)
Laboratory of Cell Death, DiVerentiation, and Development, 
Department of Neuroscience, Cell Biology, and Physiology, 
Wright State University Boonshoft School of Medicine, 
3640 Colonel Glenn Highway, 011 Medical Sciences Building, 
Dayton, OH 45435, USA
e-mail: thomas.L.brown@wright.edu

B. A. Hocevar
Department of Pharmacology and Toxicology, 
Indiana University School of Medicine, 
Indianapolis, IN 46202, USA
123



612 Cancer Chemother Pharmacol (2010) 65:611–623
Keywords HER2 · Trastuzumab · Hormone receptor · 
Crosstalk · Combination therapy

Introduction

In the year 2008, more than 180,000 new cases of breast
cancer were diagnosed in the United States alone. Although
modern medicine has progressed in Wnding new treatments
for breast cancer, nearly 41,000 of these new cases resulted
in death, of which 99% of these deaths occurred in women.
In women, breast cancer is the most commonly diagnosed
type of cancer, accounting for 26% of all new cancer cases
and is the second most deadly accounting for 15% of can-
cer-related deaths [1]. Over half of these cases are hormone
receptor positive, a status amenable to targeted hormone
therapy. However, both primary and secondary resistance
to hormone therapy in patients with hormone receptor (HR)
positive tumors has become an increasing complication [2].
Several explanations have been proposed as to why some
HR-positive tumors initially have this resistance or later
develop resistance to hormonal treatment. One proposed
mechanism in conferring intrinsic resistance to hormone
therapy implicates the human epidermal growth factor fam-
ily of receptors (HER), speciWcally the HER2 family mem-
ber, through its overexpression and/or ampliWcation in
hormone receptor positive tumors [3, 4].

The HER/EGF receptor family is a family of receptors
comprised of four cell-surface receptors, HER1, HER2,
HER3, and HER4 [5, 6]. The amino acid sequences of the
HER family are highly homologous to the epidermal
growth factor receptor (EGFR); therefore, the genes for the
HER family of receptors are designated erbB1, erbB2,
erbB3, and erbB4 [7, 8]. These receptors function in the
regulation of cell growth, diVerentiation and survival.
Receptor activation requires three components: a ligand, a
receptor, and a dimerization partner. When a speciWc ligand
binds to a HER receptor, it must combine with another
receptor of similar structure and undergo dimerization. This
initiates a cascade of phosphorylation and signal transduc-
tion events that ultimately aVect the transcription of speciWc
genes involved in cell proliferation and survival [8].

HER receptors can assemble into diVerent combinations
to form both homodimers and heterodimers. All HER
receptors interact with speciWc ligands to induce receptor
activation, except for HER2 (erbB2), for which no natural
ligand has yet been identiWed [5, 6, 8]. However, a variety
of diVerent growth factors (such as EGF, TGF�, amphireg-
ulin, heparin-binding EGF-like growth factor, betacellulin,
epiregulin, and neuregulins) serving as ligands for HER1
(erbB1), HER3 (erbB3), and HER4 (erbB4) can trigger
rapid receptor dimerization with marked preferential
recruitment of HER2 into a heterodimeric complex. These

HER2 (erbB2) containing dimers produce a stronger and
more prolonged signal transduction event, in comparison
with other HER2 deWcient combinations that signal more
weakly [5, 6, 8]. Therefore, when HER2 (erbB2) is overex-
pressed and/or ampliWed in certain cell types, its sensitivity
to growth factors increases and the cell can proliferate
unabated resulting in tumor growth [6].

The HER2/neu gene (also known as erbB2) is a proto-
oncogene localized to chromosome 17q21. This gene
encodes a 1,255 amino acid, 185-kDa transmembrane gly-
coprotein (also entitled p185HER), with intrinsic tyrosine
kinase activity. The intracellular domain of HER2 con-
tains a terminal carboxyl segment with the intrinsic ability
to autophosphorylate [5, 6]. The activity of this segment
accounts for the transmission of the extracellular signal into
an intracellular signal transduction event with physiologic
repercussions. HER2 has been found to be overexpressed in
20–30% of breast cancer tumors [6].

Determination of breast tumor HER2 status is of impor-
tance in determining an optimal breast cancer treatment. All
modes of testing correlate a poor prognosis with HER2
overexpression or ampliWcation [3]. Tumors overexpress-
ing HER2 have been found to be more aggressive and result
in a higher mortality rate in comparison with tumors that do
not [6, 9]. Interestingly, current data positively correlates
HER2 overexpression with the challenge of hormone therapy
resistance. In addition, this data has shown that HER2 over-
expression results in an increase in tamoxifen resistance, a
drug commonly used in adjuvant hormone therapy [10–12].
These data suggest that HER2 overexpression may play a
role in conferring intrinsic resistance to anti-hormone ther-
apy, which in some individuals renders it impotent as a sin-
gle therapy. This has directed research toward the use of
diVerent combination therapies in the treatment of HER2+/
HR+ breast cancers.

Common methods for evaluation of HER2 status are
quantitative immunohistochemistry (QIHC), speciWcally
with the Dako ‘Herceptest,’ as well as CB11, a HER2/neu
monoclonal antibody, and by Xuorescence in situ hybridiza-
tion (FISH). Tumors that test negative (low/normal levels)
for HER2, according to the IHC Herceptest, are assigned
scores of 0 to 1+ and those testing positive for HER2 over-
expression and/or ampliWcation score 2+ to 3+ on the 0 to
3+ scale. FISH evaluates the ratio of HER2 to chromosome
17 copy number in carcinoma cells. Normal cell levels of
HER2 (HER2 negative cancer cells) exhibit a ratio of less
than 2 and a ratio of greater than 2 is interpreted as gene
ampliWcation (HER2 positive cancer cells). Many major
studies have strictly used IHC for HER2 patient selection.
However, more recent studies have found that FISH is a
more precise, accurate, and reproducible test for HER2 sta-
tus, even among patients with tumors that stain poorly and
are thus more diYcult to evaluate [3].
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Crosstalk between ER and HER2/neu

A mechanism for tamoxifen resistance

The development of endocrine therapy has proven beneW-
cial for many patients diagnosed with HR+ breast cancer.
However, the use of endocrine therapy has become increas-
ingly limited due to primary resistance or the development
of secondary resistance [2]. Only about one half of estrogen
receptor (ER+) tumors are amenable to endocrine therapy
upon initial treatment with antiestrogens like tamoxifen
[13, 14]. Unfortunately, a signiWcant number who respond
to this initial treatment develop secondary resistance. This
reaction allows the cancer to progress unabated leading to
metastatic tumor growth and death [13, 14]. Understanding
the mechanisms by which ER+ tumors establish resistance
to antiestrogen treatments is of great importance in further
promoting the survival of patients with breast cancer.

The ER has both genomic and nongenomic activities
and is largely found within the cell’s cytoplasm, but some
ER can also reside within the nucleus or the cell mem-
brane. The binding of estradiol (E2) to ER results in
receptor phosphorylation, dimerization, and the recruit-
ment of coregulatory proteins to promoter regions of
estrogen-responsive genes (genomic action) [12, 14].
Coregulatory proteins can either function as coactivators,
which facilitate the binding of transcription factors to tar-
get DNA sequences and subsequent connections with
transcriptional machinery, or corepressors, such as NCoR
(Nuclear hormone receptor Co-Repressor) and SMRT
(Silencing Mediator of Retinoic acid and Thyroid hor-
mone receptors), which regulate gene expression by
binding to a speciWc DNA sequence and decreasing tran-
scription, thus blocking gene expression. The induced
conformational change of estrogen-bound ER promotes
the recruitment of coactivators such as A1B1 (AmpliWed
in Breast Cancer 1) or SRC1 (Steroid Receptor Coactiva-
tor 1) that favor the expression of genes that function in
cell proliferation and survival. In contrast, the induced
conformational change of tamoxifen-bound ER promotes
the recruitment of corepressors, such as, NCoR and his-
tone deacetylase 3, which can inhibit the expression of
prosurvival genes [12].

Interestingly, it has been found that, depending upon the
tissue, tamoxifen can function as either an agonist or antag-
onist of gene transcription. This diVerence in tamoxifen
function is thought to be dependent upon the diVerential
expression of coactivators and corepressors within the tis-
sue microenvironment [12]. An in vitro study that sought to
establish whether coregulatory proteins could modulate
antiestrogen activity found that higher levels of coactiva-
tors like A1B1 (SRC 3) and SRC1 amplify the agonist
activities of tamoxifen [15].

In addition to the ER genomic activities, recent evidence
has led researchers to postulate that the cell membrane ER
communicates with epidermal growth factor receptor
(EGFR) and HER2/neu resulting in activation of these
receptors. It is thought that this cell signaling crosstalk
enhances the growth promoting eVects of estrogen (nonge-
nomic activity; Fig. 1), [16].

The cell membrane–associated ER is a G protein–
coupled receptor (GPCR). The activity of G protein
subunits, G�i, G�q and G��, has been found to be involved
in the activation of EGFR, which ultimately regulates gene
expression and cell growth. Estradiol, the ligand for these G
protein–coupled ERs, is a rapid activator of a signal trans-
duction cascade that transactivates EGFR. It has been pro-
posed that elements within the E domain of the ER allow
for the complex interactions with the G proteins, Src tyro-
sine kinase, and other signaling molecules [16]. The E
domain is one of 6 ER domains involved in ligand binding
that leads to transcriptional activation. The Src kinase, as
well as the matrix metalloproteases MMP-2 and MMP-9,
has been found to play an integral role in EGFR transacti-
vation. Following E2/ER binding, a complex interaction
occurs between ER-associated G protein subunits and Src.
The G protein subunit complex, G�i, G�q and G��, acti-
vates Src. This interaction has been proposed to be medi-
ated by the activity of several other proteins such as
phospholipase C (PLC), protein kinase C (PKC), and 1,4,5-
inositol/triphosphate (IP3). Once activated, Src is necessary
for the subsequent activation of MMP-2 and MMP-9. The
involvement of MMPs is not surprising, given that these
proteins have previously been implicated in the aggressive
behavior of breast cancer cells by playing a role in cell
migration, invasion, and metastasis. Following activation, it
has been found that MMPs induce the secretion of heparin-
bound epidermal growth factor (HB-EGF), which then
transactivates the EGFR [16].

Stimulation of EGFR leads to the activation of the
MAPK pathway and subsequent phosphorylation of extra-
cellular signal-related kinase 1 (ERK1) and ERK2 (MAPK)
[12, 16]. Since the MAPK pathway has been found to be
responsible for the phosphorylation and thus activation of
both ER and the ER coactivator A1B1, this can thus pro-
mote the expression of genes that favor cell proliferation
and survival. Therefore, MAPK may be modulating the
activity of ER coactivators in the Wnal response to growth
factors [12, 17]. Interactions between EGFR and HER2 and
their downstream activation of ERK show that both recep-
tors make quantitatively equivalent contributions to the
transient ampliWcation of ERK in human mammary epithe-
lial cells [18]. Therefore, both EGFR and HER2 act syner-
gistically to cause aberrant tumor growth.

Recent research supports the hypothesis that patients
whose tumors express high levels of HER2/neu and ER
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coactivator A1B1 will develop tamoxifen resistance. MCF-
7 breast cancer cells, expressing high levels of HER2/neu
and A1B1, treated with tamoxifen were growth stimulated.
When pretreated with geWtinib, an EGFR tyrosine kinase
inhibitor, however, receptor crosstalk in the MCF-7/HER2
cells was found to be inhibited, leading to the restoration of
tamoxifen’s antitumor function. These studies thus suggest
that in tumors displaying HER2 ampliWcation and increased
A1B1 levels, as in MCF7 cells, tamoxifen behaves as an
estrogen agonist resulting in metastatic tumor growth. By
interrupting the receptor crosstalk, geWtinib blocks the ago-
nist activity of tamoxifen, allowing it to regain its estrogen
antagonist properties [12]. To further support these Wnd-
ings, it was recently reported that patients with breast can-
cer displaying high Her2/neu and A1B1 levels experience
cancer relapse more frequently than those whose tumors are
ER+ but do not over express HER2 and/or A1B1 [11].
Together, these studies underscore the association of HER2
ampliWcation and high A1B1 levels with tumor inWltration
and poor prognosis. In addition, these studies suggest that
combination therapy involving anti-HER2/antiestrogen
therapy may provide improved eYcacy in the treatment of
HER2/ER positive breast cancer.

The eYcacy of monotherapies in HER2 positive 
breast cancer

The use of diVerent biologic therapies to treat metastatic
breast cancer, especially HER2+ breast cancer, has grown
since the approval of trastuzumab (Herceptin) in 1998 by
the US Food and Drug Administration (FDA). In addition
to the use of monoclonal antibodies, such as trastuzumab to
treat HER2+ breast cancer, clinical trials using tyrosine
kinase inhibitors (lapatinab & geWtinib), as well as the
development of vaccines against HER2/neu, have been
promising in slowing HER2+ tumor progression (Table 1)
[12, 19–21].

Trastuzumab was developed by Genetech Inc. and was
the Wrst FDA approved monoclonal antibody targeting
HER2 overexpression in breast tumors. The 1999 study by
Cobleigh and colleagues showed that trastuzumab rarely
produced the adverse side eVects seen with chemotherapy
treatment such as alopecia, mucositis and neutropenia. In
addition, out of the 222 women with HER2 overexpressing
metastatic breast cancer that had progressed after chemo-
therapy, an overall response rate of 15% (95% conWdence
interval, 11–21%) was observed. Upon Wnal evaluation,

Fig. 1 Nongenomic Signaling of the Cell Membrane ER in HER2
Activation. The cell membrane G protein–coupled ER has been shown
to communicate with EGFR and HER2 resulting in activation of these
receptors which in turn enhances the growth promoting eVects of estro-
gen. Upon signaling from estradiol (E2), ER G proteins, G�i, G�q, and
G�� activate SRC. Activation of SRC by these G proteins is mediated
by PLC, PKC and IP3. Once activated SRC then subsequently goes
onto activate MMP-2 and MMP-9. Once activated MMPs go onto
induce the secretion of HB-EGF, which acts as the ligand for EGFR.
Stimulation of EGFR leads to preferential heterodimerization
with HER2 and activation of the MAPK/ERK1 pathway. The MAPK

pathway is then responsible for the phosphorylation and activation of
ER and ER coactivator A1B1. This pathway leads to increased growth
and cell proliferation. ER estrogen receptor, EGFR epidermal growth
factor receptor, HER2 human epidermal growth factor receptor 2, E2
Estradiol, SRC steroid receptor coactivator, PLC phospholipase C,
PKC protein kinase C, IP3 1,4,5-inositol/triphosphate, MMP-2 (& ¡9)
Matrix Metalloprotease-2 (& ¡9), HB-EGF heparin bound-epidermal
growth factor, MAPK mitogen activated protein kinase, ERK1
extracellular signal-related kinase 1, A1B1 ampliWed in breast cancer 1,
MoAb monoclonal antibody, TKI tyrosine kinase inhibitor, AI
aromatase inhibitor
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approximately one quarter of responders had no signs of
treatment failure with an 82% survival rate [19].

The eYcacy of trastuzumab, both with or without prior
neoadjuvant or adjuvant chemotherapy, supports its use as a
well-tolerated and active Wrst-line of treatment in women
with weak positive (2+) and especially in complete positive
(3+) HER2 metastatic breast cancer [20–23]. However, the

risk of cardiac dysfunction manifested as congestive heart
failure, cardiomyopathy, decreased ejection fraction, and
ventricular arrhythmia appears to be increased if the patient
has been treated with anthracyclines or has a history of car-
diac disease prior to trastuzumab treatment [20–22].
Although this incidence of cardiac dysfunction is relatively
low, previous exposure to anthracyclines should be treated

Table 1 Method of action of drugs reviewed

ER estrogen receptor, E2 estradiol, MAb monoclonal antibody, TK tyrosine kinase, TKI tyrosine kinase inhibitor, AI aromatase inhibitor,
5-FU 5 Xuorouracil, TopoII DNA topoisomerase II, EGFR epidermal growth factor receptor, HER 1,2, or 4 human epidermal growth factor
receptor 1,2, or 4

Name Drug Type Action

Tamoxifen ER antagonist Selective ER modulator Inhibits the binding of E2 to estrogen receptors 
and reduces DNA synthesis

Trastuzumab Anti-HER2 Humanized MoAb Binds to HER2 blocking its downstream signaling pathway; 
promotes HER2 endocytotic degradation

Pertuzumab Anti-HER2 Humanized MoAb Binds to HER2 and prevents heterodimerization

Trastuzumab 
(DM1)

Anti-HER2 Immunoconjugate Direct delivery of chemotherapeutic agent 
to cancerous tissue

Lapatinib Anti-HER2/EGFR Small molecule TKI Inhibits TK autophosphorylation
Blocks intracellular signal transduction of EGFR and HER2

GeWtinib Anti-HER2/EGFR TKI Inhibits TK autophosphorylation
Blocks intracellular signal transduction of EGFR and HER2

Neratinib Anti-HER2/EGFR Pan-erb TKI Irreversibly inhibits TK autophosphorylation and transmission 
of intracellular signal of HER1, HER2, and HER4

Fadrozole Anti-estrogen Nonsteriodal AI Inhibits aromatase by blocking aromatization of 
androstenedione and testosterone to estrone and estradiol

Letrozole Anti-estrogen Nonsteriodal AI Inhibits aromatase by blocking the aromatization 
of androstenedione and testosterone into estrone 
and estradiol

Anastrozole Anti-estrogen Nonsteriodal AI Inhibits aromatase
Blocks the aromatization of androstenedione 

and testosterone into estrone and estradiol

Cyclophosphamide Chemotherapeutic Synthetic alkylating agent Alkylates DNA and produces interstrand DNA
crosslinks that inhibit DNA replication

Capecitabine Chemotherapeutic 5-FU prodrug Converted to 5-Xuorouracil. 5-FU metabolites inhibit DNA 
and cell division, and inhibit RNA and protein synthesis

Fluorouracil Chemotherapeutic Antimetabolite 
Xuoropyrimidine analog

Metabolites inhibit DNA and cell division, and inhibit 
RNA and protein synthesis

Vinorelbine Chemotherapeutic Ditartrate salt of 
a vinca alkaloid

Inhibits tubulin polymerization into microtubules; 
antimitotic

Gemcitabine Chemotherapeutic Deoxycytidine 
nucleoside analog

Metabolites inhibit ribonucleotide reductase, 
thus inhibiting DNA synthesis

Epirubicine Chemotherapeutic Anthracycline Intercalates into DNA to inhibit TopoI and DNA 
replication and repair

Methotrexate Chemotherapeutic Antifolate agent Binds to and inhibits dihydrofolate reductase 
leading inhibition of DNA and RNA synthesis

Docetaxel Chemotherapeutic Taxane Binds to and stabilizes tubulin, inhibits microtubule
disassembly leading to G2/M phase cell cycle 
arrest and apoptosis

Cisplatin Chemotherapeutic Platinum salt Form DNA-platinum adducts to crosslink 
DNA and induce apoptosis

Carboplatin Chemotherapeutic Platinum salt Form DNA-platinum adducts to crosslink 
DNA and induce apoptosis
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as a risk factor and qualiWed patients should be monitored
with caution [20, 24].

Tyrosine kinase inhibitors, such as lapatinib and geWti-
nib, have been relatively successful in stopping disease pro-
gression in patients unresponsive to trastuzumab or
chemotherapy alone regimens [12, 25]. Both lapatinib and
geWtinib bind to intracellular domains of EGFR and HER2,
blocking the activation of downstream MAPK signaling
[26]. A phase II, clinical study assessing lapatinab mono-
therapy in chemotherapy refractory HER2+ and HER2—
advanced metastatic breast cancer—showed that 6% of
patients beneWted clinically from lapatinib treatment. These
patients remained progression-free for ¸6 months [25].
A diVerent phase II multicenter study assessing the eYcacy
of geWtinib in patients unresponsive to chemotherapy
pretreatment showed that geWtinib monotherapy was well
tolerated, but not eYcacious in producing complete or even
partial responses [27]. These diVerences may be explained
by prior assessment of patient HER2 status, which was per-
formed in the lapatinib but not the geWtinib trial. Together,
these trials demonstrate the need for testing in order to
determine HER2 overexpression and/or ampliWcation due
to its ability to predict treatment response.

A more recent study evaluating lapatinib as a Wrst-line
therapy in HER2+ metastatic breast cancer determined that
the drug was quite eVective in halting disease progression.
Approximately 24% of 138 patients treated with lapatinib
for 17.6 weeks displayed an overall response with 31%
deriving some clinical beneWt. In addition, progression-free
survival rates were 63 and 43% at 4 and 6 months, respec-
tively [28]. Therefore, treatment with tyrosine kinase inhib-
itors such as lapatinib has proven to be clinically active and
tolerable, warranting its further investigation as a Wrst-line
therapy in adjuvant HER2+ breast cancer.

An emerging form of biologic therapy using peptide vac-
cinations that target HER2/neu oncoprotein has been shown
to be beneWcial as an early stage disease treatment in
patients with intact immune systems [29]. Currently, pre-
liminary tests are being performed in order to determine
whether these patients will develop immunity to both
HER2/neu peptides and protein. The goal of these tests is to
secure their safety as well as to develop an eVective
immune response to HER2/neu [30]. Researchers have
experienced some success in producing vaccines that have
generated T-cell immunity to HER2/neu peptide and pro-
tein in the majority of patients treated (·89%). These stud-
ies have also reported retention of HER2/neu speciWc T cell
immunity up to 1 year following treatment cessation
[30, 31]. However, few clinical trials have been performed
that test the ability of vaccines to slow or eliminate disease
progression. Extensive research is needed to test the clinical
utility of cancer vaccinations in general as well as those
speciWcally targeting HER2/neu oncoprotein.

Endocrine therapy for patients whose breast tumors
express hormone receptors can either act by modulating the
activity of the ER or by decreasing circulating hormone
levels. Tamoxifen, a selective estrogen receptor modulator,
has been the drug of choice for adjuvant endocrine treat-
ment for more than two decades [32]. However, the issue of
tamoxifen resistance has complicated the treatment of hor-
mone sensitive breast cancer. As previously noted, the
expression of HER2 oncoprotein has been implicated in
conferring resistance to hormone therapy, thus necessitat-
ing the exploration of alternative forms of endocrine ther-
apy for HR+/HER2+ tumors [2].

Many current studies are also testing the eYcacy of
estrogen receptor modulators like tamoxifen against aroma-
tase inhibitors (AIs) such as fadrozole, letrozole, or anas-
trozole that act by inhibiting the production of estrogen. In
a double-blinded study testing the response of postmeno-
pausal women to diVerent forms of endocrine therapy, the
response of HR+ tumors to letrozole was 60% with 48%
having undergone successful breast conserving surgery
[33]. However, the response of HR+ tumors to tamoxifen
was 41% with only 36% breast conservation. The contrast
between the results of these two treatments was most
marked in tumors that overexpressed HER1, HER2, and
ER. Tumors that were positive for HER1 and HER2
responded successfully to letrozole treatment but not to
tamoxifen. This study showed that the signaling crosstalk
between HER1 and HER2 through the ER is dependent
upon estrogen. Therefore, estrogen deprivation through the
use of AIs proved to be a more successful anti-tumor treat-
ment in these patients.

Treatment with AIs is not just being explored for women
whose tumors are HR+/HER2+ but is being tested as an
alternative treatment for all HR+ breast cancer [34]. The
ARNO 95 study of 2007 compared the use of aromatase
inhibitor anastrozole to tamoxifen treatment in 979 post-
menopausal women who had already received two years of
adjuvant tamoxifen therapy for HR+ breast cancer [35].
The main purpose of this study was to compare disease-free
survival among patients who switched from tamoxifen to
anastrozole against those who continued with tamoxifen
treatment for an additional three years. The results indi-
cated that switching to anastozole signiWcantly decreased
the risk of cancer recurrence and improved overall survival
when compared to continued tamoxifen. Those women who
switched treatment also experienced a reduction in adverse
side eVects compared with tamoxifen. These results have
changed the view of a 5-year tamoxifen treatment course as
an optimal adjuvant therapy for HR+ breast cancer [32, 35].
Therefore, the use of AIs appears to be a superior form of
endocrine treatment for both HR+ and HR+/HER2+ dis-
ease, showing both a better response rate and more infre-
quent disease recurrence.
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The establishment of HER2 status in breast tumors has
not only been found to predict responsiveness to the mono-
clonal antibody treatment, trastuzumab, but evidence now
points to HER2 overexpression or ampliWcation as a predic-
tive marker for response to certain forms of adjuvant che-
motherapy. The 1994 CALGB 8869 study was the Wrst to
draw the connection between HER2 and anthracycline
treatment describing HER2 status as a potential molecular
marker of patients who will respond well to high-dose che-
motherapy [36]. Many diVerent kinds of chemotherapy
drugs and regimens such as anthracyclines, taxanes, cyclo-
phosphamide, capecitabine, Xuorouracil, vinorelbine, and
gemcitabine are used in the treatment of breast cancer. Cur-
rently, most studies use a CEF (cyclophosphamide, epirubi-
cine, and Xuorouracil) anthracycline-based chemotherapy
treatment versus CMF (cyclophosphamide, methotrexate,
Xuorouracil) regimens [37–40]. Earlier studies, testing the
eYcacy of diVerent chemotherapy regimens in node posi-
tive breast cancer, found CEF treatment to be more eYca-
cious in reducing relapse and overall survival (18%) when
compared to CMF treatment [39, 41, 42]. These Wndings
are attributed to this increased response to anthracycline-
based CEF treatment to the overexpression or ampliWcation
of HER2 in these breast cancer tumors. The results of sev-
eral recent studies agree that increased responsiveness to
anthracycline treatment seems to be speciWc to HER2+
breast tumors [37, 39, 40, 43].

In 2004, Petit et al. [38] tested the predictive value of
Wve diVerent biologic factors in patients with breast cancer
receiving neoadjuvant, anthracycline-based chemotherapy.
One of those factors tested the inXuence of HER2 and topo-
isomerase II alpha (TopoII�) ampliWcation in response to
anthracycline chemotherapy. TopoII� is an enzyme with its
gene located very close to HER2/neu on chromosome 17. It
has been found that when HER2 is ampliWed, frequently
TopoII� is coampliWed. This may be relevant as TopoII�
has been found to be one of the molecular targets of anthra-
cyclines. Interestingly, Petit et al. [38] does support data
suggesting coampliWcation of HER2 and TopoII� but found
no correlation between HER2/TopoII� ampliWcation and
response to anthracycline chemotherapy. In contrast, the
2006 Scandinavian Breast Group Trial 9401, using the
anthracycline epirubicin, found that TopoII� ampliWcation
reduced the relapse rate in patients treated with tailored and
dose-increased epirubicin treatment [40]. In addition,
HER2 ampliWcation was found to be predictive of short,
relapse free, and overall survival but was not found to have
a direct association with treatment assignment. Therefore,
this study provides evidence that directly supports TopoII�
as a useful marker for determining the eVectiveness of
anthracycline treatment.

This recent data suggests that the ampliWcation of HER2
indirectly predicts anthracycline chemotherapy response

due to coampliWcation of TopoII�. However, further inves-
tigation into the role of TopoII� ampliWcation in anthracy-
cline treatment response is necessary to deWnitively
establish its direct contribution. To date, current data sup-
ports the treatment of HER2+ breast cancer with high-dose
anthracycline treatment like CEF, whereas HER2-disease
may beneWt more from the less-toxic CMF chemotherapy
regimen.

Naturally occurring phytoestrogens (or phytochemicals)
have also been identiWed in having a chemopreventive role
in breast cancer. Phytoestrogens are polyphenols that are
divided into several primary groups: the isoXavones (geni-
stein, daidzein, biochanin A), the lignans (enterolactone,
enterodiol), the coumestans (coumestrol) and the stilbenes
(resveratrol). These polyphenols have a strong structural
homology to 17�-estradiol and occur naturally in soybeans
and soybean-based foods. Metabolic activation of isoXav-
ones occurs locally within a target tissue, such as breast
tissue, and can be detected through the production of
metabolites [44]. Preliminary studies assessing the eVects
of isoXavones on steroid hormone levels have found that
women with a diet rich in soy food products have a signiW-
cantly lower concentration of serum 17�-estradiol [45, 46].
This is said to occur through the ability of phytochemicals
to suppress the activity of aromatase enzymes that convert
androgens to estrogens [47]. This is of importance because
a lower lifetime exposure to estrogen has been correlated
with a reduction in breast cancer risk. One study has also
found a 40% increase in urinary excretion of anticancer
metabolite 2-hydroxyoestrone following the consumption
of 113–202 mg of isoXavones in premenopausal women
[48]. Therefore, research suggests that isoXavones aVord
chemoprotection by suppressing steroid hormone biosyn-
thesis and promoting the breakdown of estradiol into anti-
cancer metabolites.

Studies using rodent models have evaluated the eVects of
phytochemicals on the initiation and growth of pre-existing
tumors. One study testing the eVect of genistein on trans-
genic mice overexpressing the HER2 gene found that geni-
stein delayed mammary tumor onset. Recently, these
researchers performed a study to determine the eVect of
genistein on an ER�-/HER2+ cell line called BT-474 cells.
They demonstrated that at high doses genistein acts as a
potent tyrosine kinase inhibitor blocking HER2 phosphory-
lation/activation and thereby inhibiting signaling through
the MAPK pathway. In addition, in ER�-cells, genistein
was also found to inhibit HER2 total protein expression by
»50%. Therefore, this study concluded that genistein at a
dosage high enough to inhibit tyrosine kinase activity could
also inhibit HER2 promoter regions in the absence of ER�
and thus decrease HER2 expression through inhibiting it
transcriptionally. Through diVerent experimental trials,
these researchers concluded that this inhibitory eVect on
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HER2 transcription and total protein expression only
occurs in the absence of ER alpha [49]. Therefore, genistein
has been identiWed as an eVective treatment option for
HER2+/ER�-breast cancer for its ability to inhibit cell
growth through these mechanisms.

A 2005 study assessing the eVect of the stilbene resvera-
trol on spontaneously occurring HER2+ mammary tumors
of transgenic mice further supports the utility of phyto-
chemicals as a potential treatment. Results of this study
showed that when resveratrol supplementation was given,
these mice exhibited a delayed spontaneous mammary
tumor development (P < 0.001) with a reduction in the
mean number and size of mammary tumors (P < 0.0001).
Resveratrol treatment was also associated with downregu-
lation of HER2/neu gene expression and increased apopto-
sis of HER2/neu overexpressing mammary tumor cells
[50]. Together, these studies suggest that genistein and res-
veratrol exert antitumor eVects on HER2+ mammary
tumors through their ability to inhibit HER2 activation and
protein expression, making supplementation with these nat-
ural and inexpensive phytochemicals, a potential adjuvant
for HER2+ breast cancer.

Superior eYcacy of anti-HER2 combination therapy 
in the treatment of HER2-positive metastatic 
breast cancer

Knowledge of the biologic characteristics of invasive breast
cancer is critical in determining an optimal treatment
course. A large number of patients with breast cancer are
initially subjected to neoadjuvant or adjuvant chemotherapy,
due to its proven eVectiveness as a single agent therapy in
women with metastatic disease. A speciWc cohort of
patients whose tumors overexpress or amplify HER2 ben-
eWt greatly from trastuzumab treatment as demonstrated by
the signiWcant increase in overall survival of those who
receive such treatment [20–23]. In addition, patients who
demonstrate coexpression of HER2 and HRs (ER or PR),
i.e. HER2+/HR+ tumors derive a greater clinical beneWt
from single agent endocrine therapy [33, 35]. However, the
development of resistance to both single agent trastuzumab
and endocrine therapy, such as tamoxifen, has signiWcantly
complicated the treatment of qualiWed patients with these
forms of monotherapy. Therefore, cancer research has
directed its inquiry toward the study of anti-HER2 combi-
nation therapies signiWcantly over the past decade. This
focus is justiWed by Wndings that have implicated the role of
HER2 in conferring this resistance.

Combination chemo/anti-HER2 therapies have been
proven to be most successful in improving partial and com-
plete responses in most HER2+ disease compared to che-
motherapy alone [51, 52]. However, the determination of
which anti-HER2 therapy is most valuable in halting dis-

ease progression is still under investigation. A large body
of research supports the use of trastuzumab in conjunction
with anthracycline, taxane, or platinum salt-based chemo-
therapy treatment [52, 53]. A 2001 multinational phase III
randomized trial found that combining trastuzumab with
chemotherapy extended the time to disease progression
(TTP; median 7.4 vs. 4.6 months; P < 0.001), increased the
rate of objective (measurable) response (ORR; 50 vs. 32%;
P < 0.001), and lengthened the duration of response (DR;
median 9.1 vs. 6.1 months; P < 0.001) when compared to
chemotherapy alone [52]. Moreover, this combination therapy
was also associated with a lower rate of death at 1 year (22 vs.
33%; P = 0.046) and a 20% reduction in the risk of death.

In support of this study, a comparison of two pivotal tri-
als, one testing the eVect of standard chemotherapy and the
other testing the eVect of chemo/trastuzumab combination
therapy, showed that the addition of trastuzumab signiW-
cantly increased TTP, ORR, DR, and time to treatment fail-
ure (TTF) in HER2+ metastatic patients [51]. It is of
importance to note that chemo/trastuzumab combination
therapy signiWcantly improved overall survival in compari-
son with chemotherapy alone. In fact, in those individuals
who were HER2 (3+), as determined through IHC, addition
of trastuzumab demonstrated a 45% increase in overall sur-
vival after 35 months follow-up. Therefore, these studies
support the use of chemo/trastuzumab combination therapy
as a more eVective treatment then chemotherapy alone for
HER2+ invasive breast cancer.

More recent studies substantiate the use of particular
forms of chemotherapy in combination with trastuzumab.
SpeciWcally, these studies endorse the use of taxanes and
platinum salts as more eVective in improving pathological
complete response (pCR) as well as overall response rates.
These forms of chemotherapy have undergone clinical trial
because preclinical data suggests that the combination of
taxanes, such as docetaxel, and platinum salts act in syn-
ergy with trastuzumab [54]. When combined with trast-
uzumab, the cytotoxic eVects of docetaxel and platinum
salts, cisplatin and carboplatin, were additive. The exact
mechanism of interaction between these drugs is still
unclear, but the data suggest that activation of the apoptotic
pathway is increased [55].

Data from two phase II clinical trials, UCLA-ORN and
BCIRG, which evaluated docetaxel with either cisplatin or
carboplatin in combination with trastuzumab, exhibited the
longest times to progression ever reported for patients with
HER2+ metastatic breast cancer (BCIRG-9.9 and UCLA-
ORN 12.7 months) [55]. Overall response rates in this
patient population were also reported to be increased
(BCIRG-79% and UCLA-ORN-58%). In 2006, Hurley and
colleagues, also testing the eYcacy of docetaxel, cisplatin,
and trastuzumab combination therapy in the HER2+
population, reported successful values for progression-free
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survival (PFS) and overall survival (OS) [54]. At a median
follow-up time of 43 months, the 4-year PFS rate was at
81% (95% CI, 64–90%) with an OS rate of 86% (95% CI,
71–94%). Together, these clinical trials support docetaxel,
cisplatin or carboplatin, and trastuzumab combination ther-
apy to be clinically active in HER2+ breast tumors as well
as advocate this therapy’s ability to signiWcantly increase
patient’s survival rates.

Unfortunately, some women with HER2+ breast cancer
never respond to trastuzumab and are said to have pri-
mary/de-novo resistance. Furthermore, some may initially
respond and develop secondary resistance usually within
1 year of treatment. The mechanism of this resistance is
uncertain. One theory suggests that steric hinderance of
the receptor–antibody interaction may be the cause. The
glycoprotein MUC4 can act as a ligand for HER2 and is
known for its ability to inhibit immune recognition of can-
cer cells and thus promoting tumor progression, metasta-
sis, and suppression of apoptosis. Overexpression of
MUC4 obscures HER2 binding sites for trastuzumab thus
hindering the interaction between antibody and therapeu-
tic target [56]. This correlation between high MUC4
levels and decreased trastuzumab binding capacity has
been proposed as a potential mode of trastuzumab resis-
tance [56].

The use of the dual tyrosine kinase inhibitor lapatinib
(Tykerb) as an alternative mode of HER2 inactivation has
been successful in treating HER2 patients resistant to trast-
uzumab [57]. Since lapatinib binds to the intracellular
domain of EGFR and HER2, its activity does not require
access to the entire receptor [57]. Therefore, tyrosine
kinase inhibitors provide another alternative method of
blocking HER2 transduction. Recent clinical trials have
tested the usefulness of anti-HER2 drug, lapatinib, in
women who were previously unresponsive to monoclonal
antibodies. Two trials in particular tested the combination
of lapatinib with the chemotherapy drug capecitabine,
against capecitabine alone, in women with advanced meta-
static breast cancer that had progressed after treatment reg-
imens that included an anthracycline, a taxane, and
trastuzumab. Both studies concluded that lapatinib/cape-
citabine combination therapy demonstrated superior
eYcacy to capecitabine alone in women with HER2+ met-
astatic cancer that had previously been unresponsive to
trastuzumab [57]. Notably, in the follow-up trial, these
women saw signiWcant gains in the median TTP from 4.3
to 6.2 months. Therefore, in the case of women with
HER2+ breast cancer that is resistant to trastuzumab, tyro-
sine kinase inhibitors like lapatinib have provided a suc-
cessful alternative treatment option.

A subpopulation of women with breast cancer tumors
that are HER2+/HR+ have been found to beneWt from adju-
vant endocrine therapy. However, recent Wndings associat-

ing the overexpression of HER2 with the problem of
primary and secondary resistance to endocrine therapy have
directed research toward the investigation of anti-HER2/
endocrine combination therapy. This combination therapy
could become the standard of treatment if clinical results
prove eYcacious for those with HER2+/HR+ breast cancer.
In 2006, a phase II clinical study enrolled 33 patients to be
treated with the aromatase inhibitor letrozole in combina-
tion with trastuzumab [58]. Twenty-Wve of these patients
(82%) had received prior tamoxifen treatment with 16 of
these cases (48%) experiencing recurrence while taking
tamoxifen. The vast majority of these cases (73%) had vis-
ceral metastatic sites. In addition, 82% of these patients
were conWrmed as HER2+ (FISH+ and or IHC3+) breast
tumors. Combination therapy with letrozole and trast-
uzumab yielded an overall response rate of 26% and a clin-
ical beneWt rate of 52% [58]. These responses were reported
to last at least one year in 25% of the patients, and combin-
ing these two therapies was shown to be well tolerated with
a low incidence of toxic side eVects.

The issue of endocrine/anti-HER2 combined therapy
was also assessed in the randomized phase III TAnDEM
study [2, 35]. This study enrolled 208 patients with HER2+/
HR+ postmenopausal metastatic breast cancer to receive
Wrst-line anastrozole/trastuzumab treatment or anastrozole
monotherapy. The majority of enrolled patients had
received prior endocrine therapy. Anastrozole/trastuzumab
combination therapy was found to signiWcantly improve
progression-free survival compared with anastrozole alone
[2, 35]. Combination therapy also increased overall sur-
vival compared to the monotherapy group (28.5 vs.
23.9 months). In summary, the results of these clinical trials
exhibit a trend toward prolonged overall survival and an
increase in responsiveness to combination therapy com-
pared to endocrine monotherapy.

One drawback to the use of anti-HER2 combination
therapies is the increased incidence of cardiotoxicity, espe-
cially in patients receiving the combination of trastuzumab
plus chemotherapy. For example, in the aforementioned
2001 multinational phase III randomized trial combining
trastuzumab plus chemotherapy, patients experienced an
extremely high rate of cardiac dysfunction (occurring in
27% of the group given an anthracycline, cyclophospha-
mide, and trastuzumab) [52]. Analyses of phase II and III
clinical trials demonstrated that cardiotoxicity associated
with trastuzumab is higher when administered with anthra-
cyclines and may actually be an exacerbation of anthracy-
cline-induced cardiotoxicity. Although the mechanism by
which trastuzumab increases cardiotoxicity induced by
anthracyclines is not yet understood, it should be men-
tioned that the cardiotoxicity experienced by patients
undergoing this combination therapy is largely reversible
with appropriate medical treatment [20, 24].
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Conclusions

Treatment of HR+ breast cancer has become complicated
due to the development of primary and secondary resis-
tance to endocrine therapy. This problem is of great impor-
tance considering that over half of all breast cancers test
HR positive. HER2 has been implicated in conferring such
resistance due to studies that have shown a positive correla-
tion between HER2 overexpression and increased tamoxi-
fen resistance. Tumors testing positive for the HER2
receptor account for 25–30% of all types of breast cancer.
HER2 positive breast cancer has been associated with a fast
progression rate and a poor prognosis. Research investigat-
ing the mechanism by which ER+ tumors establish resis-
tance to antiestrogen therapy has found that the ER has
nongenomic activities associated with activation of EGFR
and HER2. This crosstalk has been shown to enhance the
growth promoting eVects of estrogen, the ligand for the ER,
which allows the breast cancer to progress.

The MAPK pathway has been shown to play a pivotal
role in the activation of the ER by EGFR and HER2. This
activation has been found to promote the expression of
genes that favor cell proliferation and survival. In addition,
ERK has also been found to phosphorylate and activate the
ER coactivator A1B1. Studies have found that higher levels
of the coactivator A1B1 amplify the agonist activities of
estrogen-bound tamoxifen. This may explain why breast
cancer patients displaying high HER2/neu and A1B1 levels
exhibit tumor progression and poor recovery.

The development of diVerent forms of single agent bio-
logic therapies targeting the HER2 receptor has been suc-
cessful in slowing and even halting tumor progression. The
development of the recombinant humanized monoclonal
antibody, trastuzumab, has been successful in eliciting
treatment response in HER2+ patients previously unrespon-
sive to chemotherapy. Trastuzumab treatment was also bet-
ter tolerated among these patients, producing fewer adverse
side eVects. While some patients exhibit resistance to trast-
uzumab treatment, alternative treatment with tyrosine
kinase inhibitors such as lapatinib, have been proven to be
clinically active and tolerable in HER2+ breast cancer. The
mechanism of trastuzumab resistance is uncertain, although
one theory suggests that the overexpression of glycoprotein
MUC4 blocks HER2 binding sites that sterically hinder the
binding of trastuzumab.

Patients with HR+/HER2+ breast cancer have shown a
better response to single agent aromatase inhibitors than
estrogen receptor modulators such as tamoxifen. As HER1
and HER2 signaling has been found to be dependent upon
estrogen, estrogen deprivation through the use of AIs has
been shown to be more successful in halting tumor progres-
sion in these patients. The determination of HER2 status in
patients with breast cancer has also been found to be a pre-

dictive marker for response to speciWc forms of single agent
chemotherapy. Recent studies agree that HER2+ breast
tumors show increased responsiveness to anthracycline-
based chemotherapy regimens, which has been attributed to
the coampliWcation of TopoII� with HER2. As TopoII� is
one of the molecular targets of anthracyclines, it may prove
a useful marker for determining proper anthracycline dos-
age.

The development of resistance to various forms of
monotherapy has necessitated the exploration of various
forms of anti-HER2 combination therapies. The success of
diVerent forms of combination therapy is dependent upon
the biologic characteristics of each patient’s breast cancer
disease. The use of combination therapies appropriate to the
biologic characteristics of a particular patient’s presentation
of HER2+ breast cancer is strongly correlated with an
increase in disease-free survival as well as overall survival
rates. Therefore, determination of tumor HER2, HR,
TopoII�, MUC4 and A1B1 levels is critical in the selection
of the appropriate treatment regimen. Results from various
studies have shown that combination therapies can provide
increased eYcacy and often superior alternatives to single
agent chemotherapy, and therefore should become the stan-
dard of treatment for HER2+ breast cancer.

Future studies

More research further exploring treatments with fewer
adverse side eVects such as trastuzumab, HER2/neu vacci-
nations, and phytochemical treatment is warranted and
highly relevant in HER2 breast cancer research. Further
inquiry directed toward eliminating the overexpression of
MUC4, possibly through targeting MUC4 promoter regions
in order to decrease MUC4 expression, may help reveal the
exact mechanism of trastuzumab resistance in HER2+
breast cancer. This research could make trastuzumab mono-
therapy an eVective alternative to more harsh combination
treatments involving chemotherapy. In addition, long-term
controlled clinical trials are highly necessary in determin-
ing the eVectiveness of HER2/neu peptide vaccinations and
phytochemical supplementation in slowing or eliminating
tumor progression in HER2+ breast cancer patients. Studies
evaluating the utility of resveratrol in halting tumor pro-
gression recognize that much more research is needed in
order to determine the exact binding proteins and pathways
involved in resveratrol action. Evidence proving these treat-
ments to be eVective in halting disease progression in the
long-term would provide HER2 patients with treatment
options that are successful yet less harmful to the patient’s
overall health.

Currently, new anti-HER2 drugs and drug combinations
have been the focus of ongoing studies. Genetech has
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recently been developing another monoclonal antibody
against HER2, pertuzumab (Omnitarg, 2C4), which binds
to the dimerization domain of HER2 inhibiting its heterodi-
merization with other HER family members [2]. Research-
ers have been studying the eYcacy of combining
pertuzumab with trastuzumab and have found that these
two drugs seem to act synergistically to increase apoptosis
and thus inhibit the survival of BT474 breast cancer cells.
Results have indicated that combining these drugs is more
eVective in halting disease progression than either drug
alone. In addition, combining pertuzumab with other anti-
HER2 drugs, such as tyrosine kinase inhibitors, is of inter-
est in treating cancers that not only overexpress HER2 but
also EGFR [59]. One study treated patients with advanced
HER2+ breast cancer, which had progressed after initial
trastuzumab treatment, with the orally administered tyro-
sine kinase inhibitor, neratinib (HKI-272) combined with
trastuzumab. Findings indicated that neratinib in combina-
tion with trastuzumab was well tolerated and clinically
active in advanced HER2+ breast cancer [60].

Most recently, a unique form of combination therapy
involving the drug trastuzumab-DM1 (TDM1) is being
studied as a less-toxic method of delivering chemotherapy
directly to cancerous tissue. This therapy combines trast-
uzumab with the chemotherapy agent, maytansine (DM1)
an inhibitor of tubulin polymerization, and has been termed
immunoconjugate therapy. This type of therapy utilizes
antibodies as a mode of getting cytotoxic agents speciW-
cally to tumors expressing the corresponding antigens.
Trastuzumab-DM1 is selective for HER2 overexpressing
tumors and has thus far proven to be an active agent, even
in trastuzumab refractory tumors. Currently, trastuzumab-
DM1 is being developed clinically for its application in
treating HER2 metastatic disease [61]. Additional research
targeting heat shock protein 90, which is pivotal in the mat-
uration of oncogenic protein HER2, has shown to be beneW-
cial in promoting the ubiquitinization and subsequent
degradation of HER2 [2, 62]. Other research has sought to
inhibit mTOR, a central regulator of the G1 cell cycle.
Results of one study showed that mTOR inhibitor CCI-779
eVectively inhibited proliferation of HER2/neu expressing
BT474 and SKBR-3 cells, thus making it yet another poten-
tial target in the regulation of HER2+ breast cancer [63].

Lastly, it has been found that patients with HER2+ meta-
static breast cancer are at a signiWcantly higher risk for the
development of brain metastases, in fact, nearly one-third
of breast cancer patients with tumors overexpressing HER2
develop brain metastases, especially those who had been
previously treated with trastuzumab. Even though trast-
uzumab eVectively treated patients with lung and liver
metastases, these patients still went onto develop brain can-
cer. Due to these Wndings, researchers have concluded that
trastuzumab may be eVective at inhibiting HER2 in the

liver, lungs, and breast but is too large to cross the blood–
brain barrier (BBB) and reach a concentration adequate for
HER2 inhibition. Therefore, lapatinib, a small molecule
tyrosine kinase inhibitor, is being used in recent clinical tri-
als due to its ability to cross the BBB and in turn block
HER2 in the brain as well as other HER2 metastatic sites in
the body. Current results of clinical trials indicate that
lapatinib is well tolerated and is clinically active in treating
CNS brain metastasis [64].
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