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Abstract: Breast cancer is the second leading cause of cancer death among women. Human epidermal
receptor 2 (HER2) positive breast cancer (HER2+ BC) is the most aggressive subtype of breast cancer,
with poor prognosis and a high rate of recurrence. About one third of breast cancer is HER2+ BC
with significantly high expression level of HER2 protein compared to other subtypes. Therefore,
HER2 is an important biomarker and an ideal target for developing therapeutic strategies for the
treatment HER2+ BC. In this review, HER2 structure and physiological and pathological roles in
HER2+ BC are discussed. Two diagnostic tests, immunohistochemistry (IHC) and fluorescent in
situ hybridization (FISH), for evaluating HER2 expression levels are briefly introduced. The current
mainstay targeted therapies for HER2+ BC include monoclonal antibodies, small molecule tyrosine
kinase inhibitors, antibody–drug conjugates (ADC) and other emerging anti-HER2 agents. In clinical
practice, combination therapies are commonly adopted in order to achieve synergistic drug response.
This review will help to better understand the molecular mechanism of HER2+ BC and further
facilitate the development of more effective therapeutic strategies against HER2+ BC.

Keywords: molecular mechanism; translational therapy; HER2 positive breast cancer; diagnostic
tests; monoclonal antibodies; small molecular inhibitors; antibody–drug conjugates

1. Introduction

Breast cancer is one of the most common cancers and the second leading cause of cancer death
among women of all races [1]. According to the US breast cancer statistics, 12% of women and 0.1%
of men in the US will develop invasive breast cancer during their lifetimes. In 2016, approximately
246,660 and 2600 new cases of invasive breast cancer are expected to be diagnosed in American
women and men, respectively. Apart from lung cancer, death rates of breast cancer among women
in the US are higher than those of any other cancer. Luckily, with the development of early stage
diagnostic technology and increased awareness, the death rates caused by breast cancer have been
decreasing since 1989. However, nearly 40,450 women diagnosed with breast cancer died in 2015 [2].
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Breast cancers can be divided into four subtypes: luminal A (Estrogen Receptor (ER)+, Progestogen
Receptor (PR)+, HER2− and Ki67 (which is a proliferation marker) <14%), luminal B (ER+, PR+,
HER2− and Ki67 ≥14% or ER+, PR+, HER2+), basal-like (ER−, PR− and HER2−), and HER2 positive
breast cancer (HER2+, ER− and PR−). Due to these complex molecular subtypes, it can be challenging
to accurately diagnose and efficiently cure all different types of breast cancers [3].

Human epidermal growth factor receptor 2 (HER2) positive breast cancer (HER2+ BC), which
belongs to a subtype of breast cancer with HER2 gene amplification and HER2 protein overexpression,
accounts for about 25%–30% of all breast cancers [4,5]. With aggressive biological behavior and poor
clinical outcome, HER2+ BC is often associated with significantly shorter disease-free survival and
worse overall survival rates than other subtypes of breast cancer. HER2 is a transmembrane protein
with a molecular weight of 185 kDa. It plays a vital role in the regulation of cell growth, survival and
differentiation [6]. The overexpression of HER2 favors cell proliferation by inhibiting cell apoptosis,
which therefore leads to malignant tumors [7].

Accurately subtyping of the breast cancers is necessary to better identify molecular-based
therapies. The expression level of HER2 is the critical indicator for breast cancer classification.
Immunohistochemistry (IHC) and fluorescent in situ hybridization (FISH) are two commonly used
methods in the clinic for evaluating the expression level of HER2. IHC is often utilized as the screening
test to detect the expression levels of HER2 protein. In some ambiguous cases, the IHC results should
be further validated and confirmed by FISH, which is more sensitive and reliable [8].

There are four mainstay HER2 targeted therapeutic methods for the treatment of HER2+ BC,
including monoclonal antibodies, small molecule tyrosine kinase inhibitors, antibody–drug conjugates
(ADC) and other emerging anti-HER2 agents. Trastuzumab (Herceptin®, Genetech) and pertuzumab
(Perjeta®, Genetech) are the two different Food and Drug Administration (FDA) approved monoclonal
antibody drugs against the extracellular domain of HER2. Trastuzumab is the first line and the
most preferred antitumor drug for HER2+ BC. Though many studies have proved the satisfactory
therapeutic efficacy of trastuzumab [9,10], some HER2+ BC patients showed intrinsic or acquired
resistance to it [11]. Hence, novel anti-HER2 agents are continuing to be developed. Lapatinib (Tykerb®,
GlaxoSmithKline) is a small molecule tyrosine kinase inhibitor, which is the second FDA approved
HER2 targeted drug after trastuzumab. Afatinib (BIBW-2992, Boehringer Ingelheim) and neratinib
(HKI-272, Puma Biotechnology) are another two dual tyrosine kinase inhibitors for HER2+ BC
treatment. Trastuzumab–emtansine (T-DM1, Genetech) is an antibody drug conjugate targeting HER2
combining an anti-microtubule cytotoxic chemical agent with monoclonal antibody trastuzumab.
In clinical practice, in order to achieve synergistic drug response and higher therapeutic efficacy,
combination therapies are mostly adopted, for example the combination of trastuzumab with pertuzumab,
trastuzumab with lapatinib, and combination of anti-HER2 agents with chemotherapeutic agents [6,12–14].

In this review, the biological function of HER2 and its molecular mechanism for tumorigenesis,
HER2 specific diagnostic and the current therapeutic strategies for HER2+ BC are discussed.
This review will help to better understand the molecular mechanism of HER2+ BC and further
facilitate the development of more effective therapeutic strategies against HER2+ BC.

2. HER2 Biology and Its Role in Breast Cancer

2.1. Structure of HER2 and Its Physiological Role in Signaling Pathways

2.1.1. Structure of HER2

Human epidermal growth factor receptor 2 (HER2/neu, ErbB2) is a 185 kDa transmembrane
glycoprotein encoded by the HER2/neu oncogene located at chromosome 17q. It belongs to the
epidermal grow factor receptor (EGFR) family of epithelial tyrosine kinases, which also includes
other three distinct receptors: EGFR (ErbB1), HER3 (ErbB3), and HER4 (ErbB4). Proteins in the EGFR
family are all transmembrane proteins sharing a common basic molecular structure: an extracellular
ligand-binding domain with an amino-terminal, a single transmembrane spanning region and
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an intracellular cytoplasmic domain with tyrosine kinase activity (Figure 1) [15,16]. The extracellular
domain consists of four parts: two repeated ligand binding domains (LD1 and LD2) responsible for
ligand recognition, and cysteine rich sequences (CR1 and CR2) providing a framework to orientate
LD regions. The intracellular domain can be divided into two regions: a catalytic tyrosine kinase (TK)
domain with phosphorylation sites and a carboxyl-terminal tail (CT) [17].
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Figure 1. Basic structure of epidermal growth factor receptor (EGFR) transmembrane proteins. In the
extracellular domain, LD1 and LD2 are two repeated ligand binding domains. CR1 and CR2 are two
repeated cysteine rich regions. TM indicates the short transmembrane spanning sequences. In the
intracellular domain, TK is a catalytic tyrosine kinase, and CT is the carboxyl-terminal tail. Circled Ps
are the phosphorylation sites within the TK and CT regions. This figure is revised based on the review
of the oncogene human epidermal growth factor 2 (HER2) contributed by Moasser [17].

2.1.2. Role in Signaling Pathways

Binding of receptor specific ligands to the extracellular domain of EGFR receptors could induce
homo- and heterodimerization of these receptors. Different from other EGFR family members, HER2
does not have identified ligands and it constitutively exists in an activated conformation. It is
considered as the most preferred dimerization partner with the most potent kinase catalytic activity.
Therefore, HER2 engaged dimerization is more effective on the regulation of cellular processes [18,19].
The heterodimer formed by HER2 and HER3 is the most active signaling complex among other pairs
of EGFR receptors [17,20,21].

The formation of heterodimers or homodimers thereafter activates the intracellular tyrosine
kinase and triggers the autophosphorylation of specific tyrosine residues. The phosphorylation of
tyrosine residues in turn recruits adaptor proteins or enzymes to initiate a succession of signaling
cascades to regulate cellular processes [22]. These signaling cascades can be transduced via at least
two distinct pathways: phosphatidyl inositol 3-kinase (PI3K)-Akt and Ras/Raf/mitogen-activated
protein kinase (MAPK). Different intracellular signaling cascades are induced by different types of
dimers [23]. The induction of PI3K signaling activities is stimulated by the heterodimer composed of
HER2 and HER3. However, as for Ras/Raf/MAPK signaling pathway, it can be activated by all of the
dimers containing HER2 (HER1/HER2, HER2/HER2, HER2/HER3 and HER2/HER4) [16]. The PI3K
and MAPK signaling pathways are the two most studied key signaling transduction pathways that
favor cell proliferation by inhibiting cell apoptosis. Figure 2 shows the scheme of the two HER2
signaling pathways.
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3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways are the two major and most 
studied pathways which take a pivotal role in tumor proliferation and anti-apoptosis. The whole 
signal transduction process can be divided into three sections: signal input (ligand-binding and 
dimerization), signal processing (a series of signaling cascades) and signal output (corresponding 
cellular processes). The scheme is modified based on two works contributed by Yarden et al. [15] and 
Tai et al. [16], respectively. 
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EGFR family members to form heterodimers [19]. Overexpression of HER2 makes excessive HER2 
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Figure 2. Schematic diagram of HER2 signaling pathways. Upon ligand binding, dimerization between
receptors of EGFR family and HER2 receptor is induced. The homodimers or heterodimers thereafter
stimulate a serial of signaling cascades. Among various signaling pathways, the phosphatidyl inositol
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways are the two major and most
studied pathways which take a pivotal role in tumor proliferation and anti-apoptosis. The whole
signal transduction process can be divided into three sections: signal input (ligand-binding and
dimerization), signal processing (a series of signaling cascades) and signal output (corresponding
cellular processes). The scheme is modified based on two works contributed by Yarden et al. [15] and
Tai et al. [16], respectively.

In normal cells, these signaling cascades will be terminated primarily relying on endocytosis of
the complexes formed by EGFR receptors and their corresponding ligands. Then the EGFR receptors
may have two destinations: recycling to the cell surface or degradation by various enzymes. Based on
these processes, a dynamic balance of the physiologic outcomes, which includes cell division, survival,
proliferation and apoptosis, will be maintained. Under normal circumstances, these signaling processes
are essential for normal cell growth and will not lead to tumor growth [22].

2.2. Tumorigenic Action of HER2

In normal cells, HER2 plays a vital role in various cellular processes and the expression level of
HER2 remains stable. However, when overexpression of HER2 occurs for various reasons, it will lead
to tumorigenesis and metastasis [7].

As mentioned above, HER2 engaged dimerization is more effective on the regulation of cellular
processes especially in promoting cell proliferation by inhibiting cell apoptosis. Several molecular
rationales may illustrate the phenomenon. First, HER2 is the priority choice for other receptors in EGFR
family members to form heterodimers [19]. Overexpression of HER2 makes excessive HER2 receptors
available for ligand-activated HER1/HER3/HER4 binding to form extra heterocomplexes [24]. Second,
HER2 may strengthen the affinity of ligand-binding for other receptors to their corresponding ligands,
probably by slowing down the dissociation rate of ligands from the formed active heterodimers.
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Furthermore, HER2 may weaken the specificity of its heterodimerization partners, which enables HER2
to pair with a broader spectrum of EGFR analogues [25]. Consequently, HER2-containing heterodimers
are capable of responding for a prolonged time with a strong signal. Third, HER2 engaged dimerization
can activate both of the key signaling pathways: the cell proliferative RAS/Raf/MAPK pathway and
the cell survival PI3K/Akt pathway. Finally, HER2-containing heterodimers may escape from the
inactivation processes by decreasing the rate of internalization or degradation of HER2 dimers, and
recycling to cell surface rather than going into a degradative pathway [22]. All these processes caused
by the overexpression of HER2 may disrupt the dynamic balance of various cellular processes and
lead to uncontrollable tumor growth.

Taken together, the role of HER2 in the regulation of cellular processes can be summarized
in a simple way. When the HER2/neu gene expresses HER2 protein normally, only appropriate
numbers of HER2 heterodimers will be established, and therefore the signaling responses to these
growth factors will be at normal levels. However, when amplification of HER2/neu gene occurs,
it induces the overexpression of HER2 protein (usually 10–100-fold of greater than the nearby normal
cells). Then an excessive amount of HER2-containing heterodimers will be formed which enhances the
signaling responses to growth factors [26]. Finally, malignant growth and tumorigenesis appears [23].

2.2.1. HER2 and Breast Cancer

Among all the cancers related with HER2 amplification and HER2 overexpression, breast
cancer is the most widely studied type. HER2 positive breast cancer (HER2+ BC), with HER2 gene
amplification and HER2 protein overexpression, accounts for about 25%–30% of all breast cancers [4,5].
With aggressive biological behavior, chemotherapy resistance and poor prognosis, HER2+ BC is
considered to be one of the toughest subtypes of all breast cancers [27–29]. It is reported that the
overall survival rate as well as relapse time for HER2+ BC patients are remarkably shorter than those
with other subtypes of breast cancers [16].

There are several cellular mechanisms that may underlie the poor prognosis in patients with HER2+
BC [22,30]. Firstly, overexpression of HER2 in HER2+ BC may strengthen the metastatic properties of
tumor cells, including invasion, angiogenesis, stronger survival and greater proliferation [31]. Secondly,
HER2+ BC has greater chance to be resistant to some therapies, such as chemotherapy and hormone
therapy. The resistance may therefore lead to poor and low drug response to these therapies [32].
Moreover, a high percentage of S-phase cells in HER2+ BC samples indicates that overexpression of
HER2 is in favor of cell proliferation. Additionally, overexpression of HER2 in HER2+ BC may be
related to the larger tumor size and aneuploidy [22].

2.2.2. HER2 and Other Cancers

Apart from HER2+ BC, overexpression of HER2 is also frequently found in gastric cancer, ovarian
cancer and prostate cancer. Gastric cancer is the second leading cause of cancer death worldwide.
HER2 overexpression in gastric cancer was first described in 1986 [33]. Thereafter, accumulated
evidences revealed the correlation of HER2 overexpression and poor clinical outcomes [34–37].
HER2-overexpressing gastric cancer approximately varies from 6% to 35% [38]. Ovarian cancer is the
most common cause of gynecological cancer death. The percentage of HER2 overexpression in ovarian
cancer is estimated in the range of 9%–32% [39–41]. HER2 overexpression is also found in prostate
cancer and many efforts have been made to study the HER2 expression in prostate cancer [42,43].

3. Diagnosis of HER2+ BC

The 2007 American Society of Clinical Oncology (ASCO) guidelines recognized that HER2 is
an important prognostic, predictive, and therapeutic biomarker in invasive breast cancer. Evaluation
of HER2 status in breast cancer has prognostic and therapeutic response value. To be more specific,
HER2 status may facilitate the choice of appropriate molecular therapy by predicting the response to
chemotherapy, hormonal therapy and anti-HER2 therapy [44]. Therefore, it is necessary to determine
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HER2 status in every primary breast cancer either at the time of diagnosis or recurrence to guide therapy.
Currently, there are various methods for determining HER2 status, such as IHC, enzyme-linked
immunosorbent assay (ELISA) analysis and Western blot test for HER2 protein overexpression, FISH,
chromogenic in situ hybridization (CISH), silver in situ hybridization (SISH), Southern blot and
polymerase chain reaction (PCR) for HER2/neu gene amplification [44–47]. Of all these tests, IHC
and FISH are the two most frequently used methods to assess HER2 status. They have the common
property of being able to correlate HER2 expression to morphologic features [48]. About 80% of HER2
evaluation begins with IHC, which is used primarily as a screening test [8].

Most national testing guidelines suggest the following testing workflow to diagnosis of HER2+
BC (Figure 3). Tumor samples are initially tested by IHC which acts as screening test. Then the samples
are divided into three subtypes based on the slide scores of IHC: negative report cases (IHC 0/1+),
equivocal cases (IHC 2+) and positive cases (IHC 3+). The equivocal samples will be retested by FISH
to verify their HER2 expression more accurately [44]. Positive cases indicate patients are eligible for
anti-HER2 therapies [49,50].
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Figure 3. Workflow of HER2 positive breast cancer diagnosis. Tumor samples are initially tested by
immunohistochemistry (IHC). Then the samples are divided into three subtypes based on the slide
scores of IHC: negative report cases (IHC 0/1+), equivocal cases (IHC 2+) and positive cases (IHC
3+). The equivocal samples will be retested by FISH to verify its HER2 expression more accurately.
The figure is a modified version based on Bilous’s work [44].

3.1. Immunohistochemistry

There are many advantages of IHC testing to determine the HER2 status; it is fast, widely used,
relatively cheap, easy to preserve species and convenient to carry out by using common microscope.
Therefore, it becomes the most frequently used primary technique to assess HER2 status. The detection
process is as follows. Firstly, the slides of tumor samples are incubated with a specific antibody directly
against HER2 protein. Then, the free unbound antibodies are washed away and an enzyme-conjugated
secondary antibody against the primary antibody is added. Finally, the complex is made visible with
a chromogen. A colorimetric relationship will be established between the number of HER2 proteins
on the cell surface and the distribution as well as intensity of the immune stain. The scoring system
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of the staining results is following the DAKO (Glostrup, Denmark) guidelines (Table 1) [51]. In the
scoring system, tumor cells containing fewer than 20,000 HER2 receptors would show no staining
(negative, IHC 0); cells containing about 100,000 HER2 receptors would show weak or incomplete
membrane staining with less than 10% of the cells stained (IHC 1+); cells containing approximately
500,000 HER2 receptors would show light to moderate complete membrane staining in more than 10%
of the cells (IHC 2+) and cells containing approximately 2,300,000 HER2 receptors would show strong
and complete membrane staining in more than 30% of the tumor cells (IHC 3+) [47,49].

Table 1. Scoring criteria for immunohistochemistry (IHC) results [51].

IHC Score Represent Numbers of
HER2 Receptors Staining Pattern Percentage of

Cells Stained

0 Negative <20,000 No staining 0
1+ Negative about 100,000 Faint incomplete staining <10%
2+ Weak positive about 500,000 Light to moderate complete staining >10%
3+ Strong positive about 2,300,000 Strong complete staining >30%

On the other hand, IHC testing has some limitations, for example the effect caused by the
pre-analytic, analytic and post-analytic processes. There is no uniform control for time, type of
tissue fixation, and temperature of paraffin embedding, and there is no standard for processing
the tissue samples, all of which may result in fluctuation of the IHC results of the same specimens.
Moreover, reduced immuno-reactivity for HER2 proteins to their corresponding antibodies may
happen due to prolonged storage of unstained slides, causing the IHC scores to be negatively affected.
Most importantly, IHC test is a semi-quantitative method, as it is based on a subjective determination
of the intensity of the color reaction [52].

3.2. Fluorescent In Situ hybridization (FISH)

FISH is a more reliable, sensitive and accurate testing tool with less influence by pre-analytic
and analytic variable factors. A major advantage of FISH compared to IHC is that the evaluation of
HER2 status is much more quantitative and includes internal control cells which are located adjacent
to tumor cells in the same tissue section for parallel comparison [50]. This method is used not only in
the diagnosis of breast and gastric tumors, but also in monitoring the response to treatment for these
tumors [53].

Three types of FISH assays are approved by the FDA, including PathVysion (Abbott Laboratories)
and Dako PharmDx (Dako Corporation) FISH test which two use dual probes (one for HER2 and
the other for the centromere 17) and the Ventana Inform (Ventana Medical Systems) which uses
a single probe only for HER2. These testing methods share a similar testing procedure, which utilizes
fluorescently labeled probes that are partly complementary to the HER2/neu gene [53]. After binding
to complementary DNA of the tumor cells on the slide, the probes can be visible under a fluorescence
microscope. Then the number of HER2/neu gene copies can be estimated. The ratio of HER2/neu gene
to chromosome 17q centromere (CEP 17) will then be calculated [45]. According to current guidelines,
the FISH results can be interpreted in a detailed and complex way (Table 2) [54].

Table 2. Recommended reporting of FISH results [51,53].

Amplification for HER2
Dual-Probe Single Probe

HER 2/CEP 17 HER2 Signals/Cell HER2 Signals/Cell

Positive
≥2.0 ≥4.0

≥6.0≥2.0 <4.0
<2.0 ≥6.0

Equivocal <2.0 ≥4.0 and <6.0 ≥4.0 and <6.0

Negative <2.0 <4.0 <4.0
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However, FISH also has its limitations. It usually takes about two days and requires the use
of expensive fluorescence microscopy. In addition, it requires extensive training and expertise to
distinguish between normal cells and malignant cells from the FISH results [44]. Furthermore, it also
takes much time to score the results and sometimes the scoring may be affected by the overlapping of
nuclei. Additionally, the fluorescence may fade out overtime; the sample slides and kits should be
carefully preserved and tested as soon as possible. Lastly, the prior protein digestion may affect the
morphology of tumor samples, making it difficult to recognize. Therefore, FISH is not chosen as the
primary screening test and it is mainly used in IHC 2+ group to confirm the HER2 status of the tumor
samples [47,48].

4. Drugs Targeting HER2

Overexpression of HER2 is closely related to the development and progression of breast cancer.
Therefore, HER2 becomes a critical target for developing therapeutic drugs against HER2+ BC.
The development of anti-HER2 therapies has significantly improved the clinical outcome for patients
with HER2+ BC [12]. In this mini-review, four major anti-HER2 drugs for HER2+ BC treatment are
discussed, including monoclonal antibodies, small molecule tyrosine kinase inhibitors, ADC and other
emerging anti-HER2 agents. Combination therapies using monoclonal antibodies with other drugs are
also discussed. The acting pathways of involved molecular approaches for the treatment of HER2+ BC
are briefly presented in Figure 4.
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Tsang [13]. Drugs targeting HER2 may include monoclonal antibodies, small molecular tyrosine kinase
inhibitors, antibody–drug conjugates, heat shock protein 90 inhibitors and inhibitors of downstream
signal molecules. T-DM1: Trastuzumab–emtansine.

4.1. Monoclonal Antibodies

4.1.1. Trastuzumab

Trastuzumab (Herceptin®, Genetech) is the first humanized monoclonal antibody approved for
the treatment of HER2+ BC by the FDA in 1998. With the advent of trastuzumab, the prognosis of
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patients with HER2+ BC both in metastatic and adjuvant settings has been dramatically improved.
Several clinical trials have shown that trastuzumab improves overall survival (OS) in metastatic breast
cancer [9,55], increases pathological complete response (pCR) in the neoadjuvant setting [56], and
improves disease-free survival (DFS) and OS in the adjuvant setting [57,58].

Mechanism of Action

The mechanisms through which trastuzumab exerts its effects are not completely clear, but
it is believed to be involved in the prevention of the formation of HER2-containing heterodimers,
antibody-dependent cell-mediated cytotoxicity (ADCC), disruption of downstream signaling pathways,
inhibition of cleavage of HER2, and promoting endocytosis of HER2 receptors [59,60]. These possible
mechanisms of action of trastuzumab on HER2 are shown in Figure 5.
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Figure 5. Potential action mechanisms of trastuzumab targeting HER2 receptor. (A) Blocking of the
dimerization of HER2 and other EGF receptors; (B) Role of antibody-dependent immune-mediated
response; (C) Binding of trastuzumab and HER2 may prevent HER2 extracellular domain from cleavage
or shedding, which would further inhibit downstream signaling transductions and promote cell
apoptosis; and (D) Endocytosis of HER2 receptor conjugated with trastuzumab. Reproduced based on
Hudis’s work [59].

Mechanisms of Resistance

Though trastuzumab exerts its effect quite successfully in the treatment of early and advanced
HER2+ BC, a proportion of patients have intrinsic or acquired resistance to it. In general, there are four
proposed mechanisms for resistance to trastuzumab [61–64].

First, the interaction between receptor and antibody is blocked. Obstacles preventing trastuzumab
binding to HER2 also explain the resistance to some extent. Several studies reported that MUC4, also
a transmembrane protein, may mask the epitope on HER2. Hence, trastuzumab has difficulty to access
and bind to HER2. Therefore, the efficacy of trastuzumab may be significantly reduced [65,66].

Second, the immune system fails to respond. As is mentioned above, ADCC may take a non-negligible
role in the antitumor action of trastuzumab. If polymorphisms and other dysfunctions of Fc receptor
make it fail to trigger an immune-mediated mechanism, this would reduce the ADCC response to
trastuzumab, leading to resistance to trastuzumab [11].
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Third, downstream signaling pathways are upregulated. Phosphatase and tensin homolog (PTEN)
loss, presence of p95 (extracellular receptor cleavage forming truncated form of HER2 p95) [67,68] and
presence of excess ligands may belong to this category of hypothetical resistance mechanisms. They all
upregulate downstream signaling pathways that promote cell proliferation and inhibit apoptosis
even though HER2 dimerization is blocked by trastuzumab. A study found that activation of PTEN
helped trastuzumab to exert its antitumor activity. Deficiency of PTEN may be a significant predictor
for trastuzumab resistance [69]. As an evidence, it is reported that a high level of p95 HER2 in
primary tumor cells has significant correlation with reduced five-year disease-free survival (DFS)
(p < 0.0001) [70]. Presence of excess ligands can also lead to resistance. It is reported that excess
ligands may stimulate formation of more HER2-containing heterodimers and drive cells towards
uncontrollable growth with reduced apoptosis. In this kind of tumor cell lines, trastuzumab may fail
its mission or be less efficient [71].

Fourth, alternative signaling pathways are activated. Even though trastuzumab successfully
recognizes and acts on HER2 preventing the signaling transduction pathways induced by
HER2-containing dimers, alternative pathways unrelated with HER2 can be activated by other factors,
such as insulin-like growth factor-I receptor (IGF-IR) [72].

4.1.2. Pertuzumab

Pertuzumab (Perjeta®, Genetech) is the second humanized monoclonal antibody for anti-HER2
therapy approved by the FDA in 2013. Like trastuzumab, it exerts its function by binding with
an epitope on the extracellular domain of HER2 receptors, therefore preventing the formation of
HER2-containing heterodimers. However, pertuzumab could form a complex with HER2 on the
heterodimerization interface, which has different epitopes from trastuzumab [73,74]. Based on the
in vitro studies and clinical data, pertuzumab is superior in disrupting the formation of HER1 and
HER2 heterodimer and HER2 and HER3 heterodimer [75]. However, pertuzumab as single agent
for the treatment of HER2+ BC without any chemotherapy has limited efficacy [76]. Nevertheless,
when pertuzumab is used in combination with trastuzumab providing a more complete blockade
of the HER2 signaling pathway, it greatly optimizes the antitumor effects [76,77]. In this aspect, the
combination has partially solved the drug resistance when trastuzumab failed to bind to HER2 due to
one site mutation of HER2. However, it cannot address other situations of resistance, such as activation
of alternative signaling pathways and upregulation of downstream signaling.

4.1.3. Antibody Drugs for HER2+ BC in Ongoing Clinical Trials

Besides the two existing FDA-approved monoclonal antibodies for HER2+ BC therapy, there are
some novel monoclonal antibodies directed against HER2. Margetuximab (MGAH22, MacroGenics)
is one of them, showing great promise. It is an Fc-optimized chimeric monoclonal antibody with
enhanced ADCC [78]. Currently margetuximab is under its phase III clinical trial enrolling patients
with HER2+ BC (NCT02492711) [79]. Another studied antibody is a bispecific antibody fusion protein
named MM-111 (Merrimack Pharmaceuticals, Cambridge, MA, USA). MM-111 is developed by linking
modified human serum albumin with anti-HER2 and HER3 single chain antibody moieties together.
It is postulated that MM-111 could anchor to HER2 and block heregulin-induced activation of HER3
to treat HER2/HER3 driven breast cancer. Thus, it may be a complement for the current anti-HER2
therapy for treatment of HER2+ breast cancer [80,81].

4.2. Small Molecule Tyrosine Kinase Inhibitors

Monoclonal antibodies exert their functions by binding to the extracellular domain of HER2
receptor, which prevents the dimerization of HER2 and other EGF receptors, while tyrosine
kinase inhibitors (TKIs) bind to the intracellular tyrosine kinase domain of HER2 to prevent the
phosphorylation of tyrosine kinase and thus inhibit the activation of downstream signaling pathways.
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4.2.1. Lapatinib

Lapatinib (Tykerb®, GlaxoSmithKline) is the second anti-HER2 targeting agent, approved by the
FDA in 2005. It is an orally active, reversible and dual small molecular inhibitor of HER2 and HER1
with prolonged inhibition of tyrosine phosphorylation in tumor cells [82–84]. Figure 6 shows the
chemical structure of lapatinib. A previous study found lapatinib showed high efficacy to halt tumor
progression when used as a first-line therapy for HER2+ BC. The result showed about 24% patients
(n = 138) who received treatment of lapatinib for 17.6 weeks demonstrated an overall response (OR)
of 31%, and progression-free survival (PFS) rate of 63% at Month 4 and 43% at Month 6. The most
common adverse events caused by lapatinib were diarrhea, rash, pruritus, and nausea. However,
these events were primarily graded at mild level as 1 or 2 [85]. This study indicated that lapatinib is
clinically active and well tolerated, which makes it reasonable to further evaluate the possibility of
lapatinib to be used as first-line agent in treatment of HER2+ BC.
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Several postulated acting mechanisms could be concluded based on studies [16]. First, it
could target the tyrosine kinase domain of HER2 and HER1 to inhibit the downstream signaling
transduction. Second, it could also interrupt the activity of molecules involved in the HER2 activated
downstream signaling transduction [86]. Moreover, it could induce cell apoptosis by inhibiting IGF-IR.
Since lapatinib acts through different manners with trastuzumab, it may retain significant activity in
patients with HER2+ BC who are resistant to trastuzumab [87]. Therefore, lapatinib in combination with
monoclonal antibodies may produce a synergistic effect in antibody resistant cancers. As an example,
it is reported that a combination therapy of lapatinib with anti-HER2 antibody enhanced the apoptosis
in HER2+ BC cells [88]. Another study evaluating trastuzumab plus lapatinib for the treatment of
HER2+ BC reported that the observed response rate (ORR) was 50% in the first-line; 57% and 40%
of patients in the two cohorts gained clinical benefit; and it showed a higher ORR (in the range of
24%–35%) than that of using trastuzumab or lapatinib alone [89].

4.2.2. Afatinib

Afatinib (BIBW-2992) (Boehringer Ingelheim) is an orally active irreversible dual inhibitor of EGFR
and HER2. Its chemical structure is presented in Figure 7. In a phase II study, afatinib monotherapy
was carried out in heavily pretreated HER2+ MBC patients in which partial response (PR) was 10%
(n = 41) and stable disease was 37% (n = 37) [90]. Though afatinib has some antitumor activities in
HER2+ BC, it is usually used in combination with other anti-HER2 agents, such as trastuzumab.
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4.2.3. Neratinib

Neratinib (HKI-272, Puma Biotechnology) is also an orally taken and active irreversible inhibitor of
EGFR, HER2 and HER4 receptors. Figure 8 shows its chemical structure. It can inhibit the downstream
signaling transduction induced by HER2 dimerization and thus prevent tumor cell proliferation.
In a phase II open-label clinical trial, 240 mg of oral neratinib was administered to two cohorts of
patients. One cohort was pretreated with trastuzumab (n = 66) and the other was not pretreated
(n = 70). The overall response rate (ORR) was 24% and 56%, respectively. Efficacy results were better
in the non-pretreated group, with PFS rate 78% in the trastuzumab native group and 59% in the
trastuzumab pretreated group. Moreover, the study also reported that a majority of the recruited
patients showed reduction in their tumor sizes [91]. Therefore, neratinib has great potential in showing
substantial clinical activity.

Int. J. Mol. Sci. 2016, 17, 2095  12 of 21 

 

 
Figure 7. Chemical structure of afatinib, with the chemical formula C24H25ClFN5O3S and a molecular 
weight of 485.9384 g/mol. 

4.2.3. Neratinib 

Neratinib (HKI-272, Puma Biotechnology) is also an orally taken and active irreversible inhibitor 
of EGFR, HER2 and HER4 receptors. Figure 8 shows its chemical structure. It can inhibit the 
downstream signaling transduction induced by HER2 dimerization and thus prevent tumor cell 
proliferation. In a phase II open-label clinical trial, 240 mg of oral neratinib was administered to two 
cohorts of patients. One cohort was pretreated with trastuzumab (n = 66) and the other was not 
pretreated (n = 70). The overall response rate (ORR) was 24% and 56%, respectively. Efficacy results 
were better in the non-pretreated group, with PFS rate 78% in the trastuzumab native group and 59% 
in the trastuzumab pretreated group. Moreover, the study also reported that a majority of the 
recruited patients showed reduction in their tumor sizes [91]. Therefore, neratinib has great potential 
in showing substantial clinical activity. 

 
Figure 8. Chemical structure of neratinib, with the chemical formula C30H29ClFN6O3S and a molecular 
weight of 557.0427 g/mol. 

4.3. Antibody–Drug Conjugates 

4.3.1. Ado–Trastuzumab Emtansine 

Ado–trastuzumab emtansine (T-DM1, Genentech) is an ADC which was approved by the FDA 
in 2013 [92]. The structure of T-DM1 is presented in Figure 9. Via a stable thioether linker, T-DM1 can 
be selectively delivered into tumor cells with HER2 overexpression. After a series of steps, the DM1 
can be liberated in the cytoplasm, resulting in cell cycle arrest and apoptosis [93–95]. 

Figure 8. Chemical structure of neratinib, with the chemical formula C30H29ClFN6O3S and a molecular
weight of 557.0427 g/mol.

4.3. Antibody–Drug Conjugates

4.3.1. Ado–Trastuzumab Emtansine

Ado–trastuzumab emtansine (T-DM1, Genentech) is an ADC which was approved by the FDA in
2013 [92]. The structure of T-DM1 is presented in Figure 9. Via a stable thioether linker, T-DM1 can be
selectively delivered into tumor cells with HER2 overexpression. After a series of steps, the DM1 can
be liberated in the cytoplasm, resulting in cell cycle arrest and apoptosis [93–95].
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Figure 9. Molecular structure of T-DM1. The monoclonal antibody (trastuzumab) was conjugated with
a cytotoxic agent (emtansine, which is also named DM1) through a thioether linker.

The potential acting mechanism is shown in Figure 10. Initially, trastuzumab specifically
recognizes and binds to the extracellular domain of HER2. Then, the interaction of the above step
may induce passive endocytosis of the formed complex of trastuzumab and HER2. Next, the complex
enters into the cytoplasm. Under the action of various enzymes in intracellular lysosomes, the
complex may undergo a degradation process, which separates the DM-1 from the complex. Finally,
the liberated DM-1 exerts its cytotoxicity on microtubules by inhibiting their formation and thus lead
to cell apoptosis.

Int. J. Mol. Sci. 2016, 17, 2095  13 of 21 

 

 
Figure 9. Molecular structure of T-DM1. The monoclonal antibody (trastuzumab) was conjugated 
with a cytotoxic agent (emtansine, which is also named DM1) through a thioether linker. 

The potential acting mechanism is shown in Figure 10. Initially, trastuzumab specifically 
recognizes and binds to the extracellular domain of HER2. Then, the interaction of the above step 
may induce passive endocytosis of the formed complex of trastuzumab and HER2. Next, the complex 
enters into the cytoplasm. Under the action of various enzymes in intracellular lysosomes, the 
complex may undergo a degradation process, which separates the DM-1 from the complex. Finally, 
the liberated DM-1 exerts its cytotoxicity on microtubules by inhibiting their formation and thus lead 
to cell apoptosis. 

 
Figure 10. Potential action mechanism of T-DM1. (A) Trastuzumab specifically recognizes and binds 
to extracellular domain of HER2; (B) induced passive endocytosis of the formed complex of 
trastuzumab and HER2; (C) the complex may undergo a degradation process to separate the DM-1 
from the complex; and (D) the liberated DM-1 exerts its cytotoxicity on the microtubule. Modified 
based on the work contributed by Martinez et al. [94]. 

4.3.2. A Novel Biparatopic ADC for HER2+ BC 

Recently, a study constructed a novel HER2 directed ADC of a biparatopic antibody linked with 
a tubulysin-based microtubule inhibitor. It was found that this novel ADC showed a greater efficacy 
for HER2+ BC than T-DM1. The reported biparatopic antibody can recognize and bind to two distinct 
epitopes on the HER2 receptor. This interaction could induce clustering of HER2 which could then 
facilitate the internalization, lysosomal trafficking and degradation of the clustered HER2. Through 

DM-1

Antibody 
(Trastuzumab)

Linker

Cytotoxic agent

HER2 receptor

P

P
P

P
P

T-DM1

Microtubule

A

D

C

B

Figure 10. Potential action mechanism of T-DM1. (A) Trastuzumab specifically recognizes and binds to
extracellular domain of HER2; (B) induced passive endocytosis of the formed complex of trastuzumab
and HER2; (C) the complex may undergo a degradation process to separate the DM-1 from the complex;
and (D) the liberated DM-1 exerts its cytotoxicity on the microtubule. Modified based on the work
contributed by Martinez et al. [94].

4.3.2. A Novel Biparatopic ADC for HER2+ BC

Recently, a study constructed a novel HER2 directed ADC of a biparatopic antibody linked with
a tubulysin-based microtubule inhibitor. It was found that this novel ADC showed a greater efficacy
for HER2+ BC than T-DM1. The reported biparatopic antibody can recognize and bind to two distinct
epitopes on the HER2 receptor. This interaction could induce clustering of HER2 which could then
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facilitate the internalization, lysosomal trafficking and degradation of the clustered HER2. Through
thoughtful experimental design, the study also indicated that a broader group of patients (eligible or
ineligible and relapsed/refractory for T-DM1 treatment) could benefit from this biparatopic ADC [96].

4.4. Other Emerging HER2 Targeted Agents

Heat shock protein 90 (HSP90) inhibitors are novel therapeutic approach for HER2+ BC. HSP90
is a molecular chaperone which is necessary for maintaining the stability and function of proteins.
When HSP90 is inhibited by its corresponding inhibitors, its client protein will be unstable and
eventually undergo degradation by proteinases. HER2 is one of the most sensitive client proteins of
HSP90 [97]. High levels of HSP90 in breast cancer are reported to be associated with decreased survival
rate [98]. HSP90 inhibitor can inhibit the activity of HSP90 and thus promote the degradation of HER2
receptor. Then the downstream signaling transduction induced by HER2-containing heterodimers
could be reduced [99–101]. The first generation HSP90 inhibitor tanespimycin (17-AAG, KOS-953;
Bristol-Myers Squibb, USA), has shown active antitumor activity against HER2+ BC. The therapeutic
efficacies of both phase I study of tanespimycin plus trastuzumab and a subsequent single-arm phase II
trial were encouraging [102,103]. Furthermore, the other two HSP90 inhibitors, retaspimycin (IPI-504;
Infinity Pharmaceuticals) and AUY922 (Novartis), are currently under early phase clinical evaluation
as single agents or in combination with trastuzumab [13].

Inhibitors of downstream signaling pathways are also a class of emerging agents against HER2+
BC. These inhibitors, which include mammalian target of rapamycin (mTOR) inhibitors and PI3K
inhibitors, act directly on downstream signaling pathways to inhibit tumor cell proliferation and
promote apoptosis [13,14,68]. Preclinical data demonstrated that the use of these inhibitors may
provide a solution for the acquired resistance of anti-HER2 therapy by inhibiting the upregulation of
downstream signaling transductions. Everolimus is an example of these inhibitors which is thought
to be the first non-HER2 targeted agent to specifically address the proposed underlying resistance
mechanism caused by trastuzumab [62].

4.5. Combination Therapy

Strategies of combining HER2 targeted agents with each other and combining anti-HER2 drugs
with chemotherapy are usually carried out for the treatment of HER2+ BC. Various therapeutic
approaches have been developed [104]. Combination therapies using anti-HER2 monoclonal antibodies
and chemotherapeutic agents are the major approaches for treating HER2 positive breast cancer,
especially for metastatic cancer [105]. Lapatinib was also used in combination with chemotherapy
drugs such as paclitaxel, anthracyclin and docetaxel [106]. Furthermore, trastuzumab in combination
with lapatinib can also dramatically improve the ORR and clinical benefit rate for the treatment of
HER2+ BC patients [107,108]. This combination therapy is also commonly used in clinic for HER2+ BC
therapy. In order to achieve higher efficacy with lower side effects, more therapeutic strategies should
be explored and developed.

5. Anti-HER2 Molecular Therapy for Breast Cancer with HER2 Somatic Mutations

Recent studies reported that activating mutations of HER2 in patients without HER2 amplification
might occur in 2%–4% of breast cancers [109]. These HER2 somatic mutations are caused by formation
of intracellular HER2 residues which makes the tyrosine kinase constitutively active. They are likely to
drive HER2-dependent tumor progression, though patients with HER2 mutant breast cancer could not
be detected by IHC or FISH test [110–112]. Some studies showed that patients with activating HER2
mutations might also benefit from anti-HER2 targeted agents, especially for neratinib. For example,
Bose and co-workers found that seven activating mutations in their experimental system were sensitive
to neratinib [113]. A more recent study also pointed out that neratinib could inhibit the growth of cell
lines with mutated HER2, and early clinical data of neratinib acting on HER2 mutant breast cancer
were promising [114]. However, not all cases support the point of view that HER2 targeted therapy is
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beneficial. Some studies also indicated that patients with HER2 mutations could show resistance to
lapatinib [109,113,115]. Thus, it remains uncertain whether HER2 somatic mutations can be targets for
anti-HER2 molecular therapy. There is continuous ongoing research about this.

6. Conclusions

HER2 is one of the best characterized molecular biomarkers and an ideal target for developing
therapeutic strategy for the treatment of HER2+ BC. Clinically, methods for evaluating HER2 status
are generally utilized to determine the subtype of breast cancers, and then identify the appropriate
molecular therapy for corresponding breast cancer. Based on the understanding of the HER2 biology
and its role in breast cancer, a variety of HER2 targeted agents have been developed. Among those
agents, monoclonal antibody trastuzumab as the prior choice for the treatment of HER2+ BC
benefits patients significantly in clinical practice. However, intrinsic or acquired drug resistance
to trastuzumab may be engendered in many patients with HER2+ BC. Therefore, clinically, combination
therapies of trastuzumab and other anti-HER2 agents and combination therapies of anti-HER2 agents
and chemotherapy are commonly conducted to optimize their therapeutic efficacy. However, these
combination therapies still have some limitations, such as side effects. The economic costs of combination
of HER2 targeted therapies may be prohibitive for patients. This means that only a minority of patients
can gain benefits from the combination. The ultimate purpose is to be able to customize or personalize
drug therapy with high efficacy and low toxicity. Hence, a great deal of effort is still needed to seek better
therapeutic strategies to combat HER2+ BC.

Acknowledgments: Sincere thanks should go to the other academic staff members in Aiping Lu and Ge Zhang’s
group at Hong Kong Baptist University. We also thank Hong Kong Baptist University for providing critical
comments and technical support. This study was supported by the Hong Kong General Research Fund
(HKBU12102914 to Ge Zhang), the Faculty Research Grant of Hong Kong Baptist University (FRG2/12-13/027 to
Ge Zhang) and National Natural Science Foundation of China (NSFC 81601929 to Yuanyuan Yu).

Author Contributions: Quanxia Lv, Ziyuan Meng and Yuanyuan Yu wrote the manuscript; Fangfei Li, Daogang Guan,
Chao Liang and Junwei Zhou contributed the manuscript for literature research; Aiping Lu and Ge Zhang revised
and approved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Centers for Disease Control and Prevention. Cancer Among Women. Available online: http://www.cdc.
gov/cancer/dcpc/data/women.htm (accessed on 10 September 2016).

2. Breastcancer.org. U.S. Breast Cancer Statistics. Available online: http://www.breastcancer.org/symptoms/
understand_bc/statistics (accessed on 10 September 2016).

3. Orphanos, G.; Kountourakis, P. Targeting the HER2 receptor in metastatic breast cancer. Hematol. Oncol.
Stem Cell Ther. 2012, 5, 127–137. [CrossRef] [PubMed]

4. Slamon, D.J.; Clark, G.M.; Wong, S.G.; Levin, W.J.; Ullrich, A.; McGuire, W.L. Human breast cancer:
Correlation of relapse and survival with amplification of the HER−2/neu oncogene. Science 1987, 235,
177–182. [CrossRef] [PubMed]

5. Slamon, D.J. Studies of the HER−2/neu Proto-oncogene in Human Breast Cancer. Cancer Investig. 1990, 8,
253–254. [CrossRef]

6. Wahler, J.; Suh, N. Targeting HER2 Positive Breast Cancer with Chemopreventive Agents. Curr. Pharmacol. Rep.
2015, 1, 324–335. [CrossRef] [PubMed]

7. Ménard, S.; Pupa, S.M.; Campiglio, M.; Tagliabue, E. Biologic and therapeutic role of HER2 in cancer.
Oncogene 2003, 22, 6570–6578. [CrossRef] [PubMed]

8. Wesola, M.; Jelen, M. A comparison of IHC and FISH cytogenetic methods in the evaluation of HER2 status
in breast cancer. Adv. Clin. Exp. Med. 2015, 24, 899–904. [CrossRef] [PubMed]

9. Slamon, D.J.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Bajamonde, A.; Fleming, T.; Eiermann, W.;
Wolter, J.; Pegram, M.; et al. Use of Chemotherapy Plus a Monoclonal Antibody against HER2 for Metastatic
Breast Cancer That Overexpresses HER2. N. Engl. J. Med. 2001, 344, 783–792. [CrossRef] [PubMed]

http://www.cdc.gov/cancer/dcpc/data/women.htm
http://www.cdc.gov/cancer/dcpc/data/women.htm
http://www.breastcancer.org/symptoms/understand_bc/statistics
http://www.breastcancer.org/symptoms/understand_bc/statistics
http://dx.doi.org/10.5144/1658-3876.2012.127
http://www.ncbi.nlm.nih.gov/pubmed/23095788
http://dx.doi.org/10.1126/science.3798106
http://www.ncbi.nlm.nih.gov/pubmed/3798106
http://dx.doi.org/10.3109/07357909009017573
http://dx.doi.org/10.1007/s40495-015-0040-z
http://www.ncbi.nlm.nih.gov/pubmed/26442201
http://dx.doi.org/10.1038/sj.onc.1206779
http://www.ncbi.nlm.nih.gov/pubmed/14528282
http://dx.doi.org/10.17219/acem/27923
http://www.ncbi.nlm.nih.gov/pubmed/26768643
http://dx.doi.org/10.1056/NEJM200103153441101
http://www.ncbi.nlm.nih.gov/pubmed/11248153


Int. J. Mol. Sci. 2016, 17, 2095 16 of 21

10. Baselga, J. Treatment of HER2-overexpressing breast cancer. Ann. Oncol. 2010, 21, 36–40. [CrossRef] [PubMed]
11. Hubalek, M.; Brunner, C.; Matthä, K.; Marth, C. Resistance to HER2-targeted therapy: Mechanisms of trastuzumab

resistance and possible strategies to overcome unresponsiveness to treatment. Wien. Med. Wochenschr. 2010, 160,
506–512. [CrossRef] [PubMed]

12. Incorvati, J.A.; Shah, S.; Mu, Y.; Lu, J. Targeted therapy for HER2 positive breast cancer. J. Hematol. Oncol.
2013, 6, 38. [CrossRef] [PubMed]

13. Tsang, R.Y.; Finn, R.S. Beyond trastuzumab: Novel therapeutic strategies in HER2-positive metastatic
breast cancer. Br. J. Cancer 2012, 106, 6–13. [CrossRef] [PubMed]

14. Hernández-Blanquisett, A.; Touya, D.; StrassER−Weippl, K.; Ruiz, R.; St. Louis, J.; Goss, P. Current and
emerging therapies of HER2-positive metastatic breast cancer. Breast 2016, 29, 170–177. [CrossRef] [PubMed]

15. Yarden, Y.; Sliwkowski, M.X. Untangling the ErbB signalling network. Nat. Rev. Mol. Cell Biol. 2001, 2,
127–137. [CrossRef] [PubMed]

16. Tai, W.; Mahato, R.; Cheng, K. The role of HER2 in cancer therapy and targeted drug delivery. J. Control. Release
2010, 146, 264–275. [CrossRef] [PubMed]

17. Moasser, M.M. The oncogene HER2: Its signaling and transforming functions and its role in human cancer
pathogenesis. Oncogene 2007, 26, 6469–6487. [CrossRef] [PubMed]

18. Graus-Porta, D.; Beerli, R.R.; Daly, J.M.; Hynes, N.E. ErbB-2, the preferred heterodimerization partner of all
ErbB receptors, is a mediator of lateral signaling. EMBO J. 1997, 16, 1647–1655. [CrossRef] [PubMed]

19. Tzahar, E.; Waterman, H.; Chen, X.; Levkowitz, G.; Karunagaran, D.; Lavi, S.; Ratzkin, B.J.; Yarden, Y.
A hierarchical network of interreceptor interactions determines signal transduction by Neu differentiation
factor/neuregulin and epidermal growth factor. Mol. Cell. Biol. 1996, 16, 5276–5287. [CrossRef] [PubMed]

20. Issekutz, A.C.; Quinn, P.J.; Lang, B.; Ramsey, S.; Huber, A.M.; Rowter, D.; Karkada, M.; Issekutz, T.B.
Coexpression of chemokine receptors CCR5, CXCR3, and CCR4 and ligands for P- and E-selectin on T
lymphocytes of patients with juvenile idiopathic arthritis. Arthritis Rheum. 2011, 63, 3467–3476. [CrossRef]
[PubMed]

21. Vijapurkar, U.; Kim, M.S.; Koland, J.G. Roles of mitogen-activated protein kinase and phosphoinositide
3′-kinase in ErbB2/ErbB3 coreceptor-mediated heregulin signaling. Exp. Cell Res. 2003, 284, 291–302. [CrossRef]

22. Esteva, F.J.; Pusztai, L. Optimizing outcomes in HER2-positive breast cancer: The molecular rationale.
Oncology 2005, 19, 5–16. [PubMed]

23. Kanavos, P. The rising burden of cancer in the developing world. Ann. Oncol. 2006, 17, 15–23. [CrossRef]
[PubMed]

24. Tzahar, E.; Yarden, Y. The ErbB-2/HER2 oncogenic receptor of adenocarcinomas: From orphanhood to
multiple stromal ligands. Biochim. Biophys. Acta Rev. Cancer 1998, 1377, M25–M37. [CrossRef]

25. Karunagaran, D.; Tzahar, E.; Beerli, R.R.; Chen, X.; Graus-Porta, D.; Ratzkin, B.J.; Seger, R.; Hynes, N.E.;
Yarden, Y. ErbB-2 is a common auxiliary subunit of NDF and EGF receptors: Implications for breast cancer.
EMBO J. 1996, 15, 254–264. [PubMed]

26. Neve, R.M.; Lane, H.A.; Hynes, N.E. The role of overexpressed HER2 in transformation. Ann. Oncol. 2001,
12 (Suppl. S1), S9–S13. [CrossRef] [PubMed]

27. Burstein, H.J. The Distinctive Nature of HER2-Positive Breast Cancers—NEJM. N. Engl. J. Med. 2005, 353,
1652–1654. [CrossRef] [PubMed]

28. Venter, D.; Kumar, S.; Tuzi, N.; Gullick, W. Overexpression of the c-ErbB-2 oncoprotein in human breast
carcinomas: Immunohistological assessment correlates with gene amplification. Lancet 1987, 330, 69–72.
[CrossRef]

29. Natali, P.G.; Nicotra, M.R.; Bigotti, A.; Venturo, I.; Slamon, D.J.; Fendly, B.M.; Ullrich, A. Expression of the
p185 encoded by HER2 oncogene in normal and transformed human tissues. Int. J. Cancer 1990, 45, 457–461.
[CrossRef] [PubMed]

30. Thor, B.A.D.; Liu, S.; Edgerton, S.; Ii, D.M.; Kasowitz, K.M.; Benz, C.C.; Stern, D.F.; Digiovanna, M.P.
Activation (Tyrosine Phosphorylation) of ErbB-2 (HER-2/neu): A Study of Incidence and Correlation With
Outcome in Breast Cancer. J. Clin. Oncol. 2016, 18, 3230–3239.

31. Yu, D.; Hung, M.C. Overexpression of ErbB2 in cancer and ErbB2-targeting strategies. Oncogene 2000, 19,
6115–6121. [CrossRef] [PubMed]

32. Tan, M.; Yu, D. Molecular mechanisms of ErbB2-mediated breast cancer chemoresistance. Adv. Exp. Med. Biol.
2007, 608, 119–129. [PubMed]

http://dx.doi.org/10.1093/annonc/mdq421
http://www.ncbi.nlm.nih.gov/pubmed/20943641
http://dx.doi.org/10.1007/s10354-010-0838-6
http://www.ncbi.nlm.nih.gov/pubmed/20972709
http://dx.doi.org/10.1186/1756-8722-6-38
http://www.ncbi.nlm.nih.gov/pubmed/23731980
http://dx.doi.org/10.1038/bjc.2011.516
http://www.ncbi.nlm.nih.gov/pubmed/22215104
http://dx.doi.org/10.1016/j.breast.2016.07.026
http://www.ncbi.nlm.nih.gov/pubmed/27526299
http://dx.doi.org/10.1038/35052073
http://www.ncbi.nlm.nih.gov/pubmed/11252954
http://dx.doi.org/10.1016/j.jconrel.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20385184
http://dx.doi.org/10.1038/sj.onc.1210477
http://www.ncbi.nlm.nih.gov/pubmed/17471238
http://dx.doi.org/10.1093/emboj/16.7.1647
http://www.ncbi.nlm.nih.gov/pubmed/9130710
http://dx.doi.org/10.1128/MCB.16.10.5276
http://www.ncbi.nlm.nih.gov/pubmed/8816440
http://dx.doi.org/10.1002/art.30521
http://www.ncbi.nlm.nih.gov/pubmed/21739422
http://dx.doi.org/10.1016/S0014-4827(02)00040-X
http://www.ncbi.nlm.nih.gov/pubmed/19364051
http://dx.doi.org/10.1093/annonc/mdl983
http://www.ncbi.nlm.nih.gov/pubmed/16801335
http://dx.doi.org/10.1016/S0304-419X(97)00032-2
http://www.ncbi.nlm.nih.gov/pubmed/8617201
http://dx.doi.org/10.1093/annonc/12.suppl_1.S9
http://www.ncbi.nlm.nih.gov/pubmed/11521729
http://dx.doi.org/10.1056/NEJMp058197
http://www.ncbi.nlm.nih.gov/pubmed/16236735
http://dx.doi.org/10.1016/S0140-6736(87)92736-X
http://dx.doi.org/10.1002/ijc.2910450314
http://www.ncbi.nlm.nih.gov/pubmed/1968437
http://dx.doi.org/10.1038/sj.onc.1203972
http://www.ncbi.nlm.nih.gov/pubmed/11156524
http://www.ncbi.nlm.nih.gov/pubmed/17993237


Int. J. Mol. Sci. 2016, 17, 2095 17 of 21

33. Sakai, K.; Mori, S.; Kawamoto, T.; Taniguchi, S.; Kobori, O.; Morioka, Y.; Kuroki, T.; Kano, K. Expression of
epidermal growth factor receptors on normal human gastric epithelia and gastric carcinomas. J. Natl.
Cancer Inst. 1986, 77, 1047–1052. [PubMed]

34. Gomez-Martín, C.; Lopez-Rios, F.; Aparicio, J.; Barriuso, J.; García-Carbonero, R.; Pazo, R.; Rivera, F.;
Salgado, M.; Salud, A.; Vázquez-Sequeiros, E.; et al. A critical review of HER2-positive gastric cancer
evaluation and treatment: From trastuzumab, and beyond. Cancer Lett. 2014, 351, 30–40. [CrossRef] [PubMed]

35. Rü Schoff, J.; Hanna, W.; Bilous, M.; Hofmann, M.; Osamura, R.Y.; Penault-Llorca, F.; Van De Vijver, M.;
Viale, G. HER2 testing in gastric cancer: A practical approach. Mod. Pathol. 2012, 25, 637–650. [CrossRef]
[PubMed]

36. Gravalos, C.; Jimeno, A. HER2 in gastric cancer: A new prognostic factor and a novel therapeutic target.
Ann. Oncol. 2008, 19, 1523–1529. [CrossRef] [PubMed]

37. Chua, T.C.; Merrett, N.D. Clinicopathologic factors associated with HER2-positive gastric cancer and its
impact on survival outcomes—A systematic review. Int. J. Cancer 2012, 130, 2845–2856. [CrossRef] [PubMed]

38. Uchino, S.; Tsuda, H.; Maruyama, K. Overexpression of c-erB-2 Protein in Gastric Cancer. Its Correlation
with Long-term Survival of Patients. Cancer 1993, 72, 3179–3184. [CrossRef]

39. Pils, D.; Pinter, A.; Reibenwein, J.; Alfanz, A.; Horak, P.; Schmid, B.C.; Hefler, L.; Horvat, R.; Reinthaller, A.;
Zeillinger, R.; et al. In ovarian cancer the prognostic influence of HER2/neu is not dependent on the
CXCR4/SDF-1 signalling pathway. Br. J. Cancer 2007, 96, 485–491. [CrossRef] [PubMed]

40. Bookman, M.A.; Darcy, K.M.; Clarke-Pearson, D.; Boothby, R.A.; Horowitz, I.R. Evaluation of monoclonal
humanized anti-HER2 antibody, trastuzumab, in patients with recurrent or refractory ovarian or primary
peritoneal carcinoma with overexpression of HER2: A phase II trial of the Gynecologic Oncology Group.
J. Clin. Oncol. 2003, 21, 283–290. [CrossRef] [PubMed]

41. Steffensen, K.D.; Waldstrøm, M.; Jeppesen, U.; Jakobsen, E.; Brandslund, I.; Jakobsen, A. The prognostic
importance of cyclooxygenase 2 and HER2 expression in epithelial ovarian cancer. Int. J. Gynecol. Cancer
2007, 17, 798–807. [CrossRef] [PubMed]

42. Scher, H.I. HER2 in prostate cancer—A viable target or innocent bystander? J. Natl. Cancer Inst. 2000, 92,
1866–1868. [CrossRef] [PubMed]

43. Signoretti, S.; Montironi, R.; Manola, J.; Altimari, A.; Tam, C.; Bubley, G.; Balk, S.; Thomas, G.; Kaplan, I.;
Hlatky, L.; et al. HER−2-neu expression and progression toward androgen independence in human
prostate cancer. J. Natl. Cancer Inst. 2000, 92, 1918–1925. [CrossRef] [PubMed]

44. Bilous, M.; Dowsett, M.; Hanna, W.; Isola, J.; Lebeau, A.; Moreno, A.; Penault-Llorca, F.; Rüschoff, J.;
Tomasic, G.; van de Vijver, M. Current perspectives on HER2 testing: A review of national testing guidelines.
Mod. Pathol. 2003, 16, 173–182. [CrossRef] [PubMed]

45. Sáez, A.; Andreu, F.J.; Seguí, M.A.; Baré, M.L.; Fernández, S.; Dinarés, C.; Rey, M. HER-2 gene amplification
by chromogenic in situ hybridisation (CISH) compared with fluorescence in situ hybridisation (FISH) in
breast cancer−A study of two hundred cases. Breast 2006, 15, 519–527. [CrossRef] [PubMed]

46. Endo, Y.; Dong, Y.; Yoshimoto, N.; Asano, T.; Hato, Y.; Yamashita, H.; Sato, S.; Takahashi, S.; Fujii, Y.;
Toyama, T. HER2 mutation status in Japanese HER2-negative breast cancer patients. Jpn. J. Clin. Oncol. 2014,
44, 619–623. [CrossRef] [PubMed]

47. Moelans, C.B.; de Weger, R.A.; van der Wall, E.; van Diest, P.J. Current technologies for HER2 testing in
breast cancer. Crit. Rev. Oncol. Hematol. 2011, 80, 380–392. [CrossRef] [PubMed]

48. Hicks, D.G.; Tubbs, R.R. Assessment of the HER2 status in breast cancer by fluorescence in situ hybridization:
A technical review with interpretive guidelines. Hum. Pathol. 2005, 36, 250–261. [CrossRef] [PubMed]

49. Ross, J.S.; Fletcher, J.A.; Linette, G.P.; Stec, J.; Clark, E.; Ayers, M.; Symmans, W.F.; Pusztai, L.; Bloom, K.J.
The HER−2/neu gene and protein in breast cancer 2003: Biomarker and target of therapy. Oncologist 2003, 8,
307–325. [CrossRef] [PubMed]

50. Nitta, H.; Kelly, B.D.; Allred, C.; Jewell, S.; Banks, P.; Dennis, E.; Grogan, T.M. The assessment of HER2 status
in breast cancer: The past, the present, and the future. Pathol. Int. 2016, 66, 313–324. [CrossRef] [PubMed]

51. Hicks, D.G.; Kulkarni, S. HER2+ breast cancer: Review of biologic relevance and optimal use of diagnostic tools.
Am. J. Clin. Pathol. 2008, 129, 263–273. [CrossRef] [PubMed]

52. Dowsett, M.; Cooke, T.; Ellis, I.; Gusterson, B.; Mallon, E.; Walker, R. Assessment of HER2 status in breast
cancer: Why, when and how? Eur. J. Cancer 2000, 36, 170–176. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/3464796
http://dx.doi.org/10.1016/j.canlet.2014.05.019
http://www.ncbi.nlm.nih.gov/pubmed/24943493
http://dx.doi.org/10.1038/modpathol.2011.198
http://www.ncbi.nlm.nih.gov/pubmed/22222640
http://dx.doi.org/10.1093/annonc/mdn169
http://www.ncbi.nlm.nih.gov/pubmed/18441328
http://dx.doi.org/10.1002/ijc.26292
http://www.ncbi.nlm.nih.gov/pubmed/21780108
http://dx.doi.org/10.1002/1097-0142(19931201)72:11&lt;3179::AID-CNCR2820721108&gt;3.0.CO;2-
http://dx.doi.org/10.1038/sj.bjc.6603581
http://www.ncbi.nlm.nih.gov/pubmed/17245339
http://dx.doi.org/10.1200/JCO.2003.10.104
http://www.ncbi.nlm.nih.gov/pubmed/12525520
http://dx.doi.org/10.1111/j.1525-1438.2006.00855.x
http://www.ncbi.nlm.nih.gov/pubmed/17309668
http://dx.doi.org/10.1093/jnci/92.23.1866
http://www.ncbi.nlm.nih.gov/pubmed/11106669
http://dx.doi.org/10.1093/jnci/92.23.1918
http://www.ncbi.nlm.nih.gov/pubmed/11106683
http://dx.doi.org/10.1097/01.MP.0000052102.90815.82
http://www.ncbi.nlm.nih.gov/pubmed/12591971
http://dx.doi.org/10.1016/j.breast.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16290155
http://dx.doi.org/10.1093/jjco/hyu053
http://www.ncbi.nlm.nih.gov/pubmed/24803549
http://dx.doi.org/10.1016/j.critrevonc.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21273092
http://dx.doi.org/10.1016/j.humpath.2004.11.010
http://www.ncbi.nlm.nih.gov/pubmed/15791569
http://dx.doi.org/10.1634/theoncologist.8-4-307
http://www.ncbi.nlm.nih.gov/pubmed/12897328
http://dx.doi.org/10.1111/pin.12407
http://www.ncbi.nlm.nih.gov/pubmed/27061008
http://dx.doi.org/10.1309/99AE032R9FM8WND1
http://www.ncbi.nlm.nih.gov/pubmed/18208807
http://dx.doi.org/10.1016/S0959-8049(99)00264-6


Int. J. Mol. Sci. 2016, 17, 2095 18 of 21

53. Krishnamurti, U. HER2 in Breast Cancer: A review and update. Adv. Anat. Pathol. 2014, 21, 100–107.
[CrossRef] [PubMed]

54. Wolff, A.C.; Hammond, M.E.H.; Hicks, D.G.; Dowsett, M.; Mcshane, L.M.; Allison, K.H.; Allred, D.C.;
Bartlett, J.M.S.; Bilous, M.; Fitzgibbons, P.; et al. Recommendations for Human Epidermal Growth
Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical Oncology/College of American
Pathologists Clinical Practice Guideline Update. J. Clin. Oncol. 2013, 31, 3997–4014. [CrossRef] [PubMed]

55. Vogel, C.L.; Cobleigh, M.A.; Tripathy, D.; Gutheil, J.C.; Harris, L.N.; Fehrenbacher, L.; Slamon, D.J.;
Murphy, M.; Novotny, W.F.; Burchmore, M.; et al. Efficacy and Safety of Trastuzumab as a Single Agent in
First-Line Treatment of HER2-Overexpressing Metastatic Breast Cancer. J. Clin. Oncol. 2003, 20, 719–726.
[CrossRef]

56. Buzdar, A.U.; Ibrahim, N.K.; Francis, D.; Booser, D.J.; Thomas, E.S.; Theriault, R.L.; Pusztai, L.; Green, M.C.;
Arun, B.K.; Giordano, S.H.; et al. Significantly higher pathologic complete remission rate after neoadjuvant
therapy with trastuzumab, paclitaxel, and epirubicin chemotherapy: Results of a randomized trial in human
epidermal growth factor receptor 2-positive operable breast cancer. J. Clin. Oncol. 2005, 23, 3676–3685.
[CrossRef] [PubMed]

57. Dahabreh, I.J.; Linardou, H.; Siannis, F.; Fountzilas, G.; Murray, S. Trastuzumab in the adjuvant treatment of
early-stage breast cancer: A systematic review and meta-analysis of randomized controlled trials. Oncologist
2008, 13, 620–630. [CrossRef] [PubMed]

58. Fishbane, S.; Schiller, B.; Locatelli, F.; Covic, A.C.; Provenzano, R.; Wiecek, A.; Levin, N.W.; Kaplan, M.;
Macdougall, I.C.; Francisco, C.; et al. Peginesatide in patients with anemia undergoing hemodialysis. N. Engl.
J. Med. 2013, 368, 307–319. [CrossRef] [PubMed]

59. Hudis, C.A. Trastuzumab—Mechanism of Action and Use in Clinical Practice. N. Engl. J. Med. 2007, 357,
39–51. [CrossRef] [PubMed]

60. Vu, T.; Claret, F.X. Trastuzumab: Updated mechanisms of action and resistance in breast cancer. Front. Oncol.
2012, 2, 62. [CrossRef] [PubMed]

61. Valabrega, G.; Montemurro, F.; Aglietta, M. Trastuzumab: Mechanism of action, resistance and future
perspectives in HER2-overexpressing breast cancer. Ann. Oncol. 2007, 18, 977–984. [CrossRef] [PubMed]

62. Wong, A.L.A.; Lee, S.-C. Mechanisms of Resistance to Trastuzumab and Novel Therapeutic Strategies in
HER2-Positive Breast Cancer. Int. J. Breast Cancer 2012, 2012, 1–13. [CrossRef] [PubMed]

63. Zhang, Y.; Zhang, J. Mechanisms of resistance to trastuzumab: An updated review. Chin. Ger. J. Clin. Oncol.
2010, 9, 660–665. [CrossRef]

64. Rexer, B.N.; Arteaga, C.L. Intrinsic and acquired resistance to HER2-targeted therapies in HER2 gene-amplified
breast cancer: Mechanisms and clinical implications. Crit. Rev. Oncog. 2012, 17, 1–16. [CrossRef] [PubMed]

65. Nady, P.; Friedlander, E.; Tanner, M.; Kapanen, A.I.; Carraway, K.L.; Isola, J.; Jovin, T.M. Decreased availability
and lack of activation of ErbB2 in JIMT-1; a herceptin-resistant, MUC4-overexpressing breast cancer cell line.
Cancer Res. 2005, 65, 473–482.

66. Nahta, R. Molecular Mechanisms of Trastuzumab-Based Treatment in HER2-Overexpressing Breast Cancer.
ISRN Oncol. 2012, 2012, 428062. [CrossRef] [PubMed]

67. Gagliato, D.D.M.; Jardim, D.L.F.; Marchesi, M.S.P.; Hortobagyi, G.N. Mechanisms of resistance and sensitivity
to anti-HER2 therapies in HER2+ breast cancer. Oncotarget 2016, 5. [CrossRef] [PubMed]

68. Wilks, S.T. Potential of overcoming resistance to HER2-targeted therapies through the PI3K/Akt/mTOR
pathway. Breast 2015, 24, 548–555. [CrossRef] [PubMed]

69. Nagata, Y.; Lan, K.H.; Zhou, X.; Tan, M.; Esteva, F.J.; Sahin, A.A.; Klos, K.S.; Li, P.; Monia, B.P.; Nguyen, N.T.;
et al. PTEN activation contributes to tumor inhibition by trastuzumab, and loss of PTEN predicts
trastuzumab resistance in patients. Cancer Cell 2004, 6, 117–127. [CrossRef] [PubMed]

70. Saez, R.; Molina, M.A.; Ramsey, E.E.; Rojo, F.; Keenan, E.J.; Albanell, J.; Lluch, A.; Garcia-Conde, J.; Baselga, J.;
Clinton, G.M. p95HER-2 predicts worse outcome in patients with HER-2-positive breast cancer. Clin. Cancer Res.
2006, 12, 424–431. [CrossRef] [PubMed]

71. Valabrega, G.; Montemurro, F.; Sarotto, I.; Petrelli, A.; Rubini, P.; Tacchetti, C.; Aglietta, M.; Comoglio, P.M.;
Giordano, S. TGFα expression impairs Trastuzumab-induced HER2 downregulation. Oncogene 2005, 24,
3002–3010. [CrossRef] [PubMed]

72. Lu, Y.; Zi, X.; Zhao, Y.; Mascarenhas, D.; Pollak, M. Insulin-like growth factor-I receptor signaling and
resistance to Trastuzumab (Herceptin). J. Natl. Cancer Inst. 2001, 93, 1852–1857. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/PAP.0000000000000015
http://www.ncbi.nlm.nih.gov/pubmed/24508693
http://dx.doi.org/10.1200/JCO.2013.50.9984
http://www.ncbi.nlm.nih.gov/pubmed/24101045
http://dx.doi.org/10.1200/JCO.20.3.719
http://dx.doi.org/10.1200/JCO.2005.07.032
http://www.ncbi.nlm.nih.gov/pubmed/15738535
http://dx.doi.org/10.1634/theoncologist.2008-0001
http://www.ncbi.nlm.nih.gov/pubmed/18586917
http://dx.doi.org/10.1056/NEJMoa1203165
http://www.ncbi.nlm.nih.gov/pubmed/23343061
http://dx.doi.org/10.1056/NEJMra043186
http://www.ncbi.nlm.nih.gov/pubmed/17611206
http://dx.doi.org/10.3389/fonc.2012.00062
http://www.ncbi.nlm.nih.gov/pubmed/22720269
http://dx.doi.org/10.1093/annonc/mdl475
http://www.ncbi.nlm.nih.gov/pubmed/17229773
http://dx.doi.org/10.1155/2012/415170
http://www.ncbi.nlm.nih.gov/pubmed/22649737
http://dx.doi.org/10.1007/s10330-010-0700-8
http://dx.doi.org/10.1615/CritRevOncog.v17.i1.20
http://www.ncbi.nlm.nih.gov/pubmed/22471661
http://dx.doi.org/10.5402/2012/428062
http://www.ncbi.nlm.nih.gov/pubmed/23227361
http://dx.doi.org/10.18632/oncotarget.7043
http://www.ncbi.nlm.nih.gov/pubmed/26824988
http://dx.doi.org/10.1016/j.breast.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26187798
http://dx.doi.org/10.1016/j.ccr.2004.06.022
http://www.ncbi.nlm.nih.gov/pubmed/15324695
http://dx.doi.org/10.1158/1078-0432.CCR-05-1807
http://www.ncbi.nlm.nih.gov/pubmed/16428482
http://dx.doi.org/10.1038/sj.onc.1208478
http://www.ncbi.nlm.nih.gov/pubmed/15735715
http://dx.doi.org/10.1093/jnci/93.24.1852
http://www.ncbi.nlm.nih.gov/pubmed/11752009


Int. J. Mol. Sci. 2016, 17, 2095 19 of 21

73. Franklin, M.C.; Carey, K.D.; Vajdos, F.F.; Leahy, D.J.; De Vos, A.M.; Sliwkowski, M.X. Insights into ErbB
signaling from the structure of the ErbB2-pertuzumab complex. Cancer Cell 2004, 5, 317–328. [CrossRef]

74. Aspenstro, P.; Na, I.; Lee, V.M.; Kypta, R.; Gumbiner, B.M. Structure of the extracellular region of HER2 alone
and in complex with the Herceptin Fab. Nature 2003, 421, 756–760.

75. Agus, D.B.; Gordon, M.S.; Taylor, C.; Natale, R.B.; Karlan, B.; Mendelson, D.S.; Press, M.F.; Allison, D.E.;
Sliwkowski, M.X.; Lieberman, G.; et al. Phase I clinical study of pertuzumab, a novel HER dimerization
inhibitor, in patients with advanced cancer. J. Clin. Oncol. 2005, 23, 2534–2543. [CrossRef] [PubMed]

76. Hubalek, M.; Brantner, C.; Marth, C. Role of pertuzumab in the treatment of HER2-positive breast cancer.
Breast Cancer Targets Ther. 2012, 4, 65–73. [CrossRef] [PubMed]

77. Swain, S.M.; Baselga, J.; Kim, S.-B.; Ro, J.; Semiglazov, V.; Campone, M.; Ciruelos, E.; Ferrero, J.-M.;
Schneeweiss, A.; Heeson, S.; et al. Pertuzumab, trastuzumab, and docetaxel in HER2-positive metastatic
breast cancer. N. Engl. J. Med. 2015, 372, 724–734. [CrossRef] [PubMed]

78. Vahdat, L.T. Novel data in metastatic breast cancer. Clin. Adv. Hematol. Oncol. 2013, 11, 13–15. [PubMed]
79. Tripathy, D.; Pegram, M.D.; Stanford, C.A. Recent Developments in the Treatment of HER2-Positive

Breast Cancer. Am. J. Hematol. Oncol. 2016, 12, 26–32.
80. Richards, D.; Braiteh, F.; Anthony, S.; Edenfield, W.; Hellerstedt, B.; Raju, R.; Conkling, P. A Phase 1 Study of

MM-111; a Bispecific HER2/HER3 Antibody Fusion Protein, Combined with Multiple Treatment Regimens
in Patients with Advanced HER2 Positive Solid Tumors. Ann. Oncol. 2012, 23, 170.

81. McDonagh, C.F.; Huhalov, A.; Harms, B.D.; Adams, S.; Paragas, V.; Oyama, S.; Zhang, B.; Luus, L.;
Overland, R.; Nguyen, S.; et al. Antitumor Activity of a Novel Bispecific Antibody That Targets the
ErbB2/ErbB3 Oncogenic Unit and Inhibits Heregulin-Induced Activation of ErbB3. Mol. Cancer Ther. 2012,
11, 582–593. [CrossRef] [PubMed]

82. Johnston, S.R.; Leary, A. Lapatinib: A novel EGFR/HER2 tyrosine kinase inhibitor for cancer. Drugs Today
2006, 42, 441–453. [CrossRef] [PubMed]

83. Nahta, R.; Yu, D.; Hung, M.-C.; Hortobagyi, G.N.; Esteva, F.J. Mechanisms of Disease: Understanding
resistance to HER2-targeted therapy in human breast cancer. Nat. Clin. Pract. Oncol. 2006, 3, 269–280.
[CrossRef] [PubMed]

84. Wood, E.R. A Unique Structure for Epidermal Growth Factor Receptor Bound to GW572016 (Lapatinib):
Relationships among Protein Conformation, Inhibitor Off-Rate, and Receptor Activity in Tumor Cells.
Cancer Res. 2004, 64, 6652–6659. [CrossRef] [PubMed]

85. Gomez, H.L.; Doval, D.C.; Chavez, M.A.; Ang, P.C.-S.; Aziz, Z.; Nag, S.; Ng, C.; Franco, S.X.; Chow, L.W.C.;
Arbushites, M.C.; et al. Efficacy and safety of lapatinib as first-line therapy for ErbB2-amplified locally
advanced or metastatic breast cancer. J. Clin. Oncol. 2008, 26, 2999–3005. [CrossRef] [PubMed]

86. Xia, W.; Mullin, R.J.; Keith, B.R.; Liu, L.-H.; Ma, H.; Rusnak, D.W.; Owens, G.; Alligood, K.J.; Spector, N.L.
Anti-tumor activity of GW572016: A dual tyrosine kinase inhibitor blocks EGF activation of EGFR/ErbB2
and downstream Erk1/2 and AKT pathways. Oncogene 2002, 21, 6255–6263. [CrossRef] [PubMed]

87. Konecny, G.E.; Pegram, M.D.; Venkatesan, N.; Finn, R.; Yang, G.; Rahmeh, M.; Untch, M.; Rusnak, D.W.;
Spehar, G.; Mullin, R.J.; et al. Activity of the dual kinase inhibitor lapatinib (GW572016) against
HER−2-overexpressing and trastuzumab-treated breast cancer cells. Cancer Res. 2006, 66, 1630–1639.
[CrossRef] [PubMed]

88. Xia, W.; Gerard, C.M.; Liu, L.; Baudson, N.M.; Ory, T.L.; Spector, N.L. Combining lapatinib (GW572016),
a small molecule inhibitor of ErbB1 and ErbB2 tyrosine kinases, with therapeutic anti-ErbB2 antibodies
enhances apoptosis of ErbB2-overexpressing breast cancer cells. Oncogene 2005, 24, 6213–6221. [CrossRef]
[PubMed]

89. Lin, N.U.; Guo, H.; Yap, J.T.; Mayer, I.A.; Falkson, C.I.; Hobday, T.J.; Dees, E.C.; Richardson, A.L.; Nanda, R.;
Rimawi, M.F.; et al. Phase II Study of Lapatinib in Combination with Trastuzumab in Patients with Human
Epidermal Growth Factor Receptor 2-Positive Metastatic Breast Cancer: Clinical Outcomes and Predictive
Value of Early [18F]Fluorodeoxyglucose Positron Emission Tomography I. J. Clin. Oncol. 2015, 33, 2623–2631.
[CrossRef] [PubMed]

90. Lin, N.U.; Winer, E.P.; Wheatley, D.; Carey, L.A.; Houston, S.; Mendelson, D.; Munster, P.; Frakes, L.; Kelly, S.;
Garcia, A.A.; et al. A phase II study of afatinib (BIBW 2992), an irreversible ErbB family blocker, in patients
with HER2-positive metastatic breast cancer progressing after trastuzumab. Breast Cancer Res. Treat. 2012,
133, 1057–1065. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1535-6108(04)00083-2
http://dx.doi.org/10.1200/JCO.2005.03.184
http://www.ncbi.nlm.nih.gov/pubmed/15699478
http://dx.doi.org/10.2147/BCTT.S23560
http://www.ncbi.nlm.nih.gov/pubmed/24367194
http://dx.doi.org/10.1056/NEJMoa1413513
http://www.ncbi.nlm.nih.gov/pubmed/25693012
http://www.ncbi.nlm.nih.gov/pubmed/24637556
http://dx.doi.org/10.1158/1535-7163.MCT-11-0820
http://www.ncbi.nlm.nih.gov/pubmed/22248472
http://dx.doi.org/10.1358/dot.2006.42.7.985637
http://www.ncbi.nlm.nih.gov/pubmed/16894399
http://dx.doi.org/10.1038/ncponc0509
http://www.ncbi.nlm.nih.gov/pubmed/16683005
http://dx.doi.org/10.1158/0008-5472.CAN-04-1168
http://www.ncbi.nlm.nih.gov/pubmed/15374980
http://dx.doi.org/10.1200/JCO.2007.14.0590
http://www.ncbi.nlm.nih.gov/pubmed/18458039
http://dx.doi.org/10.1038/sj.onc.1205794
http://www.ncbi.nlm.nih.gov/pubmed/12214266
http://dx.doi.org/10.1158/0008-5472.CAN-05-1182
http://www.ncbi.nlm.nih.gov/pubmed/16452222
http://dx.doi.org/10.1038/sj.onc.1208774
http://www.ncbi.nlm.nih.gov/pubmed/16091755
http://dx.doi.org/10.1200/JCO.2014.60.0353
http://www.ncbi.nlm.nih.gov/pubmed/26169615
http://dx.doi.org/10.1007/s10549-012-2003-y
http://www.ncbi.nlm.nih.gov/pubmed/22418700


Int. J. Mol. Sci. 2016, 17, 2095 20 of 21

91. Burstein, H.J.; Sun, Y.; Dirix, L.Y.; Jiang, Z.; Paridaens, R.; Tan, A.R.; Awada, A.; Ranade, A.; Jiao, S.;
Schwartz, G.; et al. Neratinib, an irreversible ErbB receptor tyrosine kinase inhibitor, in patients with
advanced ErbB2-positive breast cancer. J. Clin. Oncol. 2010, 28, 1301–1307. [CrossRef] [PubMed]

92. Amiri-Kordestani, L.; Blumenthal, G.M.; Xu, Q.C.; Zhang, L.; Tang, S.W.; Ha, L.; Weinberg, W.C.; Chi, B.;
Candau-Chacon, R.; Hughes, P.; et al. FDA Approval: Ado-trastuzumab Emtansine for the Treatment of
Patients with HER2-Positive Metastatic Breast Cancer. Clin. Cancer Res. 2014, 20, 4436–4442. [CrossRef]
[PubMed]

93. Esteva, F.J.; Miller, K.D.; Teicher, B.A. What Can We Learn about Antibody-Drug Conjugates from the T-DM1
Experience? In 2015 Educational Book; ASCO: Alexandria, VA, USA, 2015; pp. 117–125.

94. Martínez, M.T.; Pérez-Fidalgo, J.A.; Martín-Martorell, P.; Cejalvo, J.M.; Pons, V.; Bermejo, B.; Martín, M.; Albanell, J.;
Lluch, A. Treatment of HER2 positive advanced breast cancer with T-DM1: A review of the literature. Crit. Rev.
Oncol. Hematol. 2016, 97, 96–106.

95. Lewis Phillips, G.D.; Li, G.; Dugger, D.L.; Crocker, L.M.; Parsons, K.L.; Mai, E.; Blättler, W.A.; Lambert, J.M.;
Chari, R.V.J.; Lutz, R.J.; et al. Targeting HER2-positive breast cancer with trastuzumab-DM1, an antibody-cytotoxic
drug conjugate. Cancer Res. 2008, 68, 9280–9290.

96. Li, J.Y.; Perry, S.R.; Muniz-Medina, V.; Wang, X.; Wetzel, L.K.; Rebelatto, M.C.; Hinrichs, M.J.M.; Bezabeh, B.Z.;
Fleming, R.L.; Dimasi, N.; et al. A Biparatopic HER2-Targeting Antibody-Drug Conjugate Induces Tumor
Regression in Primary Models Refractory to or Ineligible for HER2-Targeted Therapy. Cancer Cell 2016, 29,
117–129.

97. Solit, D.B.; Zheng, F.F.; Drobnjak, M.; Mu, P.N.; Higgins, B.; Verbel, D.; Heller, G.; Tong, W.; Cordon-cardo, C.;
Agus, D.B.; et al. 17-Allylamino-17-demethoxygeldanamycin Induces the Degradation of Androgen
Receptor and HER−2/neu and Inhibits the Growth of Prostate Cancer Xenografts Advances in Brief
17-Allylamino-17-demethoxygeldanamycin Induces the Degradation of Androgen Receptor. Clin. Cancer Res.
2002, 8, 986–993.

98. Pick, E.; Kluger, Y.; Giltnane, J.M.; Moeder, C.; Camp, R.L.; Rimm, D.L.; Kluger, H.M. High HSP90 expression
is associated with decreased survival in breast cancer. Cancer Res. 2007, 67, 2932–2937.

99. Press, D. HER2 breast cancer therapies: A review. Biol. Targets Ther. 2009, 289–301.
100. Huszno, J.; Nowara, E. Current therapeutic strategies of anti-HER2 treatment in advanced breast

cancer patients. Współczesna Onkol. 2016, 1, 1–7.
101. Munagala, R.; Aqil, F.; Gupta, R.C. Promising molecular targeted therapies in breast cancer. Indian J. Pharmacol.

2011, 43, 236–245. [PubMed]
102. Modi, S.; Stopeck, A.; Linden, H.; Solit, D.; Chandarlapaty, S.; Rosen, N.; D’Andrea, G.; Dickler, M.;

Moynahan, M.E.; Sugarman, S.; et al. HSP90 inhibition is effective in breast cancer: A phase II trial
of tanespimycin (17-AAG) plus trastuzumab in patients with HER2-positive metastatic breast cancer
progressing on trastuzumab. Clin. Cancer Res. 2011, 17, 5132–5139. [PubMed]

103. Modi, S.; Stopeck, A.T.; Gordon, M.S.; Mendelson, D.; Solit, D.B.; Bagatell, R.; Ma, W.; Wheler, J.; Rosen, N.;
Norton, L.; et al. Combination of trastuzumab and tanespimycin (17-AAG, KOS-953) is safe and active in
trastuzumab-refractory HER-2-overexpressing breast cancer: A phase I dose-escalation study. J. Clin. Oncol.
2007, 25, 5410–5417. [PubMed]

104. Nielsen, D.L.; Kümler, I.; Palshof, J.A.E.; Andersson, M. Efficacy of HER2-targeted therapy in metastatic
breast cancer. Monoclonal antibodies and tyrosine kinase inhibitors. Breast 2013, 22, 1–12. [PubMed]

105. Arteaga, C.L.; Sliwkowski, M.X.; Osborne, C.K.; Perez, E.A.; Puglisi, F.; Gianni, L. Treatment of HER2-positive
breast cancer: Current status and future perspectives. Nat. Rev. Clin. Oncol. 2011, 9, 16–32. [PubMed]

106. Cameron, D.A.; Stein, S. Drug Insight: Intracellular inhibitors of HER2—Clinical development of lapatinib
in breast cancer. Nat. Clin. Pract. Oncol. 2008, 5, 512–520. [CrossRef] [PubMed]

107. Blackwell, K.L.; Burstein, H.J.; Storniolo, A.M.; Rugo, H.; Sledge, G.; Koehler, M.; Ellis, C.; Casey, M.;
Vukelja, S.; Bischoff, J.; 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,
1124–1130. [CrossRef] [PubMed]

108. Baselga, J.; Bradbury, I.; Eidtmann, H.; Di Cosimo, S.; De Azambuja, E.; Aura, C.; Gómez, H.; Dinh, P.;
Fauria, K.; Van Dooren, V.; et al. Lapatinib with trastuzumab for HER2-positive early breast cancer
(NeoALTTO): A randomised, open-label, multicentre, phase 3 trial. Lancet 2012, 379, 633–640. [CrossRef]

http://dx.doi.org/10.1200/JCO.2009.25.8707
http://www.ncbi.nlm.nih.gov/pubmed/20142587
http://dx.doi.org/10.1158/1078-0432.CCR-14-0012
http://www.ncbi.nlm.nih.gov/pubmed/24879797
http://www.ncbi.nlm.nih.gov/pubmed/21713084
http://www.ncbi.nlm.nih.gov/pubmed/21558407
http://www.ncbi.nlm.nih.gov/pubmed/18048823
http://www.ncbi.nlm.nih.gov/pubmed/23084121
http://www.ncbi.nlm.nih.gov/pubmed/22124364
http://dx.doi.org/10.1038/ncponc1156
http://www.ncbi.nlm.nih.gov/pubmed/18594499
http://dx.doi.org/10.1200/JCO.2008.21.4437
http://www.ncbi.nlm.nih.gov/pubmed/20124187
http://dx.doi.org/10.1016/S0140-6736(11)61847-3


Int. J. Mol. Sci. 2016, 17, 2095 21 of 21

109. Zabransky, D.J.; Yankaskas, C.L.; Cochran, R.L.; Wong, H.Y.; Croessmann, S.; Chu, D.; Kavuri, S.M.;
Red Brewer, M.; Rosen, D.M.; Dalton, W.B.; et al. HER2 missense mutations have distinct effects on oncogenic
signaling and migration. Proc. Natl. Acad. Sci. USA 2015, 112, E6205–E6214. [CrossRef] [PubMed]

110. Weigelt, B.; Reis-Filho, J.S. Activating mutations in HER2: Neu opportunities and Neu challenges.
Cancer Discov. 2013, 3, 145–147. [CrossRef] [PubMed]

111. Wen, W.; Chen, W.S.; Xiao, N.; Bender, R.; Ghazalpour, A.; Tan, Z.; Swensen, J.; Millis, S.Z.; Basu, G.;
Gatalica, Z.; et al. Mutations in the kinase domain of the HER2/ErbB2 gene identified in a wide variety of
human cancers. J. Mol. Diagn. 2015, 17, 487–495. [CrossRef] [PubMed]

112. Acharyya, S. Activating mutations and senescence secretome: New insights into HER2 activation, drug
sensitivity and metastatic progression. Breast Cancer Res. 2013, 15, 309. [CrossRef] [PubMed]

113. Bose, R.; Kavuri, S.M.; Searleman, A.C.; Shen, W.; Shen, D.; Koboldt, D.C.; Monsey, J.; Goel, N.; Aronson, A.B.;
Li, S.; et al. Activating HER2 mutations in HER2 gene amplification negative breast cancer. Cancer Discov.
2013, 3, 224–237. [CrossRef] [PubMed]

114. Kourie, H.R.; Chaix, M.; Gombos, A.; Aftimos, P.; Awada, A. Pharmacodynamics, pharmacokinetics
and clinical efficacy of neratinib in HER2-positive breast cancer and breast cancer with HER2 mutations.
Expert Opin. Drug Metab. Toxicol. 2016, 12, 947–957. [CrossRef] [PubMed]

115. Boulbes, D.R.; Arold, S.T.; Chauhan, G.B.; Blachno, K.V.; Deng, N.; Chang, W.C.; Jin, Q.; Huang, T.H.;
Hsu, J.M.; Brady, S.W.; et al. HER family kinase domain mutations promote tumor progression and can
predict response to treatment in human breast cancer. Mol. Oncol. 2015, 9, 586–600. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1516853112
http://www.ncbi.nlm.nih.gov/pubmed/26508629
http://dx.doi.org/10.1158/2159-8290.CD-12-0585
http://www.ncbi.nlm.nih.gov/pubmed/23400474
http://dx.doi.org/10.1016/j.jmoldx.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26320869
http://dx.doi.org/10.1186/bcr3406
http://www.ncbi.nlm.nih.gov/pubmed/23634980
http://dx.doi.org/10.1158/2159-8290.CD-12-0349
http://www.ncbi.nlm.nih.gov/pubmed/23220880
http://dx.doi.org/10.1080/17425255.2016.1198317
http://www.ncbi.nlm.nih.gov/pubmed/27284682
http://dx.doi.org/10.1016/j.molonc.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/25435280
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	HER2 Biology and Its Role in Breast Cancer 
	Structure of HER2 and Its Physiological Role in Signaling Pathways 
	Structure of HER2 
	Role in Signaling Pathways 

	Tumorigenic Action of HER2 
	HER2 and Breast Cancer 
	HER2 and Other Cancers 


	Diagnosis of HER2+ BC 
	Immunohistochemistry 
	Fluorescent In Situ hybridization (FISH) 

	Drugs Targeting HER2 
	Monoclonal Antibodies 
	Trastuzumab 
	Pertuzumab 
	Antibody Drugs for HER2+ BC in Ongoing Clinical Trials 

	Small Molecule Tyrosine Kinase Inhibitors 
	Lapatinib 
	Afatinib 
	Neratinib 

	Antibody–Drug Conjugates 
	Ado–Trastuzumab Emtansine 
	A Novel Biparatopic ADC for HER2+ BC 

	Other Emerging HER2 Targeted Agents 
	Combination Therapy 

	Anti-HER2 Molecular Therapy for Breast Cancer with HER2 Somatic Mutations 
	Conclusions 

