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Abstract

ErbB-2/Her-2 positive breast cancer constitutes 20-30% of invasive breast
cancer and is associated with poor prognosis and survival. The inability of anti-
Her-2 drugs to improve the overall response rate and reoccurrence in Her-2
positive breast cancer patients presents a major challenge to clinical oncology.
Heat shock protein 90 (HSP90) inhibitors have shown great potential in
overcoming the side effects and resistance associated with current anti-Her-
2-therapies. In this review, we provide a brief overview of the therapies against
Her-2 positive breast cancer and the various HSP90 inhibitors currently under
investigation as a potential therapeutic for targeting Her-2-mediated breast
cancer.
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Abbreviations

17-AAG: 17-Allylamino-17-Demethoxy-Geldanamycin; ATP:
Adenosine Triphosphate; CBR: Clinical Benefit Rate; CR: Complete
Response; CTD: C-Terminal Domain of HSP90 EGFR: Epidermal
Growth Factor Receptors; ER: Estrogen Receptor; FDA: Food and
Drug administration; Her-2+: Her-2 positive; HSF1: Heat Shock
Factor 1; HSP: Heat Shock Proteins; HSP90: Heat Shock Protein
90; MAPK: Mitogen-Activated Protein Kinase; MBC: Metastatic
Breast Cancer; MD: Middle Domain Of HSP90; Mtor: Mammalian
Target Of Rapamycin; NCSLC: Non-Small Cell Lung Cancer; NG:
Nano-Gel; NP: Nano-Particle; NTD: N-Terminal/Amino Terminal
Domain of HSP90; ORR: Overall Response Rate; OS: Overall
Survival; PFS: Progression Free Survival; PR: Partial Response;
PI3K- Phosphatidylinositol-4, 5-Bisphosphate 3-Kinase; PK:
Pharmacokinetic; PR: Progesterone Receptor; RR: Response Rate;
RTK: Receptor Tyrosine Kinase; SCLC: Small Cell Lung Cancer;
T-DM1: Trastuzumab Emtansine; TNBC: Triple Negative Breast
Cancer; VEGFR: Vascular Endothelial Growth Factor Receptor

Introduction

ErbB-2/Her-2 is a member of the epidermal growth factor
family, which also includes erbB-1/EGFR, erbB-3 and erbB-4. Tight
regulation of these Receptor Tyrosine Kinases (RTKs) is critical for
the growth and development of mammary tissues [1]. Dysregulation
of Her-2 and its family members play a critical role in breast cancer
development. Her-2 amplification and overexpression has been
detected in approximately 20-30% of invasive breast cancer and is
associated with higher tumor grade, metastasis, poor prognosis and
resistance to chemotherapeutics [2]. Although the application of Her-
2-targeting agents has improved clinical outcomes for responsive
patients, effective treatment of refractory Her-2-overexpressing
breast cancers remains a significant challenge in clinical oncology.

Her-2 is an orphan receptor with no ligand. Its activation mainly
depends on the dimerization with other erbB family receptors upon

the binding of their cognate ligands. The dimerization triggers an
array of intracellular downstream signaling pathways involved in
cell proliferation, differentiation, survival, angiogenesis and invasion
[3,4]. Major pathways downstream of Her-2 activation include the
Phosphatidylinositol-4, 5-Bisphosphate 3-Kinase (PI3K), Mammalian
Target of Rapamycin (mTOR), Mitogen-Activated Protein Kinase
(MAPK), Src kinases and Signal Transducer and Activator of
Transcription (STAT) transcription factors. Hyperactivation of these
pathways promotes tumorigenesis by enhancing cell proliferation,
differentiation, angiogenesis and other pro-cancer events, which
provides a survival advantage to the Her-2-overexpressing tumor
cells [1]. Importantly, Her-2 has been established as a therapeutic
target that leads to the development of numerous agents for Her-2
positive (Her-2+) breast cancer treatment.

The purpose of this review is to provide a brief overview of
different therapies targeting Her-2 positive breast cancer and to
discuss the potential of currently investigated HSP90 inhibitors in
Her-2+ breast cancer for utilization in other cancer models.

Current Her-2-targeting therapies

Multiple strategies have been exploited for the treatment of
Her-2+ breast cancer by targeting and interfering with the functions
and downstream signaling of Her-2 molecule [5]. Trastuzumab
(Herceptin) is an FDA approved antibody-based drug that targets
Her-2, resulting in inhibition of downstream signaling and cell
cycle arrest [6]. Initial studies of trastuzumab as a monotherapy in
metastatic breast cancer patients were not effective with only 10-
15% patients yielding Partial Response (PR) and a rare Complete
Response (CR). Also, the development of cardiomyopathy in elderly
patients after the treatment with trastuzumab emerged as a matter
of concern [7]. However, the combination of trastuzumab with
other chemotherapeutic agents such as vinorelbine, docetaxel, and
gemcitabine, has shown an improved Response Rate (RR) and Overall
Survival (OS) in Her2+ metastatic patients and is routinely being used
as a treatment option [7]. Lapatinib, a small molecule dual inhibitor
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targeting the kinase domain of EGFR and Her-2, is approved for the
treatment of metastatic breast cancer [8]. The toxicity profile of this
molecule is limited to skin rash and diarrhea being the most frequent
side effects [7,9]. The single agent activity of lapatinib is modest in
patients with trastuzumab-resistant tumors, but the combination
of lapatinib with capecitabine and taxanes has shown significant
improvements in RR, Progression Free Survival (PES) and OS as
compared to the single drug therapies in Her-2+ patients [7,10,11].
Recently, pertuzumab, another novel antibody drug targeting Her-
2 to prevent its activation through interruption of Her-2/Her-3
dimer formation, has also been approved for the treatment of Her-
2+ metastatic breast cancer [12]. In combination with trastuzumab
and docetaxel, pertuzumab has yielded further improved Overall
Response Rate (ORR) and survival, yet tumor recurrence is still
evident and needs further clinical investigation [13,14]. Moreover, an
antibody conjugate of trastuzumab with a cytotoxic agent, emtansine
(T-DM1), has shown targeted inhibition of tumor cells with improved
therapeutic potential and minimal systemic toxicity in preclinical
studies [15,16], even in Her-2+ metastatic breast cancer patients
previously treated with other drugs [17,18]. Meanwhile, more Her-
2-targeting agents are being investigated for the treatment of Her-2-
overexpressing breast cancer.

Currently employed therapies for Her-2+ breast cancer have
partially improved the general outcomes of the disease by enhancing
the ORR and PFS; nevertheless, resistance and relapse are still
common. Resistance is associated with the activation of compensatory
signaling pathways downstream of RTKs [7,19]. Mutations or
alterations in the drug binding site or kinase activity site of the Her-
2 gene may also contribute to the resistance to anti-Her-2 therapy.
Thus, in-depth understanding of Her-2 signaling and development of
novel targeted therapies are necessary for further improvement of the
overall survival in Her-2+ patients.

HSP90 and cancer

Heat shock proteins (HSPs) are a family of proteins that are
expressed in response to various cellular stresses. These molecules
allow organisms to thrive and adapt to diverse conditions including
drugs and environmental stressors [20]. Heat shock protein 90
(HSP90), in particular, is essential for the correct folding, assembly
and proteolytic turnover of various client proteins that are pivotal
regulatory proteins involved in cell growth, differentiation and
survival. HSP90 consists of four structural domains- an N-Terminal
Domain (NTD), a charged linker that connects the NTD and Middle
Domain (MD), a middle domain and a C-Terminal Domain (CTD)
[21]. The NTD of HSP90 is the binding site for ATP and connects
to the MD with a charged linker. This domain modulates ATPase
activity of HSP90 by binding to gamma-phosphate of ATP and acts
as recognition and binding site for co-chaperones and client proteins.
Finally, the CTD of HSP90 helps in the homodimerization of HSP90
to obtain active conformation [21]. HSP90 consists of a wide array
of client proteins that includes proteins such as Her-2, Epidermal
Growth Factor Receptor (EGFR), c-Raf, Src, B-Raf, Akt and Met [22].
Importantly, HSP90 is over expressed in various solid tumors and
malignancies. Cancer cells utilize the essential chaperone features of
HSPI0 for stabilizing mutated or dysregulated onco-proteins, which
promote malignant transformation [23]. The overexpression of HSPs
in cancers has been attributed to the constitutive activation of Heat

Shock Factor 1 (HSF1), the central regulator of HSPs involved in
their synthesis and transcription [23,24]. In non-cancerous cells, the
overexpression of HSP90 negatively regulates HSF1 expression and
restricts HSP90 upregulation. In contrast, the upregulation of HSF1
occurs concomitantly with the upregulation of HSP90 in cancer cells.
This anomaly is suggested to be due to cancer-mediated alterations in
the post-translational modifications in HSP90 and its signaling [25].
Thus, cancer cells become dependent on chaperones, such as HSP90,
for their survival and expansion of the oncogenic proteome.

HSP90 and Her-2-associated cancer development

ErbB-2/Her-2 is the most sensitive client protein of HSP90 and
was the first protein shown to be degraded by ansamycins, inhibitors
of HSP90 [26]. More HSP90 client proteins that are associated with
breast cancer biology include Vascular Endothelial Growth Factor
Receptor (VEGFR), Estrogen Receptor (ER) and Progesterone
Receptor (PR) [27]. The overexpression of HSP90 has been correlated
with high Her-2 and ER levels, lymph node status, size of tumors
and decreased survival in breast cancer [28,29]. HSP90-mediated
deregulation of these critical factors may contribute to the poor
prognosis breast cancer [28]. HSP90 in association with a co-
chaperone, Cdc37, is required for the stability and maturation of Her-
2. Studies have shown that the inactivation of HSP90 or degradation
of the HSP90-Cdc37 complex by inhibitors leads to ubiquitin-
dependent proteasomal degradation of Her-2 [26,30,31]. HSP90 is
also known to regulate Her-2 activity by interacting with a specific
loop in its kinase domain [30,32]. This interaction sequesters Her-2
homodimers and prevents Her-2 dimerization with other erbB family
receptors, thus restricting its catalytic activity. When ligands bind to
other erbB receptors, HSP90 is dissociated due to steric hindrance
and heterodimerization activates Her-2-mediated signaling
pathways, such as MAPK and PI3K pathways [33]. Another study
has reported an upregulation of Src-dependent kinase activity in the
presence of mutant Her-2 that was unable to bind HSP90, further
indicating the role of HSP90 in the activation and signaling of Her-2
[34]. In addition, surface HSP90 has been shown to interact with the
extracellular domain of Her-2, activating heregulin-mediated Her-
2 pathway, leading to cytoskeletal rearrangement and contributing
to cancer cell motility and invasion [32,33]. Taken together, these
reports indicate that the functional status of HSP90 is critical for tight
regulation of Her-2 and its family members. Alterations of HSP90
would have profound impact on Her-2 activity and its oncogenic
potential. Indeed, targeting HSP90 for the treatment of Her-2+ breast
cancer is an attractive target for anti-cancer therapy.

Targeting HSP90 in Her-2 positive breast cancer

Various N-terminal domain-targeting HSP90 inhibitors are
being investigated for their potential role in anti-cancer therapy.
Geldanamycin, a benzoquinone ansamycin antibiotic, was one of the
first generation HSP90 inhibitors that showed effective inhibition of
Her-2+ breast cancer cells [30]. It acts by inhibiting the interaction
between HSP90 and Her-2, and induction of CHIP-mediated
Her-2 ubiquitinylation and proteasomal degradation [28,30,35].
Tanespimycin  [17-allylamino-17-demethoxy-geldanamycin  (17-
AAG)], a geldanamycin derivative, has shown great potency against
Her-2+ breast cancer by promoting Her-2 ubiquitinylation, lysosomal
degradation and inhibition of cell growth by inducing cell cycle arrest
and apoptosis in preclinical models [36-39]. It is also effective against
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Table 1: HSP90 inhibitors and their mechanism of action in targeting Her2+ breast cancer.

HSP90 Inhibitors | Class of inhibitor/Core structure Molecular target/mechanism References
17-AAG First Generation/ansamycin based Ubiquitinylation and lysosomal degradation of lHer—2, cell cycle arrest and induction of [36,37,39]
apoptosis
IPI-504 First Generation/ansamycin based Inhibition of Akt and MAPK pathways [44,64]
NVP-AUY-922 Second generation/ resorcinol based Dissociation of HSP90-p23 complex, proteasomal degradation of Her-2 and induction [46]
of apoptosis
STA-9090 Second generation/ resorcinol based Inhibition of Akt, MAPK/Erk and mTOR pathways, cell cycle arrest and apoptosis [52,53]
FW-04-0806 Second generation resorcinol based Disruption of HSP90-Cdc37 complex,l induction of apoptosis and proteasomal [57,58]
degradation of Her-2

the mutant form of Her-2 (p95-Her-2) which showed resistance to
trastuzumab treatment [40]. In clinical studies, combination of 17-
AAG plus trastuzumab exhibited 22% ORR and 59% clinical benefit
rate in Her-2+ trastuzumab-refractory breast cancer patients [41].
Despite its success, the clinical use of this inhibitor is discontinued
owing to its poor solubility and formulation issues [42]. Retaspimycin
(IPI-504), a derivative of tanespimycin, is another effective HSP90
inhibitor. In preclinical studies on Her-2+ trastuzumab-resistant cell
and xenograft models, IPI-504 significantly reduced the levels of Her-
2, Akt, MAPK and phosphorylated Akt and MAPK, thereby silencing
the pathways partially responsible for trastuzumab resistance
[43,44]. Modest clinical activity was displayed by retaspimycin plus
trastuzumab treatment in phase II trials of Her-2+ metastatic breast
cancer patients heavily pretreated with trastuzumab (ASCO Annual
Meeting Abstract [45]). More investigations are needed to further
validate the role of retaspimycin in Her-2+ breast cancer. Though
the preclinical and clinical studies associated with geldanamycin and
its derivatives were promising and validated the proof of concept
for targeting HSP90 in Her-2+ breast cancer, these first generation
inhibitors presented
difficulties.

tremendous toxicities and formulation

Second generation HSP90 inhibitors overcame the solubility
and safety issues associated with geldanamycin and its derivatives
and have shown more efficacy as an anti-tumor agent in solid
tumors and malignancies. NVP-AUY922 is a resorcinol core HSP90
inhibitor developed by a structure optimization of a lead compound,
CCT018159, which was identified during a high throughput screening
for HSP90 inhibitors in yeast. In preclinical studies, NVP-AUY922
has demonstrated promising anti-tumor activity at low nano-molar
ranges in various breast cancer cell lines and xenograft models. Its
mechanism of inhibition involves the dissociation of HSP90-p23
complex (required for HSP90 activity and client protein stability)
followed by proteasomal degradation of Her-2 protein and inhibition
of cell growth by apoptosis [46]. A recently concluded clinical study of
NVP-AUY922 plus trastuzumab in patients with Her-2+ metastatic
breast cancer (who were previously treated with trastuzumab)
established the tolerability and activity of NVP-AUY922 [47].
However, further validation and investigation is required in larger
cohorts.

Ganetespib, or STA-9090, is a potent synthetic HSP90 inhibitor
with a unique structure, increased potency and a favorable safety
profile without hepatotoxicity and ocular toxicity [48]. In vitro studies
involving ganetespib, alone or in combination with other drugs [49],
reported improved efficacy and cytotoxicity in various hematological
and solid tumors, including those harboring mutant kinases, such as
B-Raf, EGFR and c-Kit [48]. In vivo, ganetespib has shown significant

inhibition of tumor growth in xenograft models of EGFR-mutant
and wild type Non-Small Cell Lung Cancer (NCSLC) [50], Small Cell
Lung Cancer (SCLC) [49], Triple-Negative Breast Cancer (TNBC)
[51,52] and Her-2+ breast cancer [53]. The anti-tumor effects of
ganetespib are attributed to its ability to inhibit Akt, MAPK/Erk
and mTOR signaling pathways and inhibit cell growth by inducing
cell cycle arrest and apoptosis [53]. In a Phase II open label study
of ganetespib in Metastatic Breast Cancer (MBC) patients, the ORR
was not achieved, but clinical activity was evident in trastuzumab-
refractory Her-2+ and TNBC patients [54]. The results of ongoing
trial of ganetespib in combination with paclitaxel and trastuzumab in
Her-2+ MBC patients were reported at the San Antonio Breast Cancer
Symposium [55]. According to a Phase I trial, the combination of
trastuzumab and paclitaxel with ganetespib was well-tolerated with
grade 1/2 toxicities - diarrhea and fatigue. The ORR was 25% and
the clinical benefit rate was 50% but PFS and Pharmacokinetic (PK)
data was not presented. Other ongoing trials of ganetespib include
in combinational treatment with capecitabine and radiation in rectal
cancer and with paclitaxel in women with primary peritoneal cancer
[56].

Another HSP90 inhibitor, FW-04-0806, has also shown anti-
tumor effects in Her-2+ breast cancer models [57,58] by disrupting
HSP90 and Cdc37 chaperone/co-chaperone
degradation of HSP90 client proteins [57]. When used in combination
with lapatinib, FW-04-0806 resulted in effective reduction of Her-2
expression and downstream signaling pathways PI3K/Akt and Ras/
MEK/Erk signaling pathways in cell and xenograft models of Her-2+
breast cancer [58].

interaction and

The potential of HSP90 inhibitors in attenuating Her-2 activity
and/or associated signaling pathways in preclinical and clinical
studies has caught the attention of scientist and more such inhibitors
are currently being tested for their activity. Table 1 summarizes
various HSP90 inhibitors and their mechanism of action in targeting
Her-2+ breast cancer and Table 2 summarizes the relevant clinical
trials (completed and ongoing) for HSP90 inhibitors.

Recent advances in HSP90/Her-2 therapies

Considering the array of data obtained from targeting the
N-terminal domain of HSP90 and the promising anti-cancer benefits
of HSP90 inhibitors in Her-2+ breast cancer, other aspects of HSP90
are being targeted as anti-cancer strategies. New small molecule
inhibitors are being investigated that either target the C-terminal
domain of HSP90, and/or target the association of HSP90 with co-
chaperones such as Cdc37, Bag-1 and CHIP [22]. Recently, a new
novel HSP90 inhibitor, CPUY201112, with a radicicol scaffold
was identified using a fragment-based approach and structure
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Table 2: HSP90 inhibitors targeting Her-2+ breast cancer in clinical development.

Drug Treatment Regime Phase Outcomes Ref.
ORR: 22%
Tanespimycin (17-AAG) +Trastuzumab 1l PFS: 6 months [41]
OS: 17 months
CBR: 9%
. PFS: 7 weeks
Ganetespib (STA-9090) 1l 0S: 115 [54]
months
Ganetespib + Paclitaxel + Trastuzumab | RPZ.D [55]
determined
Ganetespib (ENCHANT-1 trial) ] Ongoing
Ganetespib, Paclitaxel, Trastuzumab and .
| Ongoing
Pertuzumab
NVP-AUY922 | Ongoing

“ORR: Overall Response Rate; PFS: Progression Free Survival; OS: Overall
Survival; CBR: Clinical Benefit Rate; RP2D: Recommended Phase 2 Dose.

optimization. This inhibitor binds the ATP binding pocket of HSP90
and degrades its client proteins, including Her-2, Akt and c-RAF,
via activation of p-53-dependent apoptosis [59]. Similarly, a natural
product, celastrol, was studied as an inhibitor of the HSP90-Cdc37
complex and was effective in down regulating Her-2 levels in cell and
xenograft models [60].

A great deal of interest has also shifted towards increasing the
targeted delivery of HSP90 inhibitors using antibody-conjugated
Nanogels (NGs) and Nanoparticles (NPs) in order to reduce systemic
toxicity [61]. A study involving the synergistic delivery of doxorubicin
and 17-AAG encapsulated in nanogel to target Her-2-driven tumors
in vitro and in vivo provided the proof of concept for using nanogel in
the targeted delivery systems [62]. This was followed by another study
using trastuzumab-conjugated nanogels loaded with the cytotoxic
drug doxorubicin (Tras-NG/Dox) in combination with 17-AAG
in Her-2-driven breast cancer cell and xenograft models [63]. Both

of the studies have shown that the targeted delivery of drugs using
nanogels resulted in enhanced anti-tumor activity and potency when
compared to either of the drugs alone in Her-2-driven breast cancer
xenograft models [62,63].

Summary

A proposed model of the action of HSP90 and its inhibitors in
targeting Her-2 stability and signaling is shown in Figure 1. The
binding of ATP molecule to HSP90 complex (consisting of co-
chaperones) mediates the stability and maturation of Her-2 and other
client proteins. The functional Her-2 protein forms homodimers or
heterodimers with other family members and activates a plethora
of downstream signaling pathways, including PI3K/Akt, mTOR
and MAPK pathways, which promote cell growth and survival.
HSP90 inhibitors target the stability and maturation of the Her-
2 protein by preventing ATP binding in the NTD of HSP90 or
disrupting the chaperone/co-chaperone complex, thus initiating the
ubiquitinylation and proteasomal degradation of the Her-2 protein.
HSP90 inhibitors can also inhibit the downstream signaling of the
Her-2 protein, such as PI3K, MAPK and mTOR pathways in Her-
2-expressing cancer cells, as well as in drug-resistant (trastuzumab-
or lapatinib-resistant) cancer cells, thereby inhibiting their growth,
survival and angiogenesis.

Conclusion

The clinical development of Her-2-targeted therapies is
progressing rapidly. The current line of therapies involving
humanized monoclonal antibodies, kinase inhibitors and drug
conjugates has improved the overall response rate and progression
free survival in metastatic Her-2+ breast cancer patients, yet the
disease is still not curative and relapse is evident. The new emerging

Degraded Her-2
protein

Figure 1: Proposed model of the action of HSP90 and its inhibitors on
Her-2 stablity and signaling. HSP90 and co-chaperones are involved in the
correct assembly and folding of various client profeins including Her-2. The
bindmg of ATP activates HSP90 complex and a mature fimctional Her-2
protein is produced that can activate the downstream signaling pathways 1o
promote cell survival end growth (A). HSP90 inhibitors inhibit Her-2
mediated cell growth and survival in two ways: (i) they can inhibit the
bindng of ATP or disrupt the binding of co-chaperones to HSP#0, thereby

ing the p on of Her-2 protein (B); and (ii) they can

inhibit the downstream signaling pathways of Her-2 including those that are
re-activated due to chemo-drug resistance (C). HSP, Heat shock proteins;
ATP, ad i iphosphate; PISK, Phosphatidy itol 3-kinase, mTOR,
Mammalian target of rapamycin; MAPK, Mitogen-activated protein kinase.
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Figure 1: Proposed model of the action of HSP90 and its inhibitors on Her-2 stability and signaling. HSP90 and co-chaperones are involved in the correct assembly
and folding of various client proteins including Her-2. The binding of ATP activates HSP90 complex and a mature functional Her-2 protien is produced that can
activate the downstream signaling pathways to promote cell survival and growth (A). HSP9O0 inhibitors inhibit Her-2 mediated cell growth and survival in two ways;
(i) they can inhibit the binding of ATP or disrupt the binding of co-chaperons to HSP90, there by promoting the proteasomal degradation of Her-2 protein (B); and
(i) they can inhibit the downstream signaling pathways of Her-2including these that are re-activated due to chemo-drug resistance (C). HSP, Heat shock proteins;
ATP, adenosine triphosphates; PI3K, Phosphatidylinositol 3-kinase; mTOR, Mammalian target of rapamycin; MAPK, Mitogen-activated protein kinase.
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small molecule HSP90 inhibitors have provided a new proof of
concept/principle to target Her-2-mediated signaling and appear to
be promising therapeutics. Many of these inhibitors are currently in
Phase IIT clinical trials and show effective management of various
types of cancer, including those harboring mutations and resistance
to first line therapies. Thus, designing a logical and rational treatment
combination that targets pivotal players in Her-2-mediated breast
cancer signaling and delays regression is required for the patients
who will benefit the most. Finally, with the ample data obtained
from preclinical and clinical studies along with the ongoing new
developments in the field of HSP90 inhibition, there is a need to
carefully analyze the available data and utilize it to its utmost potential
against the most advance and aggressive tumor types.
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