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The HSP90 inhibitor NVP-AUY922 inhibits growth of HER2 positive
and trastuzumab-resistant breast cancer cells
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Summary
As HER2 is a client protein of the molecular chaperone Hsp90, targeting Hsp90 may be beneficial in HER2-positive breast
cancer. In this study, the activity of the Hsp90 inhibitor NVP-AUY922 was assessed in HER2 overexpressing breast cancer cell
lines, including two cell line models of acquired trastuzumab-resistance. The seven HER2-positive breast cancer cell lines tested
showed significant sensitivity to NVP-AUY922 in vitro, with IC50 values between 6 and 17 nM. Combining NVP-AUY922 with
chemotherapy did not improve response. NVP-AUY922 in combination with trastuzumab, significantly enhanced growth
inhibition in three of the seven cell lines tested. In conclusion, our data shows that NVP-AUY922 displays potent anti-cancer
activity in HER2-positive and trastuzumab-resistant breast cancer cells, and supports further testing of NVP-AUY922 in patients
with HER2-positive breast cancer.
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Introduction

HER2 is a member of the transmembrane receptor tyrosine
kinase ErbB family. The HER2 protein is over-expressed or
the gene amplified in approximately 20–25% of breast cancers
[1], resulting in the HER2-positive clinical phenotype which
is associated with a poor prognosis [1, 2]. Targeting HER2
with trastuzumab, a recombinant humanized monoclonal an-
tibody, is clinically effective in the treatment of early and
metastatic HER2 over-expressing breast cancer [3, 4].

Although many patients respond to trastuzumab, approxi-
mately 90% of patients with metastatic HER2 positive breast
cancer develop progressive disease [5]. Resistance to
trastuzumab may be mediated by one or more of the following
mechanisms (a) compensatory signalling – increased signal-
ling fromHER family members [6] or other receptors (IGFIR)
[7, 8], (b) activation of downstream signalling, such as the
PI3K/Akt pathway [9–11] and (c) deletion of tumour
supressors (PTEN) [12], suggesting that trastuzumab resistant
tumour cells are still heavily dependent on signalling down-
stream of HER2.

Hsp90 is involved in the folding, assembly, stabilization
and activation of more than 200 proteins, referred to as
Bclients^, including kinase signalling proteins, mutated sig-
nalling proteins, transcription factors, and cell cycle-
regulators [13, 14]. Oncoproteins, such as HER2, Akt, and
EGFR, can use the Hsp90 chaperone machinery to protect
mutated and over-expressed proteins from misfolding and
degradation, promoting cancer cell survival [15, 16].
Hsp90, along with co-chaperone proteins, has been reported
to regulate degradation of HER2 and can interact with the
kinase domain of HER2 where it is responsible for main-
taining the mature protein in a state competent for dimer-
ization and activation [17]. Thus, Hsp90 is an attractive
target for anti-cancer therapies [18–20]. A phase II trial of
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tanespimycin (17-AAG) plus trastuzumab showed signifi-
cant anti-cancer activity in patients with HER2-positive,
metastatic breast cancer who progressed on trastuzumab
[21]. Tanespimycin also showed either additive or synergis-
tic activity in combination with a variety of chemotherapeu-
tic agents, including docetaxel, cisplatin and irinotecan, in
preclinical studies [22] and phase I clinical trials [23–25].
However, the development of tanespimycin as a cancer
therapy has been suspended by the sponsor for non-
clinical reasons [21, 26]. NVP-AUY922, a novel
resorcinylic isoxazole amide, is a more potent inhibitor of
Hsp90 than 17-AAG and has strong anti-tumour activity
[27, 28] against gastric cancer [29], non-small cell lung
cancer [30] and breast cancer in vitro and in vivo [31]. In
addition, NVP-AUY922 showed anti-tumour activity in
phase I studies in patients with advanced solid tumours
[32] and in a phase I/II trial in patients with HER2-
positive or ER-positive breast cancer [33]. Wainberg and
collaborators reported that NVP-AUY922 showed a syner-
gistic effect with trastuzumab in HER2-positive breast and
gastric cancer cell lines, including in trastuzumab-
conditioned models [34].

In this study, we investigated the effect of NVP-AUY922
in a panel of HER2-positive trastuzumab-sensitive and
trastuzumab-resistant breast cancer cell lines.

Methods

Cells and reagents

HER2-positive breast cancer cell lines BT474, EFM-192A,
SKBR3, MDA-MB-361 and HCC1954 were obtained from
the American Tissue Culture Collection (Manassas, VA).
BT474/Trastuzumab resistant (BT474/Tr) and SKBR3/
Trastuzumab resistant (SKBR3/Tr), which were developed
following continuous exposure to trastuzumab (100 μg/ml)
for 9 months, were kindly provided by Dr. Dennis Slamon,
UCLA [35]. All cell lines were cultured in RPMI (Sigma-
Aldrich) containing 10% FCS.

NVP-AUY922 (provided by Novartis) was prepared as a
10 mM stock in dimethyl sulfoxide (DMSO). Trastuzumab
(Herceptin, Genentech Inc.), docetaxel (Taxotere, Aventis),
and cisplatin were obtained from the Pharmacy Department,
St Vincent’s University Hospital, Dublin. 5′-deoxy-5′-
fluoruridine (5’-DFUR, Sigma-Aldrich) was prepared as a
10 mM stock in DMSO.

Protein extraction

The cells, untreated or treated with 0.1, 0.5 or 1 μM NVP-
AUY922 for 24 h, were washed with cold phosphate buffered

saline (PBS) and lysed in RIPA buffer (Sigma-Aldrich) con-
taining protease inhibitors (Sigma-Aldrich), 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 mM sodium
orthovanadate. After 20 min incubation on ice, lysate was
passed through a 21-gauge needle and centrifuged at
10000 rpm for 5 min at 4 °C. Protein quantification was car-
ried out using the bicinchoninic acid assay (Pierce
Biotechnology).

Western blotting

40 μg of proteins were solubilised in sample buffer
(250 mM Tris–HCl; 10% sodium dodecyl sulfate
(SDS); 5% beta-mercaptoethanol; 30% glycerol; 0.02%
bromophenol blue), heated to 95 °C for 5 min and pro-
teins were separated using Novex 4–12% polyacrylamide
gels (Life Technologies). Proteins were transferred to ni-
trocellulose membrane (Life Technologies). The mem-
brane was blocked with NET buffer (1.5 M NaCl;
0.05 M EDTA; 0.5 M Tris pH 7.8; 0.5% Triton X100;
2.5 g/l gelatin) at room temperature for 1 h. After over-
night incubation at 4 °C with primary antibody, three
washes with NET buffer were carried out, followed by
incubation at room temperature with secondary antibody
(anti-mouse, Sigma; anti-rabbit, Pierce Biotechnology)
for 1 h. Primary antibodies used were anti-HER2
(Calbiochem), anti-Hsp90 (Santa Cruz Biotechnology),
anti-Akt (Cell Signalling Technology) and anti-α-
tubulin (Sigma-Aldrich). Following three washes with
NET buffer and one PBS wash, protein bands were de-
tected using Luminol (Santa Cruz Biotechnology) or
ECL™ Advance western blotting detection kit (GE
Healthcare). Bands were quantified using ImageJ
software.

Proliferation assays

Cell proliferation assays were performed using the acid phos-
phatase assay. Briefly, 5 × 104 cells/well for BT474, BT474/Tr
and MDA-MB-361 and 3 × 104 cells/well for EFM-192A,
SKBR3, SKBR3/Tr and HCC1954 were seeded in 96-well
plates. Following overnight incubation at 37 °C, drugs were
added at the appropriate concentrations and incubated for
5 days at 37 °C. media was removed and cells were washed
once with PBS. Acid phosphatase substrate (10 mM p-
nitrophenyl-phosphate (Sigma-Aldrich) in sodium acetate
buffer) was added to each well and incubated at 37 °C for
1 h. The reaction was stopped by adding 1 M NaOH.
Absorbance was read at 405 nm with 620 nm as the reference
wavelength. Inhibition of proliferation was calculated relative
to untreated controls. IC50 values, the effective concentration
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of drug that inhibits 50% of growth, were determined using
the Chou and Talalay equation on CalcuSyn software [36].

Statistical analysis

For NVP-AUY922 and trastuzumab combination assays, the
Student’s t-test (two-tailed) was used to compare the effect of
the combination with each of the single agents alone (at 10 nM
each). Relationships between response to NVP-AUY922 in
combination with trastuzumab and signalling pathways (from
[10]), and ER status were examined using the Mann Whitney
U, Spearmann Rank or Fisher’s test on StatView for Windows
(version 5.0.1) (SAS Institute, Inc). P < 0.05 was considered
statistically significant.

Results

NVP-AUY922 decreases HER2 and Akt levels in HER2
positive breast cancer cell lines

The five parental HER2-positive breast cancer cell lines
and the two trastuzumab resistant cell lines expressed de-
tectable levels of HER2 and Hsp90 (Fig. 1a). Treatment
with increasing doses of NVP-AUY922 resulted in a
dose-dependent decrease in HER2 and Akt levels in
BT474 and SKBR3 cell lines (Fig. 1b). NVP-AUY922
treatment also decreased the level of these proteins in the
trastuzumab resistant cell lines, BT474/Tr and SKBR3/Tr.
Hsp90 protein levels were not reduced by the inhibitor
(Fig. 1b).

Fig. 1 NVP-AUY922
downregulates HER2 and Akt
protein levels. a Baseline
expression of HER2, Hsp90, Akt,
pAkt (S473/T308) and α-tubulin
was measured by western blotting
in six parental and two
trastuzumab-resistant HER2-
postive breast cancer cell lines. b
Expression of HER2, Akt, Hsp90
and α-tubulin was determined
following 24 h incubation with
increasing doses of NVP-
AUY922 (0, 0.1, 0.5 and 1 μM)
in BT474, BT474/Tr, SKBR3 and
SKBR3/Tr. Data is representative
of triplicate experiments
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NVP-AUY922 inhibits proliferation of HER2-positive
breast cancer cell lines

Sensitivity to trastuzumab in the panel of HER2-positive
breast cancer cell lines was assessed at 20 nM (approx 3 μg/
ml) trastuzumab (Table 1). Four cell lines, BT474, EFM-
192A, SKBR3 and MDA-MB-361 showed 32–48% inhibi-
tion of growth and were classified as trastuzumab sensitive.
Trastuzumab did not reduce proliferation of HCC1954 cells
and this cell line was classified as innately resistant to
trastuzumab. Finally, we confirmed that the trastuzumab-
conditioned cell lines, BT474/Tr and SKBR3/Tr, show re-
duced response to trastuzumab compared to the parental cell
lines, with 8 and 25% growth inhibition at 20 nM,
respectively.

NVP-AUY922 inhibited the growth of the 7 HER2-
positive breast cancer cell lines tested, at clinically achievable
concentrations (IC50 values ranging from 6 to 17 nM,
Table 1), including the innately resistant HCC1954 cells and
the two trastuzumab-conditioned cell lines, BT474/Tr and
SKBR3/Tr. We also tested combinations of NVP-AUY922
with standard chemotherapy agents. The combination of
NVP-AUY922 with each of the chemotherapy agents
(docetaxel, cisplatin, 5-DFUR) did not improve response
compared to NVP-AUY922 alone in BT474 cells (Fig. 2).
Similiar results were obtained for SKBR3, HCC1954 and
MDA-MB-361 cells (Supplementary figure 1).

Enhanced anti-proliferative effect of NVP-AUY922
in combination with trastuzumab

To investigate the impact of NVP-AUY922 on trastuzumab
response, proliferation assays were performed with NVP-
AUY922 or trastuzumab alone, and in combination in the
panel of cell lines. In 3 of the 7 cell lines tested, the combina-
tion of NVP-AUY922 and trastuzumab produced enhanced
response compared to the single agents, including both the
parental BT474 and the trastuzumab-resistant model BT474/

Tr, and the EFM-192A cells (Fig. 3, Table 2). In the other 4
cell lines, combined treatment did not enhance response, com-
pared to NVP-AUY922 alone.

Response to NVP-AUY922 and trastuzumab
and Hsp90 client proteins

Levels of Hsp90 protein did not correlate with response to
NVP-AUY922 (p = 0.43) or combined treatment with

Fig. 2 NVP-AUY922 in combination with chemotherapy in BT474
cells. BT474 cells were incubated with increasing doses of NVP-
AUY922 (starting dilution at 20 nM) in combination with chemotherapy
agents a docetaxel (50:1), b cisplatin (1:500), or c 5-DFUR (1:500) for
5 days. Data represents the mean +/− SD of triplicate independent
experiments

Table 1 Anti-proliferative effects of NVP-AUY922 and trastuzumab
on HER2-positive and trastuzumab-resistant breast cancer cell lines

NVP-AUY922
IC50 (nM)

Trastuzumab
% growth inhibition at 20 nM

BT474 9.9 ± 1.5 48.1 ± 6.8

BT474/Tr 16.9 ± 1.2 7.8 ± 10.5

EFM192A 8.9 ± 0.9 33.5 ± 4.8

SKBR3 7.6 ± 0.6 32.2 ± 16.7

SKBR3/Tr 5.8 ± 0.7 24.7 ± 10.4

MDA-MB-361 7.2 ± 2.3 37.0 ± 6.8

HCC1954 10.5 ± 1.8 −2.90 ± 4.3
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trastuzumab and NVP-AUY922 (Supplementay table 1).
Based on the known client proteins of Hsp90 and their

potential interaction with HER2 signalling, we examined
the relationship between response to NVP-AUY922 alone

Fig. 3 Growth inhibitory effects of combined NVP-AUY922 and
trastuzumab treatment in HER2-positive and trastuzumab-
resistant breast cancer cell lines. a SKBR3, b SKBR3/Tr, c
MDA-MB-361, d HCC1954, e BT474, f BT474/Tr, g EFM-192A
were incubated with increasing doses of NVP-AUY922 (starting

dilution at 20 nM), trastuzumab (starting dilution at 20 nM), or the
combination of both drugs (1:1) for 5 days. Cell viability was deter-
mined using the acid phosphatase method. Data represents the mean
+/− SD of triplicate independent experiments. * P < 0.05
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or in combination with trastuzumab, and ER expression
status, HER protein levels, IGF1R expression levels, and
the PI3K/Akt signalling pathway. Data was available for 5
of the 7 cell lines [10]. Although all of the cell lines were
sensitive to NVP-AUY922, greater sensitivity correlated
with lower levels of HER2 (p = 0.045, r = 0.995). Total
HER2 levels did not correlate with response to combined
trastuzumab and NVP-AUY922 treatment. No other corre-
lations were observed with response to NVP-AUY922
a l o n e o r i n c om b i n a t i o n w i t h t r a s t u z um a b
(Supplementary table 1).

Discussion

The prognosis for HER2-positive breast cancer has signifi-
cantly improved since the introduction of trastuzumab [37]
and more recently lapatinib [38], pertuzumab [39] and T-
DM1 [40]. Despite these advances, resistance to HER2-
targeted therapies remains a clinical problem, particularly for
metastatic disease. Hsp90 is an emerging target with potential
in HER2-positive breast cancer as it is responsible for protein
stabilization of multiple proteins involved in oncogenesis, in-
cluding HER2. Hsp90 inhibition results in degradation of
HER2 via ubiquitinylation and lysosomal pathways [41].

In this study, we analyzed the effect of combining NVP-
AUY922, an Hsp90 inhibitor already described as having po-
tent anti-tumour activity [27–32, 42], with trastuzumab or
standard chemotherapy agents in HER2-positive breast cancer
cell lines. Consistent with a previously published study [34],
we showed that NVP-AUY922 has potent anti-proliferative
effects in five HER2-positive breast cancer cell lines
(trastuzumab-sensitive BT474, EFM-192A, SKBR3, MDA-
MB-361 and the innately trastuzumab-resistant HCC1954
cells), displaying activity in the nanomolar range which is
within the achievable range of plasma concentrations reported
clinically. In patients administered 70 mg/m2, the mean plas-
ma levels of NVP-AUY922 after 24 h were approximately
60 ng/mL (approx. 130 nM) [32].

We further investigated whether Hsp90 inhibition with
NVP-AUY922 would have activity in two trastuzumab-
resistant variants of the HER2-positive breast cancer cell lines
BT474 (BT474/Tr) and SKBR3 (SKBR3/Tr) [35]. In agree-
ment with other studies [43–45], acquired trastuzumab-
resistant cell lines were also highly sensitive to Hsp90 inhibi-
tion. Consistent with previously published results [44], we
found that NVP-AUY922 decreased the levels of HER2 in
both trastuzumab sensitive and - resistant cell lines. Scaltriti
and collaborators suggested that the trastuzumab-resistant
cells were still dependent on the HER2 signalling pathway,
which may in part explain the observed sensitivity to Hsp90
inhibition by IPI-504 as shown in their study [44] and NVP-
AUY922 in our study. In addition, the combination of NVP-
AUY922 with trastuzumab enhanced response in both BT474
and BT474/Tr cell lines as previously observed [34]. We also
found enhanced response to the combination in EFM-192A
cells but not in SKBR3, SKBR3/Tr, MDA-MB-361 and
HCC1954 cell lines. In an attempt to uncover the differential
response to combined treatment with trastuzumab plus NVP-
AUY922 we examined the relationship between response and
a number of known Hsp90 charperones. However, no corre-
lations were observed between enhanced response to the com-
bination and expression of ER, HER family proteins, IGF1R
or Akt. Extending the analysis to a larger panel of HER2-
positive breast cell lines may help to elucidate potential pre-
dictive biomarkers of enhanced response to combined
trastuzumab and NVP-AUY922 treatment.

Previous studies have shown that NVP-AUY922 inhibits
the growth of BT474 xenograft tumours in mice [27].
Combined NVP-AUY922 and trastuzumab produces en-
hanced anti-tumour activity in vivo in HER2-amplified gastric
cancer xenografts, including a trastuzumab-conditioned model
[34]. However, in xenografts generated with BT474
trastuzumab-resistant cells, combining trastuzumab with the
Hsp90 inhibitor IPI-504 did not enhance tumour regression
compared to IPI-504 alone [44]. NVP-AUY922 has not yet
been tested in combination with trastuzumab in vivo in an
acquired trastuzumab-resistant breast cancer model. A phase

Table 2 Response to combined
treatment with NVP-AUY922
and trastuzumab in HER2-posi-
tive and trastuzumab-resistant
breast cancer cell lines

% growth inhibition (10 nM)

NVP-AUY922 Trastuzumab NVP-AUY922 + Trastuzumab

BT474 45.0 ± 1.0 46.7 ± 4.9 78.0 ± 2.3*

BT474/Tr 7.4 ± 12.0 9.6 ± 7.6 40.3 ± 17.5*

EFM192A 51.7 ± 6.1 35.2 ± 5.5 78.0 ± 2.5*

SKBR3 66.7 ± 9.8 30.5 ± 16.4 69.4 ± 7.5

SKBR3/Tr 80.8 ± 6.1 20.4 ± 8.2 81.7 ± 4.3

MDA-MB-361 87.5 ± 6.0 38.9 ± 3.0 94.7 ± 2.0

HCC1954 47.8 ± 14.0 −11.6 ± 16.0 52.8 ± 3.0

*p < 0.05 for NVP-AUY922 + Trastuzumab versus NVP-AUY922 and Trastuzumab alone
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Ib/II study ofNVP-AUY922 in combinationwith trastuzumab,
in trastuzumab-refractory breast cancer, reported an overall
response rate (complete or partial responses) of 22.0% (9/41)
while 48.8% (20/41) of patients had stable disease [46].

Combining NVP-AUY922 with chemotherapy provided
no additional anti-proliferative benefit compared to NVP-
AUY922 alone in any of the cell lines tested. However, as
NVP-AUY922 has been shown to induce G1 and/or G2-M
phase cell cycle arrest in breast cancer cells [27, 34], the
sequence of administration of NVP-AUY922 and chemo-
therapy is likely to influence the effects of combined treat-
ment. Munster and collaborators previously showed that
Hsp90 inhibition by 17-AAG, sensitized breast cancer
cells to chemotherapy but the effect was schedule depen-
dent and also concentration dependent, with lower concen-
trations required to sensitze HER2-positive breast cancer
cells [22]. A phase I study of NVP-AUY922 in combina-
tion with trastuzumab and paclitaxel in patients with
trastuzumab-refractory HER2-positive metastatic breast
cancer, reported an overall response rate of 22% (2/9)
and stable disease was observed in 56% (5/9) of patients
[47].

In summary, our results support the clinical develop-
ment of NVP-AUY922 as a potent anti-cancer therapy in
HER2-positive and trastuzumab-resistant breast cancer. In
addition, combined targeting of HER2 with Hsp90 inhibi-
tion and trastuzumab represents a promising treatment op-
tion. The lack of synergy observed for combinations of
NVP-AUY922 with chemotherapy does not favour clini-
cal evaluation of concurrent administration of NVP-
AUY922 with chemotherapy. Alternative scheduling or
combinations with other targeted therapies warrants fur-
ther investigation.
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