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Background Human epidermal growth factor receptor 2 (HER2)-positive breast cancer is highly aggressive and has higher
risk of recurrence than HER2-negative cancer. With few treatment options available, new drug targets specific for

HER2-positive breast cancer are needed.

Methods We conducted a pharmacological profiling of seven genotypically distinct breast cancer cell lines using a subset
of inhibitors of breast cancer cells from a screen of the Johns Hopkins Drug Library.To identify molecular targets
of nelfinavir, identified in the screen as a selective inhibitor of HER2-positive cells, we conducted a genome-wide
screen of a haploinsufficiency yeast mutant collection. We evaluated antitumor activity of nelfinavir with xeno-
grafts in athymic nude mouse models (n = 4-6 per group) of human breast cancer and repeated mixed-effects

regression analysis. All statistical tests were two-sided.

Results Pharmacological profiling showed that nelfinavir, an anti-HIV drug, selectively inhibited the growth of HER2-
positive breast cancer cells in vitro. A genome-wide screening of haploinsufficiency yeast mutants revealed that
nelfinavir inhibited heat shock protein 90 (HSP90) function. Further characterization using proteolytic footprinting
experiments indicated that nelfinavir inhibited HSP90 in breast cancer cells through a novel mechanism. In vivo,
nelfinavir selectively inhibited the growth of HER2-positive breast cancer cells (tumor volume index of HCC1954
cells on day 29, vehicle vs nelfinavir, mean = 14.42 vs 5.16, difference = 9.25, 95% confidence interval [Cl] = 5.93
to 12.56, P < .001; tumor volume index of BT474 cells on day 26, vehicle vs nelfinavir, mean = 2.21 vs 0.90, dif-
ference = 1.31, 95% Cl = 0.83 to 1.78, P < .001). Moreover, nelfinavir inhibited the growth of trastuzumab- and/or

lapatinib-resistant, HER2-positive breast cancer cells in vitro at clinically achievable concentrations.

Conclusion Nelfinavir was found to be a new class of HSP90 inhibitor and can be brought to HER2-breast cancer treatment

trials with the same dosage regimen as that used among HIV patients.

J Natl Cancer Inst 2012;104:1576-1590

Breast cancer is one of the leading causes of cancer deaths in the
United States. According to the American Cancer Society’s most
recent estimate, approximately 39520 women died from breast
cancer in 2011 (1). Although there are many risk factors known
to increase the occurrence of breast cancer, how these risk factors
contribute to the transformation of normal cells into cancer cells
has remained incompletely understood. Accumulating evidence
suggests that genetic alterations, including both inherited and
acquired mutations of certain tumor suppressors and oncogenes,
are an important cause of breast cancer. For example, inherited
mutations in BRCA tumor suppressors confer more than 50%
higher risk for women to develop breast cancer (2). More than 70%
of breast cancer cases with BRCA mutations have the TP53 muta-
tion, and it has been shown that loss of TP53 results in a doubling
of breast cancer occurrence in mice with BRCA1 knockout, sug-
gesting that loss of function of these two tumor suppressor genes is
a major genetic cause for breast cancer (3).
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Estrogen receptor (ER) and human epidermal growth
factor receptor 2 (HER2) are both regulated at the level of
expression and have served as important diagnostic markers
for breast cancer aggressiveness and invasiveness. ER-positive
breast cancers tend to grow slowly and have more treatment
options (eg, hormonal therapy). In contrast, ER-negative breast
cancers can only be treated with chemotherapy (4). HER?2 is a
member of human epidermal growth factor receptor (EGFR)
family consisting of four subtypes, HER1-4 (5). Approximately
25%-30% of human breast cancers overexpress HER2, which is
mostly because of amplification of the c-ERBB2 proto-oncogene
(6). HER2-positive breast cancer tends to be more aggressive
and less responsive to hormone treatments than other types of
breast cancer. A few treatments for this type of cancer have been
developed, including trastuzumab, a humanized monoclonal
antibody (7), and lapatinib, a dual inhibitor of HER2 and EGFR
tyrosine kinases that is used in combination with capecitabine (8).
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In addition, a heat shock protein 90 (HSP90) inhibitor, 17-AAG,
which is undergoing phase I and II clinical trials for the treatment
of lymphomas and solid cancers including metastatic breast
cancers (9), has been shown to be effective in HER2-positive
breast cancers.

Recently, Vogelstein and colleagues systematically cataloged
mutations in a number of breast and colorectal cancer cell lines
through genome-wide sequencing of well-annotated human pro-
tein-coding genes (10). The knowledge on the genotypic status of
each breast cancer cell line offered a unique opportunity to iden-
tify genotype-selective anti-breast cancer drugs from our estab-
lished drug library (Johns Hopkins Drug Library [JHDL]) (11,12).
In this study, we screened the JHDL for inhibitors of breast cancer
lines and obtained a number of hits, including known anticancer
drugs and new ones. Subsequently, we profiled the sensitivity of
seven genotypically characterized breast cancer lines to a subset of
drugs identified from the JHDL and analyzed intergroup similar-
ity between the drug-sensitivity phenotypes and the defined geno-
types of the seven lines, including the mutation status of BRCA
and TP53 and the expression status (positive or negative) of ER
and HER?2. This approach led to the identification of an HIV
protease inhibitor, nelfinavir, as an HER2-selective anti-breast
cancer drug.

Nelfinavir (Viracept) is an HIV aspartyl protease inhibitor
that was approved by the US Food and Drug Administration for
the treatment of HIV in 1997 (13). It has been used in combina-
tion with other antiretroviral drugs, including HIV reverse-tran-
scriptase inhibitors, for the treatment of HIV infection (14). In
addition to its inhibitory effect on HIV, nelfinavir has been shown
to inhibit phosphatidylinositol 3-kinase (PI3K) and AKT signal-
ing pathway, a process that is thought to be associated with side
effects such as hyperlipidemia (15). Nelfinavir has been reported
to inhibit the growth of several types of cancer lines, including
melanoma and non-small cell lung cancer (16,17), because of its
inhibition of the PI3K and AKT signaling pathway. In addition,
the PI3K and AKT pathway is known to be activated after ion-
izing radiation, conferring resistance to radiotherapy of cancer
(18). As a result, inhibition of PI3K and AKT signaling enhances
the efficacy of radiation therapy in many types of cancers (19,20).
Nelfinavir has entered several clinical trials as either a chemother-
apeutic agent or a radiosensitizer for cancer therapy. Promising
phase I results have been reported recently for locally advanced
pancreatic cancer (21). Despite extensive studies on the anticancer
and radiosensitizing activity of nelfinavir, the precise molecular
mechanism underlying its anticancer activity and its inhibitory
effect on the PI3K and AK'T signaling pathway remains unknown.
It has been reported that nelfinavir inhibits 20S human proteas-
ome activity (22,23), which may account for its inhibition of PI3K
and AK'T. However, this notion has been questioned (17). In addi-
tion, anticancer activity of nelfinavir did not always correlate with
the inhibition of PI3K and AKT in vivo (24), suggesting that the
PI3K and AKT signaling pathway may not be the only target of
nelfinavir in cancer cells.

To further deconvolute the mechanism of action of nelfinavir in
HER2-positive breast cancer cells, we screened the entire collec-
tion of haploinsufficiency yeast strains and identified HSP90 as a
potential target.

jnci.oxfordjournals.org

Materials and Methods

Cell Culture and Drug

HCC1143, HCC1395, HCC1937, HCC1954, HCC2218, MCEF-
7,BT474, and HCC38 breast cancer cells (kindly provided by Dr
Bert Vogelstein, Johns Hopkins University School of Medicine,
Baltimore, MD) were grown in Roswell Park Memorial Institute
1640 medium containing 10% fetal bovine serum (Invitrogen,
Carlsbad, CA) and 1% antibiotics (penicillin and streptomycin)
solution (Invitrogen). Hs578T cells were grown in Dulbecco’s
modified Eagle medium with 10% fetal bovine serum and 1%
antibiotics solution. MCF-10A cells were cultured in Dulbecco’s
modified Eagle medium: nutrient mixture F12 (Invitrogen) con-
taining 5% horse serum, 100ng/mL cholera toxin, 20ng/mL epi-
dermal growth factor (EGF), 0.5 pg/mL hydrocortisone, 10 pg/
mL insulin, and 1% antibiotics solution. Trastuzumab-resistant
cells were created by continuously exposing BT474 cells to 4 pg/
mL trastuzumab for 3 months, at which point cells regained mor-
phology similar to the parental line (25). Cells per plate were then
pooled together and tested for dose response to trastuzumab. Pools
are routinely maintained in 4 pg/mL trastuzumab. The cells were
maintained in a humidified incubator adjusted to 5% carbon diox-
ide. The genotypes of the cell lines were verified using the short
tandem repeat profiling by Genetic Resources Core Facility (Johns
Hopkins University School of Medicine) as reported previously
(12). For drug screening, 10 mM stock solutions of the JHDL were
arrayed in 96-well plates and screened at a final concentration of
10 pM. The cell growth was determined using a [*H]-thymidine
incorporation assay (26). Briefly, cells at 5000 cells per well were
seeded in 96-well plates containing 0.2 mL of growth media and
allowed to adhere for 24 hours. The cells were then treated with
drugs for 24 hours. Cells were pulsed with 0.5 pCi [*H]-thymidine
(PerkinElmer, Waltham, MA) for 16 hours and harvested upon
trypsin treatment onto glass fiber filters (Wallac, Turku, Finland),
from which [*H] counts were determined using a MicroBeta plate
reader (Perkin Elmer).

Drug Sensitivity Profiling
The half maximal inhibitory concentration (ICsy) values of 70
drugs against seven breast cancer cell lines were determined using
eight different concentrations (0.01, 0.1, 0.2, 0.5, 1, 2, 5, and
15 uM) of each drug by [H]-thymidine incorporation assay. The
IC;, values were calculated using the GraphPad Prism 4.0 software
(GraphPad Software, San Diego, CA). The drug ICy, values equal
to or less than 10nM were set as 10nM, and the drug IC;, values
equal to or greater than 15 pM were setas 15 uM. Drug IC;, values
(10-15000nM) were then converted into log,, scale (1-4.17).
The four genotypes of seven breast cancer cell lines shown in
Supplementary Table 2 (available online) were obtained from the
previous report (10) and the National Institutes of Health National
Cancer Institute Integrative Cancer Biology Program (http://icbp.
Ibl.gov/breastcancer/celllines.php) (last accessed August 1, 2012).
To examine selective anti-breast cancer drugs by genotype, we
used the nonparametric Mann—Whitney U test because measured
IC;, values were not normally distributed.

The IC;, values of trastuzumab, lapatinib, and nelfinavir against
BT474 and three drug-resistant breast cancer cell lines were
determined using eight different concentrations of each drug by
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[PH]-thymidine incorporation assay. The IC;, values of each drug
against each cell line were determined as described above. The
resistant index was calculated as a ratio of the drug ICy, against
drug-resistant breast cancer cell lines to the IC;, against drug-sen-
sitive cell line BT474.

Screening of Haploinsufficiency Yeasts

The wild-type (WT) yeast strain BY4743 was used for determin-
ing the IC;, value of nelfinavir. For the screening of drug-sensitive
strains, the heterozygote yeasts grown in 96-well plates supple-
mented with the synthetic complete media (MP Biomedicals, Solon,
OH) with glucose and 200 pg/mL G418 were treated with either
dimethyl sulfoxide (DMSO) or 10 pM nelfinavir (IC,, of nelfinavir
for WT vyeasts) for 24 hours. The yeast growth was measured at
an optical density of 600nm using a BMG FLUOStar OPTIMA
plate reader (BMG Labtech, Cary, NC) to obtain the cell survival
rate (%) of each strain against nelfinavir. The cell survival rate of
each strain was then converted into a Z score based on the follow-
ing equation: Z score = (x-average)/standard deviation, where x is
the survival rate of each strain against nelfinavir. To collect hits,
we used the Z score cutoff of -1.96 (type II error a = 0.05) for the
screen. Z scores less than -1.96 gave us 95% confidence, assuming
normal distribution of the yeast viability screening data.

Immunoblot and Immunoprecipitation

For the immunoblot, cells were lysed by adding 1 volume of 2x
Laemmli buffer and then boiling for 10 minutes. The samples
were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto nitrocellulose
membrane (Bio-Rad, Hercules, CA). Proteins were detected using
primary antibodies for HER2 (F-11, Santa Cruz Biotechnology,
Santa Cruz, CA; BL3030, Bethyl Labortories, Montgomery,
TX), phospho-HER2 (Tyr1248 of human HER2, Santa Cruz
Biotechnology), AKT (Santa Cruz Biotechnology), phospho-AKT
(Ser473 of mouse AKT, Cell Signaling Technology, Danvers, MA),
HSP90 (H-114, Santa Cruz Biotechnology; PA3-013, Thermo
Scientific, Rockford, IL), HSP70 (Santa Cruz Biotechnology),
extracellular signal-regulated kinase 1 and -2 (ERKI and -2,
Santa Cruz Biotechnology), phospho-ERK1 and -2 (Santa Cruz
Biotechnology), caspase-9 (Cell Signaling Technology), caspase-8
(Cell Signaling Technology), caspase-3 (Cell Signaling Technology),
HOP (Enzo Life Sciences, Plymouth Meeting, PA), p23 (Abcam,
Cambridge, MA), a-tubulin (Santa Cruz Biotechnology), cyclin-
dependent kinase 6 (CDK 6) (Santa Cruz Biotechnology), CDK4
(Santa Cruz Biotechnology), activator of heat shock protein
ATPase homolog 1 (AHA1) (Santa Cruz Biotechnology), eukar-
yotic initiation factor 2a (eIlF2a) (Cell Signaling Technology),
phospho-elF2a (Enzo Life Sciences), poly ADP ribose polymerase
(PARP) (Cell Signaling Technology), and ubiquitin (Santa Cruz
Biotechnology); this was followed by incubation with horseradish
peroxidase—conjugated antimouse or antirabbit antibodies (Santa
Cruz Biotechnology) and enhanced chemiluminescence (GE
Healthcare, Pittsburgh, PA). For immunoprecipitation of HSP90
in rabbit reticulocyte lysate (Promega, Madison, WI), 50 pL of rab-
bit reticulocyte lysate were diluted in 450 pL of buffer containing
10mM trisaminomethane hydrochloride, pH 7.5, 1mM magne-
sium chloride, 0.2% Tween 20, and 10 mM sodium molybdate and
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incubated with 4 pg HSP90 antibody (H9010, Abcam) overnight at
4°C. Protein G sepharose was then added to the sample to precipi-
tate the immunocomplexes for 2 hours. The beads were washed 3

times with the dilution buffer, and the bead samples were processed
for SDS-PAGE and immunoblot.

Proteolytic Footprinting of HSP90

The full-length HSP90o-GST fusion construct (pGEX-4T-
2-HSP90a) was kindly gifted by Dr Solomon Snyder at Johns
Hopkins School of Medicine. Each domain of HSP90a was poly-
merase chain reaction amplified using primer pairs containing
Sall:Notl restriction sites and was subcloned into pGEX-6P-2
vector (GE Healthcare). The GST fusion construct of each
domain of HSP90o was expressed in BL21 and purified by glu-
tathione beads and PreScission protease according to the manu-
facturer’s instruction (GE Healthcare). The full-length HSP90a
(Enzo Life Sciences) or each purified domain was preincubated
with drugs for either 30 minutes or 2 hours at room temperature.
The reaction mixture was then brought on ice. The trypsin diges-
tion was conducted by incubating the purified HSP90a and each
domain with indicated concentrations of trypsin in an assay buffer
containing 10mM trisaminomethane chloride, pH 7.4, 150 mM
sodium chloride, 4mM calcium chloride, and 0.1 mM ethylen-
ediaminetetraacetic acid for 10 minutes on ice. The reaction was
then stopped by adding 1 volume of 2x Laemmli buffer, and the
samples were boiled for 5 minutes. The proteolytic profile of
HSP90 full-length was analyzed by immunoblots with antibod-
ies specific for either the N-terminal (PA3-013) or C-terminal
(H-114) of HSP90. The proteolytic profile of HSP90 subdomains
were analyzed by SDS-PAGE, followed by Coomassie brilliant
blue staining of the gels.

Immunofluorescence

HCC1954 cells were grown on a glass coverslip in a 24-well plate
and were treated with drugs for 24 hours. The cells were fixed with
3.7% formaldehyde, permeabilized with 0.5% Triton X-100, and
washed with phosphate-buffered saline before being incubated with
the blocking solution containing 1% bovine serum albumin and
0.1% tween 20 in phosphate-buffered saline for 1 hour. After block-
ing, the cells were incubated with primary antibodies in the block-
ing solution overnight at 4°C, and then incubated with secondary
antibodies, including antirabbit immunoglobulin G—cyanine 3 and
antimouse immunoglobulin G-cyanine 2, for 1 hour. The cellular
nuclei were stained with 4’,6-diamidino-2-phenylindole. The immu-
nofluorescence images were obtained using the Zeiss 510 Meta mul-
tiphoton confocal microscope (Carl Zeiss, Thornwood, NY).

In Vivo Breast Cancer Xenograft Assays

Female athymic nude mice (BALB/c, nu/nu-NCr) aged 4-6 weeks
and weighing 18-22 g were purchased from the National Cancer
Institute (Frederick, MD) and treated in accordance with Johns
Hopkins Animal Care and Use Committee procedures. For the
xenograftexperiment of HCC1954, HCC1937,and MDA-MB-231,
approximately 2 million cells were implanted subcutaneously
into mice (n = 6 per group for HCC1954; n = 4 per group for
HCC1937; n = 5 per group for MDA-MB-231). For the BT474
xenograft, 17B-estradiol pellets (0.5 mg per pellet, 60-day release,

Vol. 104, Issue 20 | October 17, 2012



Innovative Research of America, Sarasota, FL) were implanted at
1 day prior to tumor cell injection. Approximately 6 million BT474
cells were implanted subcutaneously into mice (n = 5 per group).
After tumors became palpable, the mice bearing HCC1954 and
HCC1937 tumors were treated with either vehicle (saline with 5%
DMSO) or nelfinavir via intraperitoneal injection every day. For
BT474 and MDA-MB-231 tumors, mice were given orally either
vehicle (saline with 5% DMSO) or nelfinavir every day. The drug
delivery methods and doses of nelfinavir for the mouse experiment
were selected based on the previous report (27). Nelfinavir was
shown to be effective in growth inhibition of non-small cell lung
cancer cell xenograft when mice were treated intraperitoneally
with 50 mg/kg or orally with 100 mg/kg. We used a dose equal to or
less than half (25 mg/kg for intraperitoneal injection and 40 mg/kg
for oral administration) of the dose used for the non-small cell lung
cancer cells. The tumor volume was measured periodically using a
vernier caliper and calculated according to the modified ellipsoid
formula: tumor volume (mm?) = (short axis)’ x (long axis) x 7/6.
After 30 days of treatment, the mice were killed, and the tumor
tissues were extracted for immunoblots. The tumor volume index
was calculated as a ratio of the tumor volume on a given day divided
by the tumor volume of day 0.

Statistical Analysis

For in vitro studies, the differences between control and experi-
mental groups were determined by two-sided Student’s 7 test, and P
values less than.05 were considered statistically significant. To eval-
uate the effects of genotypes of the breast cancer cells on drug sen-
sitivity, we performed the Mann—Whitney U test. For in vivo tumor
xenograft studies, a repeated mixed-effects regression analysis was
used to evaluate the statistical significance between control and
experimental groups over experimental days. The dependent vari-
able was tumor volume index, and the independent variables were
the treatment (nelfinavir vs vehicle) and time (experimental days).
For each breast cancer xenograft (HCC1954, BT474, HCC1937,
and MDA-MB-231), the repeated mixed-effects linear regression
model was used to evaluate the effect of nelfinavir on changes in
tumor volume indices with an interaction for the categorical vari-
ables of treatment (nelfinavir vs vehicle) and experimental days. An
autoregressive covariance structure was used to model correlations
between the repeated measurements within each treatment with a
decay in the strength of correlation depending on the day between
measurements. The Akaike information criterion indicated that the
autoregressive covariance structure produced an adequate correla-
tion matrix. The overall statistical significance of effects of nelfina-
vir on changes in tumor volume indices during experimental days
was tested using type 3 F tests. All statistical tests were two-sided.

Results

Pharmacological Profiling to Identify Genotype-Selective
Anti-Breast Cancer Drugs

To identify genotype-selective anti-breast cancer drugs, we first
screened the JHDL for drugs that inhibit breast cancer cell prolif-
eration. Two cell lines, MCF-7, a transformed breast cancer line, and
MCF-10A, an immortalized breast epithelial cell line, were used for
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the initial screening. Drugs that inhibited [?H]-thymidine incorpora-
tion by more than 70% at 10 pM were designated hits. A total of 212
hits were identified from the JHDL, and a subset of 70 drugs was
selected to profile seven genotypically characterized breast cancer
cell lines based in part on the diversity of drug targets (Supplementary
Figure 1, A and B; Supplementary Table 1, available online).

We determined the ICs, value of each of the 70 drugs against the
seven genotypically characterized breast cancer cell lines (10) using
the [*H]-thymidine incorporation assay. The ICy, values (ranging
10-15000nM) were converted to the logy, scale (ranging 1-4.17)
prior to the identification of genotype-selective anti-breast cancer
drugs. We were particularly interested in drugs that may have selec-
tivity for mutations in TP53 and BRCA1 and -2, or overexpression of
HER?2 and ER, given their roles in defining the breast cancer geno-
type (Supplementary Table 2, available online). We found five drugs,
including mercaptopurine, nelfinavir mesylate, gefitinib, triciribine,
and 60-methylprednisolone, that showed larger inhibitory poten-
tial on cell proliferation with the HER2-positive breast cancer lines
than with the HER2-negative breast cancer lines (Table 1). A similar
result was obtained from a clustering analysis of standardized drug
IC;, values, in which nelfinavir mesylate, gefitinib,and triciribine
were clustered in the same group and showed selectivity to HER2-
positive breast cancer lines (HCC1954 and HCC2218) relative to
HER?2-negative ones (Supplementary Figure 1, C, available online).
Another four drugs were found to be selective for TP53 WT or
mutant cells from the test (Table 1). This result was confirmed again
from the clustering analysis (Supplementary Figure 1, C, available
online). However, no drugs were found to be selective for BRCA1
and -2 and ER genotypes.

Effect of Nelfinavir on HER2 Signaling Pathway
Among the five HER2-selective anti-breast cancer drugs identified
from the Mann-Whitney U test, 60-methylprednisolone showed
the least selectivity for HER2-positive breast cancer cells (Table 1;
Supplementary Figure 1, C, available online). Mercaptopurin
showed a relatively good selectivity for HER2-positive breast
cancer cells, but it also showed a decent inhibitory potential against
Hs578T, an HER2-negative cell line (Supplementary Figure 1, C,
available online). Therefore, we did not pursue these two drugs
further. It is not surprising that gefitinib and triciribine were
found to be selective inhibitors for HER2-positive breast cancer
cells because gefitinib is an EGFR tyrosine kinase inhibitor (28)
and triciribine is an inhibitor of the AKT pathway, which lies
downstream of HER2 (29). To determine if other inhibitors of
the HER2? signaling pathway also showed selectivity for HER2-
positive breast cancer cells, we examined inhibitors of PI3K, ERK1
and -2, and p38 MAPK in several breast cancer cell lines. All the
HER? signaling pathway inhibitors tested here showed a selectivity
for HER2-positive breast cancer cells (Supplementary Figure 2, A,
available online). Expression levels of HER2 and its downstream
pathway proteins in those breast cancer cells were verified by
immunoblot analysis (Supplementary Figure 2, B, available online).
Next, we determined the effect of nelfinavir on the HER?2 sign-
aling pathway in either HER2-positive (HCC1954 and HCC2218)
or HER2-negative (HCC1937; control) breast cancer cells.
Nelfinavir (10 pM) strongly inhibited all downstream HER2 sign-
aling events examined, including phosphorylation of AKT, ERK1
JNCI
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Table 1. Nonparametric Mann-Whitney U test of drug sensitivity profiles and breast cancer genotypes*

HER2-positive cell lines

Drugs Mean IC;,, pM (95% Cl)

HER2-negative cell lines
Mean IC;,, pM (95% ClI) Pt

1.75 (0.61 to 2.88)1
3.10 (2.45 to 3.74)
0.13 (0.01 to0 0.28)
0.21 (0.01 to 0.41)
0.29 (0.01 to 0.56)

TP53 WT cell lines

Mercaptopurine
Nelfinavir mesylate
Gefitinib

Triciribine
B6a-methylprednisolone

12.75 (10.16 to 15.33) .002
13.00 (11.91 to 14.08) .002
5.46 (4.63 to 6.28) .002
4.84 (3.01 to0 6.67) .002
2.47 (0.57 t0 4.38) .006

TP53 MT cell lines

Drugs Mean ICy,, pM (95% Cl) Mean IC,,, pM (95% Cl) P
Toremifene 13.00 (9.27 to 16.72) 15.00 (15.00 to 15.00)% .0003
Phenformin hydrochloride 2.15(0.01 to 4.49) 14.66 (14.20 to 15.12) .003
Proscillaridin A 0.05 (0.01 t0 0.08) 0.01 (0.01 t0 0.02) .006
Oxaliplatin 0.05 (0.01 to 0.09) 0.01 (0.01 to 0.02) .007

* Cl = confidence interval; ICs, = half maximal inhibitory concentration.

T Pvalues less than.01 were considered statistically significant in the drug sensitivity difference between two opposite genotypes.

+ Toremifene did not inhibit the proliferation of TP53 MT cells up to 15 pM treatment (see Materials and Methods).

and -2, and the HER2 protein level itself in HER2-positive cells,
whereas it had negligible effects on the same events in HER2-
negative cells (Supplementary Figure 2, C, available online). We
noted that the phosphorylation of AKT and ERK1 and -2 eventu-
ally succumbed to inhibition by higher concentrations of nelfinavir
in HER2-negative breast cancer cells (Figure 1, A). These results
suggested that inhibition of AKT and ERKI1 and -2 signaling by
nelfinavir is, in part, independent of its inhibitory effect on HER?2.
In addition, nelfinavir activated caspases and induced apoptosis in
HCC1954 cells. But no caspase activation or apoptosis occurred
in HCC1937 (HER2-negative) or in HCC2218 (HER2-positive),
implying that induction of apoptosis by nelfinavir is also independ-
ent of its effect on HER2 (Figure 1, A; Supplementary Figure 3,
available online). In a time-course experiment with HCC1954 cells,
nelfinavir slightly increased the protein level of HER? in early time
points (24 hours post-treatment) and then decreased the level of
the protein and its phosphorylated form (Figure 1, B). Similar to
its effect on HER2, nelfinavir decreased the protein level of AKT
as well as its phosphorylated form. Inhibition of HER2 and AKT
by nelfinavir was followed by the inhibition of ERK1 and -2 and
the induction of apoptosis in HCC1954 cells. These data suggested
that nelfinavir might affect the function of a common upstream
regulatory protein that is crucial for maintaining the protein levels
as well as activities of HER2 and AKT.

The inhibitory effect of nelfinavir on AKT signaling and cancer
cell growth has been attributed to its inhibition of the 20S pro-
teasome (23). We thus compared the effects of nelfinavir and two
well-characterized proteasome inhibitors, MG132 and bortezomib
(Velcade), on HER2-positive breast cancer cells. Both nelfina-
vir and the proteasome inhibitors diminished the HER2 protein
level and activated the caspase cascade (Figure 1, C). However,
the proteasome inhibitors generated a 23-kD fragment, a puta-
tive caspase-8 cleaved product of HER2, which was not present
in cells treated with nelfinavir. In addition, AKT and ERKI1 and
-2 phosphorylation was greatly inhibited by nelfinavir but not by
the proteasome inhibitors. Moreover, caspase inhibitors did not
reverse the inhibitory effect of nelfinavir on AKT phosphoryla-

tion, whereas the proteasome inhibitors did reverse the nelfinavir
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effect. In contrast, caspase inhibitors reversed the inhibitory effect
of nelfinavir on ERK1 and -2 phosphorylation, whereas the protea-
some inhibitors did not. These results demonstrated that inhibition
of the proteasome activity cannot account for the biological activ-
ity of nelfinavir in breast cancer cells. Given that the proteasome
inhibitors prevented certain nelfinavir effects, the actual molecular
target of nelfinavir may lie upstream of the proteasome.

Identification of a Molecular Target of Nelfinavir

We employed the diploid heterozygous deletion mutant yeast col-
lection to screen for synthetic lethal or hypersensitive strains with
nelfinavir treatment. Prior to screen, we first analyzed the dose
response curve of nelfinavir on the WT diploid yeast (BY4743)
(Supplementary Figure 4, A, available online). For the yeast haplo-
insufficiency screen, we used a suboptimal dose of nelfinavir, which
generated only approximately 10% of maximum inhibition on WT
yeast growth (IC;, = 10 pM). This way, we were able to screen a
broad range of synthetic lethal strains that showed a hypersensitiv-
ity to the low concentration of nelfinavir. From the initial screen,
133 strains were identified to be more sensitive to nelfinavir than
WT yeast (Supplementary Figure 4, B and C, available online). We
then conducted a secondary screen of the hits and found 17 strains
that showed at least two-fold higher sensitivity to nelfinavir than
WT yeast showed (Supplementary Table 3, available online). The
corresponding gene products include four proteins related to heat
shock proteins, five proteins related to Golgi complex and vacu-
olar proteins, six ribosomal proteins, and two unclassified proteins.
Notably, all those proteins are known to interact physically or
genetically with HSP82, a yeast ortholog of mammalian HSP90
(Figure 2, A). It is known that deficiency in HSP82 causes syn-
thetic growth defect with those sensitive strains, suggesting that
HSP82 might be a potential nelfinavir target in budding yeast
and raising the possibility that HSP90 is the target of nelfinavir in
mammalian cells.

To assess the possibility that nelfinavir acts on HSP90, we
determined the effect of nelfinavir on the interaction between
HSP90 and other cochaperones in rabbit reticulocyte lysates
using a coimmunoprecipitation assay. We used rabbit reticulocyte
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Figure 1. Effect of nelfinavir (NFV) on human epidermal growth fac-
tor receptor 2 (HER2) signaling pathway. A) Effect of increasing con-
centrations of NFV on HER2 signaling pathway and caspase cascades
in HER2-positive and -negative breast cancer cells. Cells were treated
with various concentrations of NFV for 24 hours, and each protein level
was analyzed by immunoblots. B) A time-course experiment of the
NFV effect on HER2 signaling pathway and caspase cascades in HER2-
positive breast cancer, HCC1954 cells. C) Effect of proteasome inhibitors
and caspase inhibitors on NFV effects on HER2 signaling pathway and
caspase cascades in HCC1954 cells. For the cotreatment experiments,

lysate system for this experiment to avoid any possibility of
changes in protein expression levels by drugs. Geldanamycin, an
N-terminal binding inhibitor of HSP90, was used as a positive
control. Like geldanamycin, nelfinavir enhanced the interaction
between HSP70 and HSP90 (Figure 2, B). Unlike geldanamycin,
however, nelfinavir had no effect on the interaction between
HSP90 and p23. We also examined the effect of nelfinavir on the
homodimerization of HSP90, which is known to be inhibited by
novobiocin, a C-terminal binding inhibitor of HSP90. Neither
nelfinavir nor geldanamycin inhibited HSP90 dimerization and/or
oligomerization (Supplementary Figure 5, available online). These
results suggested that nelfinavir affects HSP90 function in a way
that is distinct from either geldanamycin or novobiocin.

Effect of Nelfinavir on Conformational Changes of HSP90

HSP90 contains several trypsin cleavage sites (three major
and two minor cleavage sites) (Figure 3, A), and trypsin

jnci.oxfordjournals.org

cells were pretreated with either caspase inhibitors or proteasome
inhibitors for 30 minutes and then incubated with NFV for 24 hours.
z-DEVD (30 pM z-DEVD-fmk, caspase-3 inhibitor), z-IETD (30 pM z-IETD-
fmk, caspase-8 inhibitor), z-VAD (30 M z-VAD-fmk, pan caspase inhibi-
tor), MG132 (0.4 uM, proteasome inhibitor), and BTZ (20 nM bortezomib,
proteasome inhibitor) were used for this study. Act-cas-3 = active form
of caspase 3; Act-cas-8 = active form of caspase 8; Act-cas-9 = active
form of caspase 9; NS = nonspecific band; pERK1 and -2; phospho ERK1
and -2; pHER2 = phospho-HER2; Pro-cas-8 = proform of caspase 8; Pro-
cas-9 = proform of caspase 9.

digestion profiling (proteolytic footprinting) of HSP90 has
been widely used to characterize its drug binding sites as well
as its conformational changes (30-32). To determine the
effects of nelfinavir and other HSP90 inhibitors on the HSP90
conformational changes, purified HSP90 was incubated with
each drug for 2 hours at room temperature before the reaction
mixtures were subject to digestion with trypsin for 10 minutes
on ice. The reactions were stopped, and the resultant mixtures of
HSP90 fragments were analyzed by immunoblot with antibodies
directed towards the N- and C-terminal domains of HSP90,
respectively. Both nelfinavir and novobiocin generated increasing
amounts of a C-terminal 50 kD (C50) fragment of HSP90 in a
dose-dependent manner, whereas DMSO or geldanamycin did
not (Figure 3, B). In contrast with novobiocin and geldanamycin,
only nelfinavir gave rise to two N-terminal fragments, N78 and
N40 of HSP90 (Figure 3, C). These effects of nelfinavir were
further confirmed with different concentrations of nelfinavir
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Figure 2. Identification of molecular target of nelfinavir. A) Nelfinavir
(NFV) sensitive, heterozygote yeast strains identified from the screen.
The yeast strains colored in gray are sensitive to NFV by at least two-
fold compared with the wild-type parental yeast strain. The yeast
strains colored in white, including heat shock protein 82 (HSP82), are
genetically or physically linked strains with the NFV-sensitive strains.
Solid lines indicate a physical interaction between two genes, and
dotted lines represent a genetic interaction. B) Effect of nelfinavir on

(Supplementary Figure 6, available online). We noted that both
nelfinavir and novobiocin appeared to have a stabilizing effect
on HSP90, presumably due to a small amount of protease
contamination during the purification of HSP90, which can
slowly digest HSP90 brought to room temperature; this digestion
process can be delayed by novobiocin and nelfinavir. We thus
incubated a larger amount of HSP90 with drugs for a shorter
period of time (30 minutes) and analyzed the trypsin digestion
profiles using an HSP90 N-terminal antibody. Interestingly,
nelfinavir showed a similar trypsin proteolytic profile to DMSO
control under this condition (Figure 3, D). However, the ratio of
the amount of N-terminal fragments including N78 and N40 to
the full-length HSP90 was increased, suggesting that nelfinavir
enhanced the initial trypsin cleavage at 616 and/or 621 and 282
on the full-length HSP90 (Figure 3, D; Figure 4, D). In contrast,
novobiocin treatment completely diminished the generation
of N78 fragment, demonstrating that it bound around the 616
and/or 621 region and blocked trypsin cleavage on this site.
These observations suggested that nelfinavir bound to HSP90
at a site distinct from that of either geldanamycin or novobiocin.

To explore the effect of nelfinavir on HSP90 conformational
changes in greater detail, two domains of HSP90 (N+M and M+C,
depicted in Figure 3, A) were generated and subjected to the
trypsin proteolytic footprinting. Neither novobiocin nor nelfina-
vir affected the proteolytic profile of N+M domain (Figure 3, E).
Nelfinavir, however, enhanced the trypsin digestion of the M+C
domain, with slight increases in the 50- and the 35-kD fragments,
whereas novobiocin delayed the trypsin digestion of M+C domain,
as judged by an increase in the 50-kD fragment and the corre-
sponding decrease in the 35-kD fragment (Figure 3, F). A time
course of the trypsin digestion experiment with the M+C domain
showed that nelfinavir enhanced the trypsin cleavage of M+C
domain, with an accumulation of the 50- and 35-kD fragments
in a time-dependent manner (Figure 4, A and B). The identities
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interaction between heat shock protein 90 (HSP90) and co-chaperones
in rabbit reticulocyte lysates. Rabbit reticulocyte lysates were prein-
cubated with drugs (NFV, 5 M and 20 pM; MG132, 5 pM; geldanamy-
cin [GA], 5 uM; novobiocin [NB], 0.2 mM) for 2 hours on ice and were
diluted in a buffer for the immunoprecipitation assay with HSP90
antibody. DMSO = dimethyl sulfoxide; HOP = HSP70-HSP90 organiz-
ing protein; HSP70 = heat shock protein 70; IgG = immunoglobulin G;
IP = immunoprecipitation; WB = immunoblot.

of both the 50- and 35-kD fragments were assigned based on the
results from the full-length HSP90 and the novobiocin proteo-
lytic profiles of M+C domain (Supplementary Figure 7, available
online). Because nelfinavir has no effect on the trypsin digestion
of the N+M domain, it is highly likely that nelfinavir binds to the
C-terminal domain of HSP90.

The HSP90 C-terminal fragment contains a dimerization
domain that is known to be targeted by novobiocin (33). To
determine whether nelfinavir and noboviocin share the same
binding site in HSP90, it was sequentially treated with nelfinavir
and novobiocin (or vice versa), followed by trypsin digestion. As
shown in Figure 4, C, nelfinavir alone significantly enhanced the
first cleavage of HSP90 by trypsin, as confirmed by the increase
in the ratio of the amount of the tryptic fragments to that of the
full-length HSP90. However, regardless of the order of addition,
novobiocin completely blocked the effect of nelfinavir on the trypsin
digestion profile of HSP90, suggesting that nelfinavir-induced
conformational change of HSP90 requires dimerization of HSP90.
These results indicate that nelfinavir and novobiocin do not share
the same binding site in HSP90 and novobiocin has a dominant
effect on the conformational change in the HSP90 over nelfinavir.
The overall effects of nelfinavir, geldanamycin, and novobiocin on
each trypsin cleavage site are summarized in Figure 4, D. As reported
previously, geldanamycin has no effect on the cleavage of HSP90
by trypsin. Nelfinavir seems to bind to the C-terminal region of
HSP90 and induce a conformational change that enhanced the
initial trypsin cleavage at 282 and 616 and/or 621 sites on the full-
length HSP90 and reduced the cleavage at the 401 site. In contrast,
novobiocin binds to C-terminal dimerization domain and induces
a conformational change that decreased the trypsin cleavage at
401 and 616 and/or 621 and increased the cleavage at 282 and 227
and/or 250 sites. These observations suggest that although nelfinavir
interacts with HSP90 via its C-terminal domain like novobiocin, its
binding site differs from that of novobiocin.
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Figure 3. Proteolytic footprinting to assess heat shock protein 90
(HSP90) conformational changes under the nelfinavir (NFV) treatment.
A) A schematic illustration of HSP90 domain structures and trypsin
cleavage sites. Major peptide fragments of HSP90 generated by trypsin
digestion were labeled based on the observed molecular size of each
peptide. N+M and M+C domains of HSP90 were cloned and purified.
B and C) Effect of drugs on trypsin digestion profile of the full-length
HSP90. Purified full-length (FL) HSP90 (150 ng) was incubated with NFV
(100 M), geldanamycin (GA) (50 uM), or novobiocin (NB) (10mM) for 2
hours at room temperature prior to trypsin digestion.The cleavage frag-
ments were then detected using a C-terminal (B) or an N-terminal (C)

Systematic Comparison Between the Effect of Nelfinavir
and Known HSP90 Inhibitors on Breast Cancer Cells
Because nelfinavir has been reported as a human proteasome inhibi-
tor, we verified the effect of nelfinavir on both 20S and 26S pro-
teasome activity in breast cancer cells. Nelfinavir strongly inhibited
the chymotrypsin-like activity of the 20S proteasome with an IC,
of 1.5 pM (Supplementary Figure 8, A, available online). In con-
trast, nelfinavir did not affect the 26S proteasome activity at all at
20 pM concentration in HCC1954 cell lysates. As a control, MGG132
completely inhibited the chymotrypsin-like activity and peptidylglu-
tamyl peptide hydrolysing activity of 26S proteasome in the lysate
(Supplementary Figure 8, B-D, available online). These data dem-
onstrated that nelfinavir has no effect on the 26S proteasome activity.
Next, we compared the effects of nelfinavir, some known HSP90
inhibitors, and a proteasome inhibitor on the morphology of
HER?2-positive breast cancer cells. Both nelfinavir and novobiocin
induced a unique morphological change in HCC1954 cells at low
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HSP90 antibody. D) FL HSP90 (600 ng) was incubated with NFV (100 pM)
or NB (10mM) for 30 minutes at room temperature prior to trypsin diges-
tion. The cleavage fragments were then analyzed using an N-terminal
HSP90 antibody. E and F) Effect of drugs on trypsin digestion profile of
HSP90 truncation domains. Two micrograms of HSP90 N+M domain (E)
or M+C domain (F) were incubated with GA (50 uM), NFV (100 uM), and
NB (10mM) for 1 hour at room temperature prior to trypsin digestion.
The cleavage products were then analyzed by Coomasie brilliant blue
staining after separation with sodium dodecyl sulfate polyacrylamide
gel electrophoresis. CL = charged linker domain; DMSO = dimethyl sul-
foxide; EEVD = glutamic acid, glutamic acid, valine, aspartic acid.

drug concentrations and an extensive cellular vacuolization at
high concentrations (Supplementary Figure 9, available online).
Geldanamycin and MG132 caused quite different morphological
changes in the cells. In regard to the HSP90 client proteins,
nelfinavir, geldanamycin, and novobiocin decreased the levels
of all client proteins examined, whereas M(G132 increased the
levels of CDKs (Figure 5, A, upper panel). Both nelfinavir and
novobiocin reduced the amount of two co-chaperones of HSP90,
AHAL and HSP70, whereas geldanamycin increased the level of
those proteins (Figure 5, A, lower panel). As predicted from the
induction of the cellular vacuolization, nelfinavir and novobiocin
as well as MG132 induced ER stress, as evidenced by the increase
in the phosphorylation of elF2a (Figure 5, B, upper panel). In
contrast, geldanamycin reduced the elF20 phosphorylation.
Moreover, nelfinavir and novobiocin as well as MG132 strongly
enhanced PARP cleavage, a hallmark of apoptosis induction,
whereas geldanamycin had a negligible effect. We also analyzed
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Figure 4. Effect of nelfinavir (NFV) on conformational change of heat
shock protein 90 (HSP90) domains. A) A time-course experiment of
the trypsin digestion of HSP90 M+C domain. The M+C domain (2 pg)
was incubated with dimethyl sulfoxide (DMSO) or NFV for 1 hour at
room temperature and digested with trypsin on ice for indicated time
points.The cleavage products were then analyzed by Coomasie brilliant
blue staining after separation with sodium dodecyl sulfate polyacryla-
mide gel electrophoresis. Major cleavage fragments, 50 kD and 35 kD,
are indicated by arrows. A representative gel image from three inde-
pendent experiments is shown. B) Quantitation of the amount of M+C
domain and its cleavage products shown in (A).The ratio was calculated
by dividing the amount of uncleaved M+C domain with the amount of
total sum of M+C domain, 50 kD fragment and 35 kD fragment. The

the ubiquitination status of cellular proteins after treatment with
those inhibitors. Interestingly, both nelfinavir and novobiocin
partially induced ubiquitination of proteins, mainly in lower half
of all proteins. MGG132 strongly increased the ubiquitination of
all proteins (Figure 5, B, lower panel). Geldanamycin also slightly
increased protein ubiquitination. To confirm the above results
visually, we determined the level and subcellular localization of
HER2 and ubiquitin in HCC1954 cells by immunofluorescence. As
shown in Figure 5, C, HER?2 is mainly localized in the cytoplasmic
membrane and there is very low basal level of ubiquitinated
proteins in the cells. Both nelfinavir and novobiocin reduced the
HER2 fluorescence on the cytoplasmic membrane and increased
the ubiquitin fluorescence in nuclei with some particles throughout
the cytosol, which are presumably preaggresome particles.
Geldanamycin strongly reduced the amount of cytoplasmic
HER2 and increased protein ubiquitination in nuclei with little
cytosolic particles. MG132 reduced the HER?2 level and strongly
increased ubiquitin fluorescence in nuclei with numerous particles
in the cytosol. Finally, we determined the effects of nelfinavir
and novobiocin on the interaction between HSP90 and HER?2 in
HCC1954 cells. In a 3-5-hour treatment during which the HER2
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number on each bar is the relative ratio (average from three independ-
ent experiments) between DMSO and NFV. DMSO vs NFV (in each time
point), *P < .05, calculated by two-sided Student’s t test. Error bars =
95% confidence intervals. C) Effect of cotreatment of NFV and NB (novo-
biocin) on the trypsin digestion profile of full-length (FL) HSP90. The
HSP90 was pretreated with NFV (100 uM) or NB (10mM) for 30 min-
utes at room temperature and then treated with NB or NFV for 1 hour
at room temperature. The order of treatment is indicated by arrows.
The cleavage profile was analyzed by the N-terminal HSP90 antibody.
D) Effects of drugs on trypsin digestion profiles of HSP90 are summa-
rized. The trypsin cleavage rate on each site was illustrated with differ-
ent size of arrows. The bigger arrows are the faster cleavage occurs.
GA = geldanamyecin.

protein level was not significantly reduced, both nelfinavir and
novobiocin inhibited the interaction between HSP90 and HER2
(Figure 5, D and E).

Effect of Nelfinavir on HER2-Positive and HER2-Negative
Breast Cancer Growth in Mice

We assessed the anti-breast cancer activity of nelfinavir in vivo
by paired mouse xenograft experiments with HER2-positive
(HCC1954, n = 6 per group; BT474, n = 5 per group) and HER2-
negative (HCC1937, n = 4 per group; MDA-MB-231, n = 5 per
group) breast cancer cells. Nude mice bearing tumors were given
daily vehicle or nelfinavir for 30 days, and tumor volumes were
measured periodically. A longitudinal data analysis showed that
intraperitoneal injection of nelfinavir significantly inhibited the
xenograft tumor growth of HCC1954 cells over the treatment period
(tumor volume index on day 29, vehicle vs nelfinavir, mean = 14.42 vs
5.16, difference = 9.25,95% confidence interval [CI] = 5.93 to 12.56,
P < .001, two-sided F test), whereas HCC1937 tumor growth was
not statistically significantly affected (Figure 6, A and B). Similarly,
oral administration of nelfinavir strongly inhibited the tumor growth
of BT474 over the treatment period (tumor volume index on day
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Figure 5. A systematic comparison of nelfinavir (NFV) effect on human
epidermal growth factor receptor 2 (HER2)-positive breast cancer cells
with that of known heat shock protein 90 (HSP90) inhibitors and a pro-
teasome inhibitor. A and B) Effect of drugs on the protein levels of
HSP90 client proteins, co-chaperones, an estrogen receptor (ER) stress
marker, an apoptosis marker, and ubiquitinated proteins in HCC1954
cells. The cells were treated with drugs for 24 hours, and immunoblot
analyses were conducted. C) Immunofluorescence of HER2 and ubiqui-
tinated proteins in HCC1954 cells, bar = 30 um. D and E) Effect of NFV
and novobiocin (NB) on interaction between HSP90 and HER2. HCC1954

26, vehicle vs nelfinavir, mean = 2.21 vs 0.90, difference = 1.31,95%
CI=0.83 to 1.78, P < .001, two-sided F test), whereas the growth of
MDA-MB-231 was not statistically significantly affected (Figure 6,
C and D). At the end of the xenograft experiment, the levels of
HER2, phospho-HER2, AKT, and phospho-AKT in the tumor
tissue extracts were analyzed by immunoblot analysis. Total protein
and the phosphorylated levels of HER2 were statistically significantly
reduced by nelfinavir in the tumor tissues of BT474 xenografts
(Figure 6, E). No detectable HER2 was found in MDA-MB-231
tumor extracts. These results demonstrated that nelfinavir selectively
inhibited the growth of HER2-positive breast cancers in vivo and
the selective inhibition of HER2-positive breast cancer growth by
nelfinavir was attributable to its inhibitory effect on HER2 protein
level. Unexpectedly, the levels of AKT and its phosphorylated form
were not decreased, but rather, they were increased by nelfinavir in

jnci.oxfordjournals.org

YIS S SS
<
B gﬁg@ & §® § §
o O W0 Pl e’
ST X Q
S ATAS XN XN o OV X\
FEELLLSTFF LY
@ [ | —— === | p-elF20
g8
‘38‘ T S —— ——— — | o|F20
XA
o gy, — | ParP
s[[ARARAnARg - -
[0]
B o
o : - = <« 100kD
B
£ < 55kD
£
t‘é’
g < 35kD
=]
D
o o
S %
Q*é( WB: 0®'§7 WB:
IP: - IP:
HSP90 HSP90 HSPgoEl HSP90
Input | S HERZ oyt HER2
(WCL) HSPS0 (WCL>E HSP90
E @OA
N2
O < wa
HER2
IP: !
HER2 HSP90
Input ‘l! HER?2
(WCL) | qumamm| HSP90

cells were treated with NFV or NB for 5 hours, and HSP90 was immu-
noprecipitated to analyze the binding status of HER2 (D). The cells were
treated with NFV for 3 hours, and HER2 was immunoprecipitated to
analyze the binding status of HSP90 (E). Whole cell lysates (WCLs) were
used to analyze the input. AHA1 = activator of heat shock protein ATPase
homolog 1; CDK4 = cyclin dependent kinase 4; CDK6 = cyclin dependent
kinase 6; DAPI = 4',6-diamidino-2-phenylindole; elF2a = eukaryotic initia-
tion factor 2a; HSP70 = heat shock protein 70; IP = immunoprecipitation;
GA = geldanamycin; MG = MG132; PARP = poly ADP ribose polymerase;
Ub = ubiquitin; WB = immunoblot.

BT474 tumor extracts (Figure 6, E). Also, the levels of AKT and
phospho-AKT were not decreased in MDA-MB-231 tumors treated
with nelfinavir (Figure 6, F). These results suggest that the inhibitory
effect of nelfinavir on PI3K and AKT pathway is not a common
mechanism of in vivo anticancer activity of nelfinavir.

Effect of Nelfinavir on the Growth of Drug-Resistant,
HER2-Positive Breast Cancer Cells

We next asked whether nelfinavir as an inhibitor of HSP90 can
overcome the drug-resistance of HER2-positive breast cancer
cells, which can often occur during treatment with trastuzumab
and lapatinib in clinic. We examined both acquired and intrinsic
drug-resistant breast cancer cell lines, including BT474-TrastR
(acquired trastuzumab resistance), MDA-MB-453 (intrinsic resist-
ance to trastuzumab and lapatinib), and JIMT-1 (intrinsic resistance

JNCI | Articles 1585
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Figure 6. Effect of nelfinavir (NFV) on the growth of human epider-
mal growth factor receptor 2 (HER2)-positive or HER2-negative breast
cancer xenografts in mice. A and B) Analysis of tumor volume index.
Twelve female athymic nude mice (BALB/c, nu/nu-NCr) (n = 6 mice
per group) bearing HCC1954 HER2-positive human breast cancer cells
were injected intraperitoneally with vehicle or NFV (25mg/kg) every
day. Mice bearing HCC1937 HER2-negative breast cancer cells (n = 4
mice per group) were also injected intraperitoneally with vehicle or
NFV(25 mg/kg) every day. Mean tumor volume indices in each group are
shown. The tumor volume index was calculated as a ratio of the tumor
volume on a given day divided by the tumor volume of day 0. Error
bars = 95% confidence intervals. C and D) Analysis of tumor volume

to trastuzumab). BT474 parental cell line was used as a control for
drug-sensitive, HER2-positive breast cancer cell line. Trastuzumab
inhibited the proliferation of BT474 cells with an ICy, of 1.18 pg/
mL (95% CI = 0.89 to 1.57). However, it didn’t inhibit the pro-
liferation of three drug-resistant cell lines up to 50 pg/mL treat-
ment (resistant index > 50) (Figure 7, A; Supplementary Table 4,
available online). Lapatinib showed an ICy, value of 0.083 pM
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index. Ten female athymic nude mice (BALB/c, nu/nu-NCr) (n = 5 mice
per group) bearing BT474 HER2-positive human breast cancer cells or
MDA-MB-231 (HER2-negative ones) were orally given vehicle or NFV
(40mg/kg) every day. Mean tumor volume indices in each group are
shown. The tumor volume index was calculated as a ratio of the tumor
volume on a given day divided by the tumor volume of day 0. Error
bars = 95% confidence intervals. E and F) The protein levels of HER2,
phospho-HER2 (p-HER2), AKT, and phospho-AKT (p-AKT) in the BT474
(E) or MDA-MB-231 (F) tumor extracts were analyzed by immunoblots
and quantitated using Image J software. Vehicle vs test groups, *P< .05,
calculated by two-sided Student’s t test. Error bars = 95% confidence
intervals.

(95% CI = 0.073 to 0.093) for BT474 cells, but it showed IC;, val-
ues of 1.35 ptM (95% CI = 1.08 to 1.67, resistant index = 16.26)
and 1.07 uM (95% CI = 0.74 to 1.55, resistant index = 12.89)
for MDA-MB-453 and JIMT-1 cells, respectively (Figure 7, B;
Supplementary Table 4, available online). Nelfinavir inhibited the
proliferation of BT474 cells with an IC;, of 5.83 pM (95% CI = 5.46
to 6.22). It also inhibited the proliferation of all three drug-resistant
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Figure 7. Effect of nelfinavir on the proliferation of trastuzumab-/lapat-
inib-resistant, human epidermal growth factor receptor 2 (HER2)-positive
breast cancer cells. Cell proliferation was assessed using [°*H]-thymidine
incorporation assay. A) Effect of trastuzumab on the proliferation of
drug-sensitive and -resistant breast cancer cells. The dose-response
curves of trastuzumab on BT474 (drug-sensitive, Her2-positive breast
cancer cell line), BT474-TrastR (acquired trastuzumab-resistant BT474
cells), MDA-MB-453 (intrinsic trastuzumab-resistant, Her2-positive
breast cancer cell line), and JIMT1 (intrinsic trastuzumab-resistant,

cell lines within a concentration range that was effective in BT474
(ICs, values for BT474-TrastR cells: 6.44 uM, 95% CI = 5.14
to 8.07, resistant index = 1.1; for MDA-MB-453 cells: 4.74 uM,
95% CI = 4.17 to 5.38, resistant index = 0.81; for JIMT-1 cells:
6.88 pM, 95% CI = 6.18 to 7.66, resistant index = 1.18) (Figure 7,
C; Supplementary Table 4, available online).

Discussion

Identification and characterization of new pharmacological activi-
ties from existing drugs represents an effective way to accelerate
the translation of discoveries at the bench to clinical applications;
it also facilitates the subsequent target identification and validation.
Under these premises, we established the JHDL. To date, a num-
ber of interesting and potentially applicable hits have been iden-
tified, including the immunosuppressive drug mycophenolic acid,
the antifungal drug itraconazole, and the urinary tract antibiotic
nitroxoline as novel antiangiogenic agents; the antileprosy drug
clofazimine as a novel inhibitor of Kv1.3 channel and immunomod-
ulator; and the antihistamine astemazole as novel antimalarial agent
(11,12,26,34-36). In the present study, we performed a two-stage
screen for new anti-breast cancer agents. In stage 1, we screened
the entire JHDL against two representative breast cell lines for
inhibitors and identified over 200 hits. In stage 2, a subset of the

jnci.oxfordjournals.org
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Her2-positive breast cancer cell line) are shown. The dashed line rep-
resents a half maximal inhibitory concentration (IC,) of the drug. Error
bars = 95% confidence intervals. B) Effect of lapatinib on the prolifera-
tion of drug-sensitive and -resistant breast cancer cells. The dashed line
represents an ICs, of the drug. Error bars = 95% confidence intervals. C)
Effect of nelfinavir on the proliferation of drug-sensitive and -resistant
breast cancer cells. The dashed line represents an ICy, of the drug. Error
bars = 95% confidence intervals.

hits was profiled against seven genotypically characterized breast
cancer cell lines. We identified nelfinavir as a selective inhibitor
of HER2-positive breast cancer cells. Selectivity of nelfinavir for
HER2-positive breast cancer cells was attributable to its inhibitory
effects on HER?2 protein and phosphorylation levels as well as AKT
and ERKI1 and -2 signaling pathways. In vivo anti-breast cancer
activities of nelfinavir were verified using mouse xenograft models
with both HER2-positive and -negative breast cancer cells. Either
intraperitoneal or oral administration of nelfinavir selectively sup-
pressed the growth of HER2-positive breast cancer cells over the
HER2-negative ones. Immunoblot analysis confirmed that nelfina-
vir had a similar effect on HER2 protein level in vivo.

"To unravel the mechanistic basis of the selectivity of nelfinavir for
HER2-positive breast cancer cells, we initially entertained the possi-
bility that nelfinavir worked through inhibition of the human protea-
some, as previously reported (23). Although we were able to confirm
the inhibitory effect of nelfinavir on purified 20S proteasome, sev-
eral lines of evidence argued against the proteasome as the relevant
target for nelfinavir for its selective inhibition of HER2-positive
breast cancer cells. First, pretreatment with proteasome inhibitors
blocked certain nelfinavir effects. Second, nelfinavir did not inhibit
26S proteasome activity at all in cell lysates. Third, whereas MG132
increased the protein level of CDK4 and CDKG6, nelfinavir enhanced
degradation of those CDKs, whose stability is known to be regulated
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by the proteasome-dependent pathway. Lastly, morphological
changes of the breast cancer cells caused by nelfinavir were distinct
from those induced by MG132. These results suggested that nelfina-
vir has a different target than the 20S proteasome.

We employed a chemical genetic screening of haploinsuf-
ficiency yeast collection to seek clues on the potential nelfinavir
target. This approach can identify not only the drug target gene
deletion strain, which could be more sensitive to the drug if the tar-
get gene is essential, but also the synthetic lethal strains to the drug
if the deleted gene product interacts with the drug target either
genetically or physically. Among the 17 strains with more than
two-fold increase in sensitivity to nelfinavir, the majority of them
are known to directly interact with HSP82, the yeast ortholog of
HSP90. All of the above genetic interactions are synthetic growth
defect or synthetic lethal with HSP82 (Saccharomyces Genome
Database, http://www.yeastgenome.org/) (last accessed August 1,
2012), suggesting that HSP90 is a likely molecular target of nelfi-
navir in eukaryotic cells. Recently, another HIV protease inhibitor,
ritonavir, has been reported to inhibit the functions of HSP90 (37),
supporting an idea that a certain class of HIV protease inhibitors is
a new HSP90 antagonist.

HSP90 is a molecular chaperone that facilitates the folding
of proteins after translation or under stress conditions and
has a stabilizing effect on a number of client proteins. Several
specific inhibitors of HSP90 have been developed to date (38).
We systematically compared the effects of nelfinavir and two
known HSP90 inhibitors in a number of biochemical and cellular
assays. Geldanamycin is known to bind to the N-terminal ATP-
binding pocket of HSP90 and affect interaction between HSP90
and some other co-chaperones (39). Similar to geldanamycin,
nelfinavir enhanced the interaction between HSP90 and HSP70.
Unlike geldanamycin, which reduced the interaction of p23 with
HSP90, nelfinavir had no effect on the same interaction. Moreover,
geldanamycin has no effect of the HSP90 conformation changes, as
reflected in trypsin digestion profiles, whereas nelfinavir substantially
changed the stability and the proteolytic profile of HSP90, further
distinguishing nelfinavir from geldanamycin. Novobiocin is known
to bind to the C-terminal dimerization domain of HSP90, thereby
inhibiting HSP90 dimerization and inducing its conformational
changes (31,33). Unlike novobiocin, nelfinavir had no effect on the
dimerization of HSP90. Interestingly, the effects of nelfinavir on the
trypsin cleavage profiles were completely abrogated by novobiocin.
Although the phenotypic changes elicited by nelfinavir are largely
identical to those caused by novabiocin at the cellular level, the
observed difference between the two inhibitors suggest that they
act differently on HSP90, likely through proximal but distinct
binding sites. Although the lack of proper affinity probe of nelfinavir
hampered the determination of the precise binding site of nelfinavir
on HSP90, these results clearly suggest that nelfinavir interacts
with a site of HSP90 distinct from the binding sites of all known
inhibitors and thus represents a new type of HSP90 inhibitor.

HER?2 and AKT are known client proteins of HSP90, which
is required for their stability and functions (40,41). Inhibition of
HSP90 functions by pharmacological inhibitorsleads to degradation
of HER2 and AKT or a decrease in their phosphorylation (41,42).
In this study, nelfinavir was found to decrease the levels of total
protein and phosphorylated form of HER2 and AKT in breast
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cancer cells, though short-term treatment (1-4 hours) showed
an opposite effect. These effects of nelfinavir are attributable to
its inhibition of HSP90. However, nelfinavir increased the levels
of total protein and phosphorylated form of AKT in BT474 cells
in animals in vivo. These results are consistent with a previous
report showing that nelfinavir increased AK'T phosphorylation
in melanoma cells, but it inhibited the cancer cell growth (17). In
a separate study, short-term treatment with nelfinavir increased
AKT phosphorylation in lung cancer cells and had no inhibitory
effect on AK'T phosphorylation in animal tumor xenograft model,
though it had a significant anticancer activity (27). These results
suggest that the PI3K and AK'T pathway may not be the common
mechanism of anticancer activity of nelfinavir in vivo. Rather,
nelfinavir exhibited anticancer activity through inhibition of
multiple pathways, including Cdc25A, CDKs (17), and hypoxia
inducible factor-1a (43) as well as HER2 (shown in this study), all
of which are known client proteins of HSP90. These results suggest
that the mechanism underlying the anticancer activity of nelfinavir
is the inhibition of HSP90, followed by the dysfunction of HSP90
client proteins. It is unclear, however, why AK'T was increased by
nelfinavir in the tumor mouse model. It is interesting to note that
both nelfinavir and novobiocin increased the level of HER2 in
early time points of treatment (1-4 hours) but decreased the levels
after longer exposure. In contrast, geldanamycin quickly (within an
hour) decreased the level of HER? in the breast cancer cells upon
treatment (data not shown). These results suggest that there is a
difference between N-terminal and C-terminal HSP90 inhibitors
in the kinetics of client protein stabilization and destabilization.

In addition to HER2 and AKT, a number of other client pro-
teins of HSP90, including EGFR, HIF-1a, androgen receptor,
Ber-Abl, and CDKs, are known to be key players of cancer cell
survival and proliferation. It has been suggested that inhibition
of HSP90 function can cause simultaneous inhibitory effects on
multiple pathways of cancer cell signaling, which may decrease
drug resistance (44). The development of drug resistance against
trastuzumab has been one of the biggest hurdles in the treatment
of HER? breast cancer. It has been shown that activating muta-
tion in PIK3CA is the major cause of the drug resistance against
HER? targeting agents, including trastuzumab and lapatinib (45).
PIK3CA encodes the p110a catalytic subunit of PI3K, which is a
direct downstream effecter kinase of HER2. Thus, constitutively
active PI3K could allow cancer cells to bypass the effect of HER2
targeting agents. Nelfinavir, indeed, was effective in inhibiting the
growth of drug-resistant, HER2-positive breast cancer cell lines in
large part because a large number of signaling proteins downstream
of HER? are dependent on HSP90 to function, allowing nelfinavir
to overcome resistance to both trastuzumab and lapatinib.

This work does have a few limitations. First, the precise mode
of interaction between nelfinavir and HSP90 remains to be further
elucidated using such techniques as x-ray crystallography. Second,
we were not blinded to the control and treatment groups of
animals, which may affect the objectivity of the interpretation of
the experimental outcome.

Nelfinavir is a first-generation HIV protease inhibitor approved
by the US Food and Drug Administration for an oral dose regimin
of 750mg three times daily for AIDS patients. However, it was
modified to a regimen of 1250mg twice daily, as recommended
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by US Food and Drug Administration in 1999. The efficacy of
nelfinavir was proven to be equal in both regimens in a large, ran-

domized trial (46). Extensive pharmacokinetics studies have shown

that nelfinavir has an average peak plasma level of 8-10 pM, which

is approximately twice as high as its IC;, for the HER2-positive
breast cancer cell proliferation (3—6 pM), suggesting that it may be
effective in breast cancer patients with the current dosage regimen.

With a relatively low toxicity profile and much available informa-

tion on its drug—drug interactions and on pharmacokinetics, nelfi-

navir is ready for clinical testing in HER2 breast cancer patients.

In conclusion, the discovery of HER? selective inhibition of breast

cancer cells by nelfinavir and the elucidation of its unique mode

of action through binding to a new site on HSP90 have important

implications in the development of nelfinavir and its analogs as new

anticancer agents.
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