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Abstract Retaspimycin hydrochloride (IPI-504), an
Hsp90 (heat shock protein 90) inhibitor, has shown activity
in multiple preclinical cancer models, such as lung, breast
and ovarian cancers. However, its biological effects in
gliomas and normal brain derived cellular populations
remain unknown. In this study, we profiled the expression
pattern of Hsp90a/ff mRNA in stable glioma cell lines,
multiple glioma-derived primary cultures and human neu-
ral stem/progenitor cells. The effects of IPI-504 on cell
proliferation, apoptosis, motility and expression of Hsp90
client proteins were evaluated in glioma cell lines. In vivo
activity of IPI-504 was investigated in subcutaneous gli-
oma xenografts. Our results showed Hsp90o and Hsp90p
expression levels to be patient-specific, higher in high-
grade glioma-derived primary cells than in low-grade gli-
oma-derived primary cells, and strongly correlated with
CD133 expression and differentiation status of cells. Hsp90
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inhibition by IPI-504 induced apoptosis, blocked migration
and invasion, and significantly decreased epidermal growth
factor receptor levels, mitogen-activated protein kinase
and/or Akt activities, and secretion of vascular endothelial
growth factor in glioma cell lines. In vivo study showed
that IPI-504 could mildly attenuate tumor growth in
immunocompromised mice. These findings suggest that
targeting Hsp90 by IPI-504 has the potential to become an
active therapeutic strategy in gliomas in a selective group
of patients, but further research into combination therapies
is still needed.

Keywords Hsp90 - IPI-504 - Glioma - Stem cells -
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Introduction

Heat shock proteins (HSPs) are a collection of molecules
induced by a variety of stresses (such as hypoxia and
starvation) and by certain pathological states including
cancer [1, 2]. Hsp90 has two major isoforms in humans,
Hsp90a and Hsp90B. While Hsp90pB is thought to be
constitutively expressed, Hsp90o expression is highly
inducible by stressful stimuli [3]. As a molecular chaper-
one, Hsp90 can regulate the conformation and stability of
many client proteins including signaling protein kinases
[e.g. EGFR, MAPK cascades, Akt kinase], steroid hormone
receptors and components of the telomerase complex [4].

Recently, targeting Hsp90 has been of great interest in
cancer therapy, because abnormal levels of Hsp90 have been
found in a number of malignancies [5, 6]. To date, there are
over 20 drug candidates that target Hsp90 undergoing
interventional trials in multiple cancer indications [7, 8].
Among them, 17-allylamino-17-demethoxygeldanamycin
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(17-AAG) is one of most advanced product candidates,
acting through blocking the ATPase activity of Hsp90 by
binding into its ATP-binding pocket [9]. 17-AAG has been
proven to work in multiple glioma models, but its clinical
development was limited by its relative low solubility [9]. In
contrast, IPI-504 is the water soluble, hydroquinone hydro-
chloride salt of 17-AAG [10], uniquely designed to over-
come the therapeutic limitations of earlier HSP90 inhibitors
by allowing simple aqueous-based intravenous formulations
for clinical administration [11]. In many cancer models IPI-
504 has shown to have a much higher activity than 17-AAG.
This can be explained by the fact that inside cells, 17-AAG
is enzymatically reduced to the hydroquinone (free base of
IPI-504) which is a 40- to 60-fold more potent inhibitor of
HSP90 than 17-AAG [12]. IPI-504 is currently in clinical
trials for patients with non-small cell lung cancer (http://
www.ClinicalTrial.gov).

High-grade gliomas (HGGs) are the most common pri-
mary tumors in the central nervous system [13]. For the
patients afflicted by the most aggressive and lethal HGG,
glioblastoma multiforme (GBM), the prognosis remains
poor, with a median survival of only 12-15 months [14].
Over-expression of Hsp90 has been found in GBM [15]
and multiple Hsp90 client proteins, such as EGFR [16], are
involved in gliomagenesis. To date, several Hsp90 inhibi-
tors including 17-AAG have shown potential in preclinical
GBM models [17]. However, the activity of IPI-504 in
HGGs has not been evaluated.

Recent evidence suggested that the progression of
HGGs is driven by a small group of glioma stem-like cells
(GSCs), aka glioma tumor initiating cells [18, 19]. These
GSCs contribute to tumorigenesis and the subsequent
development of highly invasive phenotypes, as well as
treatment resistance [20]. In this study, we measured and
compared the expression pattern of Hsp90o and Hsp90f in
stable glioma cell lines, glioma-derived primary cultures
which are exhibiting GSC properties, and NSCs. Further-
more, the anti-tumor effect of IPI-504 as a single agent in
HGGs was investigated both in vitro and in vivo.

Materials and methods

Reagents and drugs

All chemicals and reagents were obtained from Sigma
(MO, USA) otherwise specified. IPI-504 was provided by
Infinity Pharmaceuticals.

Cell lines and primary cultures

As described previously [21], high/low-grade glioma-
derived primary cultures were isolated from surgical
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specimens (Table S1). Human NSCs (SC23, SC27, SC30)
were derived by Dr. Philip Schwartz [22]. HuTuPO1 cells
were a gift from Dr. David Panchision [23]. The detailed
culture conditions and verification of stem-cell like char-
acteristics were previously published by our group [21, 24]
and were included in Supplementary Methods. Early pas-
sage cells (both for the NSCs and GSCs) were defined as
cultures that were collected and analyzed in the first four
passages.

Quantitative RT-PCR (qRT-PCR) analysis

Total RNA was extracted using RNeasy Mini Kit (Qiagen,
MD, USA), and cDNA was generated using the iScript™
cDNA Synthesis Kit (Bio-rad, CA, USA). Quantitative
PCR reactions (iIQ™ SYBR Green Supermix, Bio-rad)
were conducted using a Bio-Rad CFX96 Real-time System,
and the gene expression levels were normalized to those of
ACTB. The primer sequences were shown in Supplemen-
tary Methods.

Antibodies for western blotting

Antibodies used were Hsp90 (ab1429, Abcam, MA, USA),
EGFR (ab2430-1, Abcam), Phospho-Erk1/2 Pathway
Sampler Kit (#9911, Cell Signaling, MA, USA), p44/42
MAPK (Erk1/2) (#9271, Cell Signaling), Phospho-AKT
(Serd73) (#9271, Cell Signaling), pan-Akt (ab8805, Ab-
cam) and B-actin (NB600-501, Novus, CO, USA).

Magnetic cell sorting

CD133+ cell selection was performed using CD133 Mi-
croBead Kit (Miltenyi Biotec Inc., CA, USA) as indicated
by manufacturer.

Cell proliferation assay

The viability of cells was determined with the Cell Pro-
liferation Kit II (XTT) (Roche, IN, USA). The metabolic
conversion of XTT to formazan by live cells was deter-
mined by measuring absorbance at 450 nm and expressed
as percentage of control.

Flow cytometry

Cells were harvested and fixed in ice-cold 70 % ethanol,
and then treated with RNase (10 pg/ml) and stained with
propidium iodide (2.5 pg/ml) for 30 min at 37 = C. Cell
cycle analysis was performed on an FACScan flow
cytometer (BD Biosciences, NJ, USA) and analyzed using
the FlowJo software (Tree Star, Inc., OR, USA).
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TUNEL assay

The DNA fragmentation in cells treated by IPI-504 was
identified with the NeuroTACS™ 1II In Situ Apoptosis
Detection Kit (Trevigen Inc., MD, USA) according to the
manufacturer’s instruction.

Invasion assay

Invasion assay was performed using BD BioCoat™ Ma-
trigel™ Invasion Chamber with an 8 um PET membrane
(BD Biosciences). Cells were seeded in medium without
serum, and medium containing 1.5 % FBS was used as
chemo-attractant. After an incubation of 24 h at 37 °C,
non-invasive cells were removed and invading cells were
fixed with 100 % methanol. Cells were then stained in
hematoxylin.

Immunocytochemistry

Cells were fixed with 10 % buffered formalin, incubated
with 0.5 % Triton X-100 in PBS for 10 min, and then
blocked with 3 % hydrogen peroxide. The avidin—biotin
immunoperoxidase reaction (Vector Laboratories, CA, USA)
was performed using an EGFR antibody (28-0005, Invitro-
gen, NY, USA). Cells were counterstained with hematoxylin.

VEGF ELISA

Cells were grown in serum-free medium for 1 day and then
treated with 1 pM of IPI-504 in reduced serum medium
(3 % FBS) for 24 h. The conditioned medium was col-
lected and VEGF levels were analyzed by Human VEGF
Immunoassay kit (R&D Systems, MN, USA).

Subcutaneous xenograft implantation and response
to IPI-504 treatment

Female athymic mice (nu/nu genotype, Balb/c background,
6 to 8 weeks old) were used to implant D-54MG and U-251
xenografts maintained at the Preston Robert Tisch Brain
Tumor Center (Duke University of Medical Center, USA)
[25]. Groups of mice (9 or 10 mice in each group) were
treated by IPI-504 or saline when the median tumor volumes
were on average 250 mm>. IPI-540 was injected intraperi-
toneally with the schedules as indicated in Table 1 for
D-54MG xenografts (and the Table S2 for U-251). Tumors
were measured twice weekly with hand-held calipers. The
endpoint was defined as the number of days needed to reach
a tumor volume five times greater than that measured at the
start of the treatment. Growth delay, expressed as T-C, was
defined as the difference in days between the median time
required for tumors in treated (T) and control (C) animals.

Tumor regression was defined as a decrease in tumor vol-
ume over two successive measurements.

Statistical analysis

Statistical analyses for the in vitro experiments were pre-
pared using GraphPad Prism version 5.04 (GraphPad Soft-
ware Inc., La Jolla, CA, USA). All values were presented as
mean £ SE of the mean (SEM). Statistical significance was
determined with unpaired ¢ test. p < 0.05 was considered
significant. For the animal experiments, statistical analysis
was performed using the SAS statistical analysis program,
the Wilcoxon rank order test for growth delay, and Fisher’s
exact test for tumor regression as previously described [26].

Results

The expression pattern of Hsp90o/f in stable glioma
cell lines, low/high-grade glioma-derived GSCs
and normal NSCs

We profiled Hsp90o. and Hsp90f mRNA levels using four
stable glioma cell lines (D-54, LN-229, U-251 and U-87),
nineteen diverse histological GSCs derived from glioma
patients (Table S1) and three NSCs (SC23, SC27 and
SC30). Overall, compared to stable cell lines, low-grade
glioma-derived GSCs and NSCs, the Hsp900/90f expres-
sion was much higher in some of HGG-derived GSCs, such
as DB33 (Grade III) and DB32/34 (GBM) (Fig. 1; Table
S1). However, the Hsp900/90f expression varied signifi-
cantly between specimens within the same pathological
diagnosis, raising the question of the role of Hsp90x and
Hsp90p as prognostic indicator. As shown in the Table S1
(survival data), the GBM patients with the lowest Hsp90o/
B levels (DB37 and DB50) had a better prognosis (13 and
14 month survival, respectively) compared to patients with
the highest Hsp90s/f levels (DB32 and DB34; 9 month
survival). The similar results could also be found in Grade
IIT patients- the patient with the highest Hsp90u levels
(DB33) and the poorest prognosis. Those data suggested a
preliminary possible association between clinical prognosis
and Hsp90a/f expression. Hsp90 over-expression is
already reported to correlate with poor prognosis in breast
cancer and gastric cancer patients but further adequate
investigation in a larger number of glioma specimens is
required to confirm our findings.

Hsp900/f mRNA levels correlate with differentiation
status and CD133 mRNA levels in gliomas and NSCs

Hsp90 plays a role in embryonic cell differentiation [27,
28], and long-term in vitro expansion of stem/precursor
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Table 1 The effect of IPI-504 treatment on the growth of subcutaneous human brain tumor D-54MG xenografts in mice

Experiment Dose Treatment Duration T-C (days) p value Regressions
1 100 mg/kg b.i.d. Twice weekly 6 weeks 2.49 <0.062 3/10
2 100 mg/kg b.i.d.  5/2/5 schedule (5 days on, 2 days off, and then 5 days on) 6 weeks 3.45 <0.091 1/9

T-C The difference in days between the median time required for tumors in treated (T) and control (C) animals to reach a volume five times
greater than that measured at the start of treatment

Tumor regression The decrease in tumor volume over two successive measurements
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Fig. 1 The expression of Hsp90o/f in stable HGG cell lines, low/
high-grade glioma-derived glioma stem-like cells (GSCs) and neural
stem/precursor cells (NSCs). Hsp90o/f mRNA expression was
measured by qRT-PCR. The relative expression levels were

cells may induce neuronal differentiation [29]. Our previ-
ous work [21] demonstrated that during continued in vitro
expansion, DB32 and HuTuPOl GSCs underwent differ-
entiation indicated by significantly decrease in the mRNA
levels of CD133, a well-established stem cell marker in the
brain. By comparing with early and late passages of DB32
and HuTuPO1 GSCs, that expressed the highest and mod-
erate levels of Hsp90a/f respectively, we found that
Hsp90¢ and Hsp90f; dramatically attenuated after contin-
uous expansion (Fig. 2a and b), along with down-regula-
tion of Hsp90 protein levels (Fig. 2b). These data
suggested that Hsp90o/f levels are correlated with differ-
entiation status and CD133 expression in GSCs. To further
identify the correlation between CDI133 and Hsp90, mag-
netic microbeads were used to separate CDI133+ and
CD133- population from HuTuPO1 cells, and the expres-
sion of Hsp90o/f was then analyzed. As shown in Fig. 2c,
both Hsp90« and Hsp90f levels were markedly higher in
CD133 + cell population.

@ Springer

normalized by ACTB, and the value of 1 was assigned for D-54.
The insert table showed the average ratio of GSCs which belong to
the same tumor grade and/or NSCs to glioma cell lines

Our previous work demonstrated that when DB32 and
HuTuPO1 cells underwent differentiation by switching
culture medium from serum-free stem cell medium (SCM)
to serum-containing medium (differentiation medium),
CD133 revealed a dramatic decrease [21]. In this study, a
significant drop of Hsp90o/ff was also detected [Fig. 2d
(left panel) and e]. Interestingly, when HuTuPOl was
switched back to SCM (leading to a less differentiated
state), both Hsp90o and Hsp90f increased again (Fig. 2d,
right panel). Furthermore, when D-54MG cells were cul-
tured in SCM which allowed cells to transit to an undif-
ferentiated stem cell state, as indicated by CDI33 up-
regulation and tumor sphere formation [21], a significant
elevation on Hsp90a/f mRNA was found (Fig. 2f).

We also checked the expression pattern of Hsp90a/f in
normal NSCs undergoing differentiation. When SC27 cells
underwent continuous expansion, the NSC markers CD133
and nestin dramatically decreased (Fig. 2g, left panel). In
contrast with our results obtained from GSCs, SC27
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Fig. 2 Hsp90s/f mRNA levels correlate with differentiation status
and CDI33 mRNA levels in HGG cells and NSCs. a, b RNA was
extracted from early and late passages of DB32 (P1 and P6) and
HuTuPO1 (P2 and P7) cells, and qRT-PCR was then performed to
measure the mRNA levels of Hsp90s/fi. ACTB was an internal
control. Western blotting was used to evaluate the expression of
Hsp90 protein in b. ¢ CD133+ and CD133- populations of HuTuP0O1
cells were separated and collected by magnetic bead cell sorting.
d HuTuPOl cells were cultured with differentiation medium (left) and
then switched back to stem cell medium (right). Cells were collected

showed elevated expression of Hsp90o/ff in late passage
cells (Fig. 2g, right panel).

The question of potential neurotoxicity of new drugs is
becoming more urgent, as more and more glioma patients
are becoming long-term survivors. To further explore the
clinical significance of these data, we exposed both NSC
(SC27) and GSC (HuTuPO1) cells to graded concentrations
of IPI-504, a novel Hsp90 inhibitor. The SC27 cells which
have low Hsp90 constitutive expression continued to pro-
liferate at doses toxic to HuTuPO1 cells (Fig. 2h), sug-
gesting that IPI-504 might selectively target the GSCs
while not eradicating the NSCs.

at the indicated time points. e DB32 cells were cultured with
differentiation medium for 1 month. f D-54MG cells were cultured in
stem cell medium for 1 month. g Early and late passages of SC27
cells were collected. RNA was extracted from cells collected in c-g,
and qRT-PCR was then performed to measure the mRNA levels of
Hsp90o/B, CDI133 and/or nestin. h Early passages of SC27 and
HuTuPO1 were treated with indicated concentrations of IPI-504 for
3 days. The effect of IPI-504 on cell proliferation was then measured.
*p < 0.05, **p < 0.01, ***p < 0.001

Taken together, our results suggest that the levels of
Hsp90o/ correlate with differentiation status in both GSCs
and NSCs, but displaying different expression patterns,
which might protect NSCs from potential Hsp90 inhibition-
related toxicity.

IPI-504 inhibits proliferation and induces apoptosis
in glioma cells

We next focused on the effect of IPI-504 on glioma cells. The

anti-proliferation effect of IPI-504 indicated by decreased S
phase cells was accompanying with increased sub-Gl

@ Springer
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Fig. 3 IPI-504 inhibits proliferation and induces apoptosis in glioma
cells. a Cells were exposed to 1 uM and/or 2.5 pM of IPI-504 for
either 24 or 48 h, and cell cycle was analyzed by flow cytometry. b In
situ apoptosis was detected by TUNEL in cells treated with 1 uM of

population of cells (Fig. 3a), and induction of fragmented
DNA of the apoptotic cells (Fig. 3b) in a dose/time-depen-
dent manner. Meanwhile, a significant up-regulation of
cleaved PARP was detected in IPI-504 treated cells (Fig. 3c).
We next compared the toxicity of 17-AAG and IPI-504 on
glioma cells. While IC50 was 0.045 uM and 0.011 uM (D-
54MG and U-251MG, respectively) for [PI-504 treatment, IC50
was 0.143 pM and 5.87 uM in 17-AAG treated cells (Fig. S1).
GBM tumors are notoriously resistant to treatment, and
new treatments are needed both for newly-diagnosed,
chemotherapy naive patients as well as for the patients that
already developed resistance to the first-line chemotherapy
treatment (temozolomide). Next, we used two glioma cell
lines (D-54MG and U-251MG) and two temozolomide-
resistant (TR) lines (D-54TR and U-251TR [25]), to
investigate the anti-tumor effect of IPI-504 in vitro. As
shown in Fig. S2a, both the parental and TR cells were
sensitive to IPI-504, and their proliferation was dramati-
cally decreased in a dose-dependent manner, while TR
cells maintained their tolerance to temozolomide [25].

Hsp90 inhibition by IPI-504 suppresses migration
and invasion of glioma cells, and displays dose-

and time-dependent effects on Hsp90 client proteins

Since the invasive behavior of HGGs contributes to their
poor prognosis [30], the role of IPI-504 on cell invasion

@ Springer

IPI-504. The fragmented DNA of the apoptotic cells appeared as
brown stained material. Scale bar 50 pm. ¢ Cells were treated by
1 pM of IPI-504 for indicated timepoints. Western blot was used to
detect cleaved PARP. Actin was used as the internal control

was measured using the Matrigel invasion assay (Fig. 4a).
In both D-54MG and U-251MG cells, the capability of
invasion was robustly inhibited (p < 0.001). Wound clo-
sure assay (Fig. S2b) further confirmed these data. While
the gap was only partially filled in IPI-504 treated cells,
even after 24 h, control cells were able to migrate in and
fill up the gap within 18 h.

Next, we investigated the underlying mechanism of IPI-
504 function through Hsp90 client proteins [4], such as
EGFR which is constitutively upregulated in GBM [16].
D-54MG and U-251MG cells were treated with IPI-504 and
immunohistochemistry staining was then used to evaluate the
expression of EGFR. As shown in Fig. 4b, IPI-504 decreased
the expression of EGFR in both cell lines tested. Western
blotting was then used to evaluate the expression levels of
EGFR and some other Hsp90 client proteins. As shown in
Fig. 4c, IPI-504 treatment down-regulated the expression of
EGFR, phosphorylation of MAPKs and AKT, and total
levels of AKT, indicating that the anti-tumor effect of IPI-
504 was associated with Hsp90 client protein degradation.

VEGF, a potent angiogenic molecule, is highly expres-
sed in glioblastoma [31], and the secretion of VEGF by
tumor cells depends heavily on EGFR-mediated signaling
[32]. Using VEGF ELISA, we examined the secretion of
VEGF in IPI-504 treated cells. As shown in Fig. 4d, a
significant reduction of VEGF was found in glioma cells
upon IPI-504 treatment.
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Fig. 4 Hsp90 inhibition by IPI-504 suppresses migration and inva-
sion of glioma cells, and displays dose- and time-dependent effects on
Hsp90 client proteins. a Cells were treated with 1 uM of IPI-504 for
24 h, and the invasion capability of cells was then analyzed using
Matrigel Invasion chambers. The average of invaded cells for each
counting grid was showed in right. b Cells were exposed to 1 uM of
IPI-504 for 24 h. IHC staining was then used to detect the expression

IPI-504 has a very modest effect on in vivo tumor
growth

To evaluate the anti-tumor activity of IPI-504 in vivo,
D-54MG tumor xenografts were injected subcutaneously into
the immunodeficient mice. As shown in Table, in two inde-
pendent experiments, IPI-504 showed a trend to delay tumor
growth with 2.49 and 3.45 days respectively when compared
with saline-treated tumors (p < 0.1). In addition, 21 % of the
mice (4 out of 19) used in this study displayed tumor regres-
sion, indicating an anti-tumor effect of IPI-504 in vivo. The
same study was performed using U-251MG tumor xenografts.
However, IPI-504 revealed a limited anti-tumor activity in
U-251MG xenografts (Table S2). We next evaluated the direct
effects of IPI-504 in tumor tissues harvested from the D-54MG
xenograft model. Although the drug down-regulated the
majority of Hsp90 client proteins in tissue culture, results
varied from one tumor to another and no consistent effects
were noted in xenograft tissues, except up-regulation of Hsp70
(Fig. S3). Similar results were previously reported by another
group in a pancreatic cancer xenograft study [33].

of EGFR. ¢ Western blotting was used to analyze the expression of
Hsp90 client proteins in cells treated with 1 uM of IPI-504 for the
indicated durations. d Cells were grown in serum-free medium for
1 day and then treated with 1 pM of IPI-504 in reduced serum
medium (3 % FBS) for 24 h. Conditioned medium was collected and
VEGF levels were analyzed by ELISA. Values were normalized to
un-treated control. *p < 0.05, ***p < 0.001

Discussion

Our study profiles the expression pattern of Hsp90o and
Hsp90f in human GSCs and NSCs (Fig. 1). It further
demonstrates that Hsp90«/f mRNA levels correlate with
differentiation status and CD133 mRNA levels in human-
derived GSCs (Fig. 2a-e). Those data are consistent with a
previously published article, which Hsp90 showed remark-
ably high expression in undifferentiated human embryonal
carcinoma cells and dramatic down-regulation during
in vitro cellular differentiation [27]. Unlike the differentia-
tion pattern seen in GSCs, the Hsp90o/f} levels are up-reg-
ulated when NSCs are undergoing differentiation (Fig. 2g).
Since the lineage connection between NSCs and GSCs is not
established, the variance of Hsp90o/B expression pattern
during differentiation in GSCs and NSCs requires further
investigation.

Another difference between NSCs and GSCs is their
divergent response to Hsp90 inhibition. Hsp90 inhibition
by IPI-504 selectively targets GSCs while not affecting
NSC survival (Fig. 2h), suggesting a favorable therapeutic
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profile with limited neurotoxicity for Hsp90 inhibitors. The
response of GSCs and NSCs to Hsp90 inhibitors has also
been investigated recently by a few other laboratories, with
similar results. For example, murine GSCs derived from
normal NSCs are more susceptible to 17-AAG than wild-
type NSCs [17]. In addition, a subset of GSCs having high-
expressing Olig2 exhibits greater sensitivity to a novel
Hsp90 inhibitor NVP-HSP990 [34]. Since more and more
glioma patients are becoming long-term survivors, seeking
new drugs with limited neurotoxicity is becoming more
urgent.

The strong correlation between Hsp90 expression profile
and tumor progression [7, 8] suggests that Hsp90 may be a
potential biomarker. While Hsp90 over-expression is
already reported to correlate with poor prognosis in breast
cancer and gastric cancer patients [5, 6], our study implies
that the Hsp90 over-expression may be a poor prognostic
indicator for gliomas. The Hsp90«/f levels of GSCs seem
to correlate with poor prognosis in high-grade glioma
patients, as the GBM patients with the lowest Hsp90a/f3
levels have a better prognosis compared to patients with the
highest Hsp90a/f} levels (Table S1, survival data). How-
ever, with the limited patient number included in our study,
a further and more extensive investigation is required.

It has been reported that 17-AAG is able to inhibit the
intracranial tumor growth of both glioma cell lines and
GSCs as a single agent [17, 35]. In our study, IPI-504 not
only displays the anti-glioma activity in vitro by sup-
pressing proliferation and inhibiting migration and inva-
sion (Figs. 3 and 4), but shows a much stronger anti-
proliferation effect than 17-AAG (Fig. S1). However, IPI-
504 has a modest anti-tumor influence in vivo (Table S2),
similar with a previous report that IPI-504 exerted a
cytostatic effect on mantle cell lymphoma (MCL) cell
lines, but only slightly inhibited tumor growth in vivo [36].
Although IPI-504 has limited activity as a single agent in
our glioma model, it has a promising effect in other in vivo
models as a combination therapy, including Kras mutant
non-small cell lung cancer [37], and HER2-positive trast-
uzumab-resistant breast cancer [38]. The possibility of a
combinational strategy of IPI-504 with other drugs in GBM
is at the core of our future plans.

In summary, this study provides the first profile of the
expression pattern of Hsp90x/p in GSCs and NSCs, and
shows that human GSCs are particularly susceptible to
Hsp90 inhibition. Our data suggests that Hsp90o and
Hsp90p strongly relate to the differentiation status of gli-
oma and/or neural precursor/stem cells. In our glioma
models, inhibiting Hsp90 by IPI-504 does exert significant
anti-tumor activity in vitro, but modestly alters tumor
growth in vivo, implying a combinational strategy with
others drugs may be an attractive therapeutic strategy for
GBM patients.

@ Springer

Acknowledgments We thank Infinity Pharmaceuticals for provid-
ing IPI-504 and Dr. Julian Adams for his suggestions and comments.
We gratefully acknowledge Dr. David A. Fruman for providing us
phospho-AKT (Ser473) antibody, and the Core Facility of Depart-
ment of Pathology & Laboratory Medicine of UC Irvine for help
performing the immunocytochemistry experiments. This study was
supported in part by research funds donated by Ralph and Suzanne
Stern, start-up funds to Dr. Bota from the UC Irvine, and the National
Cancer Institute of the National Institutes of Health under Award
Number P30CA062203.

Conflict of interest
disclosed.

No potential conflicts of interest were

References

1. Morimoto RI, Kline MP, Bimston DN, Cotto JJ (1997) The heat-
shock response: regulation and function of heat-shock proteins
and molecular chaperones. Essays Biochem 32:17-29

2. Lindquist S, Craig EA (1988) The Heat-Shock Proteins. Annu
Rev Genet 22:631-677

3. Millson SH, Truman AW, Racz A, Hu B, Panaretou B, Nuttall J
et al (2007) Expressed as the sole Hsp90 of yeast, the alpha and
beta isoforms of human Hsp90 differ with regard to their
capacities for activation of certain client proteins, whereas only
Hsp90 beta generates sensitivity to the Hsp90 inhibitor radicicol.
FEBS J 274:4453-4463

4. Jackson SE (2013) Hsp90: structure and function. Top Curr Chem
328:155-240

5. Cheng Q, Chang JT, Geradts J, Neckers LM, Haystead T, Spector
NL et al (2012) Amplification and high-level expression of heat
shock protein 90 marks aggressive phenotypes of human epi-
dermal growth factor receptor 2 negative breast cancer. Breast
Cancer Res 14:R62

6. Wang J, Cui S, Zhang X, Wu Y, Tang H (2013) High expression
of heat shock protein 90 is associated with tumor aggressiveness
and poor prognosis in patients with advanced gastric cancer.
PLoS One 8:€62876

7. Khalil AA, Kabapy NF, Deraz SF, Smith C (2011) Heat shock
proteins in oncology: diagnostic biomarkers or therapeutic tar-
gets? Biochim Biophys Acta 1816:89-104

8. Den RB, Lu B (2012) Heat shock protein 90 inhibition: rationale
and clinical potential. Ther Adv Med Oncol 4:211-218

9. Roe SM, Prodromou C, O’Brien R, Ladbury JE, Piper PW, Pearl
LH (1999) Structural basis for inhibition of the Hsp90 molecular
chaperone by the antitumor antibiotics radicicol and geldana-
mycin. J] Med Chem 42:260-266

10. Sydor JR, Normant E, Pien CS, Porter JR, Ge J, Grenier L et al
(2006) Development of 17-allylamino-17-demethoxygeldanamycin
hydroquinone hydrochloride (IPI-504), an anti-cancer agent direc-
ted against Hsp90. Proc Natl Acad Sci USA 103:17408-17413

11. Ge J, Normant E, Porter JR, Ali JA, Dembski MS, Gao Y et al
(2006) Design, synthesis, and biological evaluation of hydro-
quinone derivatives of 17-amino-17-demethoxygeldanamycin as
potent, water-soluble inhibitors of Hsp90. J Med Chem
49:4606-4615

12. Maroney AC, Marugan JJ, Mezzasalma TM, Barnakov AN,
Garrabrant TA, Weaner LE et al (2006) Dihydroquinone ans-
amycins: toward resolving the conflict between low in vitro
affinity and high cellular potency of geldanamycin derivatives.
Biochemistry 45:5678-5685

13. Gladson CL, Prayson RA, Liu WM (2010) The pathobiology of
glioma tumors. Annu Rev Pathol 5:33-50



J Neurooncol (2014) 120:473-481

481

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Wen PY, Kesari S (2008) Malignant gliomas in adults. N Engl J
Med 359:492-507

Siegelin MD, Habel A, Gaiser T (2009) 17-AAG sensitized
malignant glioma cells to death-receptor mediated apoptosis.
Neurobiol Dis 33:243-249

Rao RD, Uhm JH, Krishnan S, James CD (2003) Genetic and
signaling pathway alterations in glioblastoma: relevance to novel
targeted therapies. Front Biosci 8:¢270-e280

Sauvageot CM, Weatherbee JL, Kesari S, Winters SE, Barnes J,
Dellagatta J et al (2009) Efficacy of the HSP90 inhibitor 17-AAG
in human glioma cell lines and tumorigenic glioma stem cells.
Neuro Oncol 11:109-121

Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J
et al (2003) Identification of a cancer stem cell in human brain
tumors. Cancer Res 63:5821-5828

Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T
et al (2004) Identification of human brain tumour initiating cells.
Nature 432:396-401

Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB et al
(2006) Glioma stem cells promote radioresistance by preferential
activation of the DNA damage response. Nature 444:756—-760
Di K, Linskey ME, Bota DA (2013) TRIM11 is overexpressed in
high-grade gliomas and promotes proliferation, invasion, migra-
tion and glial tumor growth. Oncogene 32:5038-5047

Schwartz PH, Bryant PJ, Fuja TJ, Su H, O’Dowd DK, Klassen H
(2003) Isolation and characterization of neural progenitor cells
from post-mortem human cortex. J Neurosci Res 74:838-851
Pistollato F, Chen HL, Rood BR, Zhang HZ, D’ Avella D, Denaro
L et al (2009) Hypoxia and HIFlalpha repress the differentiative
effects of BMPs in high-grade glioma. Stem Cells 27:7-17
Gong X, Schwartz PH, Linskey ME, Bota DA (2011) Neural
stem/progenitors and glioma stem-like cells have differential
sensitivity to chemotherapy. Neurology 76:1126-1134

Bota DA, Alexandru D, Keir ST, Bigner D, Vredenburgh J,
Friedman HS (2013) Proteasome inhibition with bortezomib
induces cell death in GBM stem-like cells and temozolomide-
resistant glioma cell lines, but stimulates GBM stem-like cells’
VEGF production and angiogenesis. J Neurosurg 119:1415-1423
Keir ST, Dewhirst MW, Kirkpatrick JP, Bigner DD, Batinic-
Haberle I (2011) Cellular redox modulator, ortho Mn(III) meso-
tetrakis(N-n-hexylpyridinium-2-yl)porphyrin, MnTnHex-2-
PyP(5+) in the treatment of brain tumors. Anticancer Agents
Med Chem 11:202-212

Yamada T, Hashiguchi A, Fukushima S, Kakita Y, Umezawa A,
Maruyama T et al (2000) Function of 90-kDa heat shock protein
in cellular differentiation of human embryonal carcinoma cells.
In Vitro Cell Dev Biol Anim 36:139-146

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Bradley E, Bieberich E, Mivechi NF, Tangpisuthipongsa D,
Wang G (2012) Regulation of embryonic stem cell pluripotency
by heat shock protein 90. Stem Cells 30:1624-1633

Tarasenko YI, Yu Y, Jordan PM, Bottenstein J, Wu P (2004)
Effect of growth factors on proliferation and phenotypic differ-
entiation of human fetal neural stem cells. J Neurosci Res
78:625-636

Lim DA, Cha S, Mayo MC, Chen MH, Keles E, VandenBerg S
et al (2007) Relationship of glioblastoma multiforme to neural
stem cell regions predicts invasive and multifocal tumor pheno-
type. Neuro Oncol 9:424-429

Takano S, Yoshii Y, Kondo S, Suzuki H, Maruno T, Shirai S et al
(1996) Concentration of vascular endothelial growth factor in the
serum and tumor tissue of brain tumor patients. Cancer Res
56:2185-2190

Maity A, Pore N, Lee J, Solomon D, O’Rourke DM (2000)
Epidermal growth factor receptor transcriptionally up-regulates
vascular endothelial growth factor expression in human glio-
blastoma cells via a pathway involving phosphatidylinositol 3'-
kinase and distinct from that induced by hypoxia. Cancer Res
60:5879-5886

Song D, Chaerkady R, Tan AC, Garcia-Garcia E, Nalli A, Su-
arez-Gauthier A et al (2008) Antitumor activity and molecular
effects of the novel heat shock protein 90 inhibitor, IPI-504, in
pancreatic cancer. Mol Cancer Ther 7:3275-3284

Fu J, Koul D, Yao J, Wang S, Yuan Y, Colman H et al (2013)
Novel HSP90 inhibitor NVP-HSP990 targets cell-cycle regulators
to ablate Olig2-positive glioma tumor-initiating cells. Cancer Res
73:3062-3074

Newcomb EW, Lukyanov Y, Schnee T, Esencay M, Fischer I,
Hong D et al (2007) The geldanamycin analogue 17-allylamino-
17-demethoxygeldanamycin inhibits the growth of GL261 glioma
cells in vitro and in vivo. Anticancer Drugs 18:875-882

Roue G, Perez-Galan P, Mozos A, Lopez-Guerra M, Xargay-
Torrent S, Rosich L et al (2011) The Hsp90 inhibitor IPI-504
overcomes bortezomib resistance in mantle cell lymphoma
in vitro and in vivo by down-regulation of the prosurvival ER
chaperone BiP/Grp78. Blood 117:1270-1279

De Raedt T, Walton Z, Yecies JL, Li D, Chen Y, Malone CF et al
(2011) Exploiting cancer cell vulnerabilities to develop a com-
bination therapy for ras-driven tumors. Cancer Cell 20:400-413
Scaltriti M, Serra V, Normant E, Guzman M, Rodriguez O, Lim
AR et al (2011) Antitumor activity of the Hsp90 inhibitor IPI-504
in HER2-positive trastuzumab-resistant breast cancer. Mol Can-
cer Ther 10:817-824

@ Springer



	Profiling Hsp90 differential expression and the molecular effects of the Hsp90 inhibitor IPI-504 in high-grade glioma models
	Abstract
	Introduction
	Materials and methods
	Reagents and drugs
	Cell lines and primary cultures
	Quantitative RT-PCR (qRT-PCR) analysis
	Antibodies for western blotting
	Magnetic cell sorting
	Cell proliferation assay
	Flow cytometry
	TUNEL assay
	Invasion assay
	Immunocytochemistry
	VEGF ELISA
	Subcutaneous xenograft implantation and response to IPI-504 treatment
	Statistical analysis

	Results
	The expression pattern of Hsp90 alpha / beta in stable glioma cell lines, low/high-grade glioma-derived GSCs and normal NSCs
	Hsp90 alpha / beta mRNA levels correlate with differentiation status and CD133 mRNA levels in gliomas and NSCs
	IPI-504 inhibits proliferation and induces apoptosis in glioma cells
	Hsp90 inhibition by IPI-504 suppresses migration and invasion of glioma cells, and displays dose- and time-dependent effects on Hsp90 client proteins
	IPI-504 has a very modest effect on in vivo tumor growth

	Discussion
	Acknowledgments
	References




