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Abstract

The majority of gastrointestinal stromal tumors (GIST) are characterized by activating mutations

of KIT, an HSP90 client protein. Further secondary resistance mutations within KIT limit clinical

responses to tyrosine kinase inhibitors, such as imatinib. The dependence of KIT and its mutated

forms on HSP90 suggests that HSP90 inhibition might be a valuable treatment option for GIST,

which would be equally effective on imatinib-sensitive and -resistant clones. We investigated the

activity of AT13387, a potent HSP90 inhibitor currently being evaluated in clinical trials, in both

in vitro and in vivo GIST models. AT13387 inhibited the proliferation of imatinib-sensitive

(GIST882, GIST-T1) and -resistant (GIST430, GIST48) cell lines, including those resistant to the
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geldanamycin analogue HSP90 inhibitor, 17-AAG. Treatment with AT13387 resulted in depletion

of HSP90 client proteins, KIT and AKT, along with their phospho-forms in imatinib-sensitive and

-resistant cell lines, irrespective of KIT mutation. KIT signaling was ablated, whereas HSP70, a

marker of HSP90 inhibition, was induced. In vivo, antitumor activity of AT13387 was showed in

both the imatinib-sensitive, GIST-PSW, xenograft model and a newly characterized imatinib-

resistant, GIST430, xenograft model. Induction of HSP70, depletion of phospho-KIT and

inhibition of KIT signaling were seen in tumors from both models after treatment with AT13387.

A combination of imatinib and AT13387 treatment in the imatinib-resistant GIST430 model

significantly enhanced tumor growth inhibition over either of the monotherapies. Importantly, the

combination of AT13387 and imatinib was well tolerated. These results suggest AT13387 is an

excellent candidate for clinical testing in GIST in combination with imatinib.

Introduction

Gastrointestinal stromal tumors (GIST) are mesenchy-mal tumors that are frequently

characterized by expression of the receptor tyrosine kinase KIT (1, 2). About 85% of

advanced GISTs have activating mutations in KIT, whereas another 5% harbor mutations in

platelet-derived growth factor receptor alpha (PDGFRA; ref. 3). Typically first-line

treatment for inoperable GIST is imatinib, but 20% of patients with GIST do not respond to

this treatment with response apparently related, in part, to the type and position of the

primary activating mutation (4, 5). Those that respond ultimately develop resistance to

treatment largely through secondary mutations in KIT (6). Resistance tends to be highly

heterogeneous with different mutations observed within the same patient at different

metastatic sites and even within the same tumor nodule (7). The second-line treatment,

sunitinib, is active against some of the imatinib-resistant forms of KIT, but eventually the

vast majority of patients will also develop resistance to sunitinib. Because of the extensive

inter- and intralesional heterogeneity of resistance mutations within individual patients it has

been suggested that tyrosine kinase inhibitors (TKI) are unlikely to have curative potential in

this disease (2).

KIT and PDGFRA are clients for HSP90, a key chaperone and an attractive target in many

cancers (2, 8, 9). Mutated forms of the proteins are also dependent on the chaperone for their

stability (10). It has been suggested that use of HSP90 inhibitors could be a good strategy for

treatment in GIST, as they would target both imatinib-sensitive and -resistant GIST,

irrespective of the type of KIT mutation (11). Inhibition of HSP90 has previously been

shown to bring about degradation of KIT, with the geldanamycin analogues 17-AAG,

IPI-493, and retaspimycin (IPI-504) having shown antitumor activity in a number of GIST

and mast cell tumor models (10–14). The geldanamycins have been extensively studied and

tested in the clinic, however they have clinical limitations (15). 17-AAG has shown

hepatotoxicity and formulation issues while a phase III GIST trial with retaspimycin was

terminated because of toxicity (16). Hence, there is a need for safer and possibly more

effective HSP90 inhibitors to test in this disease.

Here, we report on the activity of the non-geldanamycin HSP90 inhibitor, AT13387 (Fig.

1A), in GIST in vitro and in vivo models. AT13387 is a potent small-molecule HSP90
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inhibitor, which is currently being evaluated in the clinic in a phase II GIST trial

(ClinicalTrials.gov Identifier: NCT01294202) in combination with imatinib (Fig. 1B). It was

discovered using a fragment-based approach and has significant antitumor activity in a

number of in vitro and in vivo cancer models (17, 18). Here, we show that this inhibitor is

active in both imatinib-sensitive and -resistant GIST models and that combination with

imatinib in an imatinib-resistant model enhances tumor growth inhibition over either of the

monotherapies. These data support the current clinical testing of AT13387 in this disease.

Materials and Methods

Materials

AT13387 was synthesized at Astex Pharmaceuticals and stored as a lyophilized powder.

Synthesis of AT13387 is as described by Woodhead and colleagues (18). Imatinib mesylate

and sunitinib malate were purchased from Sequoia Research Products Ltd. All other

reagents were purchased from Sigma unless otherwise stated.

Cell culture and reagents

The human GIST cell lines, GIST882, GIST430, and GIST48 described in (11) and GIST-

T1 in (19) were used. GIST48B (20) and GIST430A were derived from GIST48 and

GIST430, respectively, grown in the presence of 500 nmol/L 17-AAG. GIST882 and

GIST430 were grown in RPMI-1640 and Iscove’s Modified Dulbecco’s Medium,

respectively, both supplemented with 15% FBS. GIST48 was grown in F10 medium

supplemented with 15% FBS, 3 μg/mL bovine pituitary extract, and MITO+ Serum

Extender (BD Biosciences). Cells were maintained at 37°C in a humidified atmosphere of

5% CO2. All cell culture reagents were purchased from Invitrogen unless otherwise stated.

GIST882, GIST430, GIST48, GIST-T1, GIST48B, and GIST430A cell lines and GIST430

xenograft tumors were validated by genomic PCR for the continued presence of known KIT

mutations and by single-nucleotide polymorphism profiles (21–23). All lines were cultured

in vitro for no more than 6 months after PCR and single-nucleotide polymorphism

validations. Response of GIST882, GIST48, and GIST430 to imatinib was monitored

regularlyto ensure the cellline characteristics did not alter.

Proliferation assays

Viability studies were carried out using the CellTiter-Glo luminescent assay (Promega) as

described previously (11) or by using Alamar Blue (Invitrogen) as described previously (24)

but with slight modifications. Briefly, 105 cells were seeded in 200 μL of complete culture

medium per well into flat-bottomed 96-well plates 1 day before the drug treatment. Cells

were incubated with compound in 0.1% (v/v) dimethyl sulfoxide (DMSO) for up to 7 days

before viability was assessed by using Alamar Blue.

Western blot samples and analysis

Cells were seeded into 6-well plates at 106 cells per well and incubated overnight at 37°C

followed by treatment with AT13387 or imatinib for the indicated time. Floating and

adherent cells were collected and prepared as described previously (25). Samples were

resolved by SDS-PAGE on a NuPage Novex (4%–12% Bis-Tris gel) system, transferred to
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nitrocellulose membranes, and incubated with primary antibodies specific for: KIT, phos-

pho-KIT; AKT, phospho-AKT (p-AKT); cleaved PARP, (ClPARP); ERK, phospho-ERK

(p-ERK); S6, phospho-S6 (p-S6); HSP90 (Cell Signaling Technologies); actin (Abcam); or

HSP70 (Enzo Life Sciences or Santa Cruz Technologies) followed by either infrared-dye-

labeled anti-rabbit or anti-mouse antibodies (Licor Bioscience). Blots were scanned to detect

infrared fluorescence on the Odyssey infrared imaging system (Licor Biotechnology) and,

where relevant, signal intensity was determined.

Xenograft efficacy studies

The GIST430 xenograft study was conducted in United Kingdom. The care and treatment of

experimental animals were in accordance with the United Kingdom Coordinating

Committee for Cancer Research guidelines (26) and with United Kingdom Animals

(Scientific Procedures) Act 1986 (27). GIST430 xenografts were prepared by

subcutaneously injecting 5 × 106 cells in 50 μL serum-free medium mixed with 50 μL

Matrigel (~10 mg/mL, BD Biosciences) into the right flanks of BALB/c severe combined

immunodeficient (SCID) mice (Harlan). Tumor burden was estimated from caliper

measurements and by applying the formula for an ellipsoid.

The GIST-PSW (human GIST, with KIT exon 11 harboring p.K558_G565delinsR mutation)

study was conducted in Belgium as approved by the committee of animal ethics of the

Catholic University of Leuven, Belgium. GIST-PSW tumor pieces were grafted bilaterally

into nu/nu NMRI mice (Janvier Laboratories) as described previously (28). Tumor burden

was estimated from caliper measurements and by applying the formula for a cuboid.

Drug treatment of the mice was started when tumors were well-established. GIST430 tumors

developed in approximately 3 weeks and animals bearing tumors in the range of 92 and 303

mm3 were included in the study (N = 8 per group). GIST-PSW tumors required

approximately 9 weeks to establish. Animals bearing 1 or 2 tumors between 2 and 2,737

mm3 were divided into 4 groups of 7 animals. All drug-treated animals harbored 2 tumors

(N =14). Control groups included 2 animals with 2 tumors and 5 with only 1 tumor (N = 9).

AT13387 was dissolved in 17.5% (w/v) hydroxypropyl-β-cyclodextrin and administered

intraperitoneally at 70 mg/kg once a week for 4 weeks except for the first dose in GIST-

PSW study, which was 80 mg/kg. Imatinib was dissolved in sterile water and given orally at

50 mg/kg (13) for 3 or 4 weeks. Both AT13387 and imatinib were given at 10 mL/kg.

Control animals received 17.5% (w/v) 2-hydroxypropyl-β-cyclodextrin intraperitoneally.

A statistically significant (one-way ANOVA with Dunnett multiple comparison test or

unpaired t test conducted on GraphPad Prism version 3.02) slowing of the relative increase

in xenograft volume or regression of tumors compared with the control group was used to

characterize efficacy. Statistically significant differences were defined as P < 0.05.

Tolerability was estimated by monitoring body weight loss and survival over the course of

the study.
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Analysis of pharmacodynamic markers in tumor sample

Tumor-bearing animals were sacrificed at various time points after single or multiple doses

of AT13387 or ima-tinib. Tumors (typically 4 per treatment or time point) were snap-frozen

in liquid nitrogen and analysis of phar-macodynamic markers in tumor samples was carried

out as described previously (25, 29) with the same antibodies used in vitro. Total and

phospho-KIT levels in the same tumor lysates were also quantified using Phospho (Tyr721)/

Total c-Kit Whole Cell Lysate Kit and SECTOR PR 400 reader from Meso Scale Discovery

(MSD) according to manufacturer’s instruction.

Histologic analyses

Tumor and liver samples were embedded in paraffin and sections were stained with

hematoxylin and eosin to aid histologic interpretation. Tumor sections were also

immunostained for KIT (polyclonal antibody, DAKO Corp.) as previously described (30).

Results

AT13387 inhibits proliferation in GIST cell lines

AT13387 is a potent, novel HSP90 inhibitor that has previously been shown to have

antiproliferative activity in a wide range of different cell lines (17, 18). Here, AT13387 was

tested against a range of GIST cell lines with different activating and secondary resistance

mutations (Table 1). AT13387 was shown to inhibit proliferation, of all imatinib-sensitive

(GIST-T1, GIST882), imatinib-resistant (GIST430), and multiple TKI-resistant (GIST48)

lines with sub-100 nmol/L potencies (Table 1, Supplementary Fig. S1). The imati-nib-

resistant GIST cells were derived from patients progressing on imatinib and harbored

secondary KIT mutations in addition to the primary activating mutations found in both

sensitive and resistant lines (Table 1; ref. 11). In addition, AT13387 also inhibited

proliferation of 17-AAG–resistant cell lines, GIST430A and GIST48B (IC50 values of 75

and 310 nmol/L, respectively; ref. 20), which were derived by prolonged culturing of

GIST430 and GIST48 cells in the presence of 500 nmol/L of the HSP90 inhibitor, 17-AAG.

AT13387 inhibits KIT signaling in both imatinib-sensitive and -resistant cell lines

KIT is a client for HSP90 (10). The ability of AT13387 to degrade KIT and therefore inhibit

KIT signaling was investigated in 3 cell lines (GIST882, GIST430, and GIST48). Treatment

of all 3 cell lines with increasing concentrations of AT13387 depleted HSP90 client

proteins, KIT and AKT, and caused significant inhibition of KIT signaling at concentrations

of AT13387 above 75 nmol/L for GIST882 and GIST430 and above 100 nmol/L for

GIST48 (Fig. 2A), which correlates well with the IC50 values determined by the viability

assay for these cell lines (Table 1). A time course evaluating AT13387 treatment for up to

72 hours (Fig. 2B) indicated that effects of HSP90 inhibition such as HSP70 induction and

KIT depletion could be seen after 6 hours of treatment and that these effects were sustained

for 72 hours by which time significant cell death was observed. Similar effects were seen in

all 3 cell lines tested.

To compare the effects of AT13387 treatment with imatinib treatment in the 3 cell lines,

cells were treated with varying concentrations of AT13387 or imatinib for 24 hours (Fig. 3).
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As previously, AT13387 treatment induced HSP70, an indicator of HSP90 inhibition, in all

3 cell lines with a concomitant depletion in the levels of the clients KIT, AKT, and their

phospho-forms. Levels of the downstream signaling molecules, phospho-ERK and phospho-

S6, were also decreased, indicating that KIT signaling was significantly inhibited in all cell

lines. In contrast, imatinib significantly inhibited KIT signaling, only in the imatinib-

sensitive cell line, GIST882, with little change in the levels of phospho-KIT, phospho-AKT,

and phospho-S6 seen in the imatinib-resistant cell lines, GIST430 and GIST48. An increase

in cleaved PARP, indicative of apoptosis, was seen in all cells treated with AT13387,

whereas again for cells treated with imatinib, an increase in cleaved PARP was only seen for

the ima-tinib-sensitive cell line. These data confirm that inhibition of HSP90 leads to

inhibition of KIT signaling pathways in GIST cell lines driven by activating mutations in

KIT and that this inhibition is irrespective of secondary mutations in KIT, which can render

cells resistant to imatinib.

Characterization of the novel imatinib-resistant GIST430 xenograft model

To date, only 2 imatinib-resistant GIST xenograft models have been reported, GIST48 and

GIST-BOE (13). Because the GIST430 cell line showed resistance to imatinib in vitro (11),

this cell line was a good candidate for establishing a novel imatinib-resistant GIST xenograft

model.

GIST430 cells harbor a heterozygous primary mutation in exon 11 (p.V560_L576del) and a

secondary resistance mutation in exon 13 (V654A). This cell line failed to develop

subcutaneous solid tumors in nude mice with or without Matrigel, or in SCID mice without

Matrigel (data not shown). However, when 5 × 106 GIST430 cells were mixed with Matrigel

then injected into SCID mice, solid tumors developed in more than 90% of the animals after

19 to 22 days. In 3 independent experiments, the average sizes of all tumors at this time

were 146 to 184 mm3. Tumors that were selected for efficacy studies were in the range of 92

and 303 mm3 (57%–60% of the total number of animals inoculated). The vehicle-treated

tumors grew exponentially with a doubling time of 5.3 to 7.0 days.

Total KIT expression in tumors was confirmed by Western blotting (Figs. 4 and 5) and

immunohistochem-istry, in which uniform total KIT staining was observed (data not

shown). Presence of phosphorylated KIT and its downstream signaling through AKT, ERK,

and S6 were also confirmed by Western blotting (Figs. 4 and 5).

Sensitivity of the GIST430 xenograft to imatinib was tested by orally dosing the animals

with imatinib at 50 mg/kg twice a day as described later.

AT13387 significantly inhibits growth of both imatinib-sensitive and -resistant xenograft
models in vivo

The antitumor effects of AT13387 were tested at its maximum-tolerated dose of 70 mg/kg in

a once-weekly dose schedule as a single agent as well as in combination with imatinib in

both imatinib-sensitive (GIST-PSW) and imatinib-resistant (GIST430) xenograft models

(Fig. 6). The GIST430 model has been described earlier. GIST-PSW is an imatinib-sensitive
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model with a primary KIT mutation in exon 11 (with p.K558_G656delinsR mutation; ref.

28).

In both xenograft models, AT13387 was given intraper-itoneally at 70 mg/kg once a week.

AT13387 inhibited tumor growth in both models (P < 0.001 against the vehicle control; Fig.

6A and B). As expected, twice-daily oral treatment with imatinib at 50 mg/kg caused

regression of the imatinib-sensitive GIST-PSW tumors during the 22-day treatment period,

but not of the imatinib-resistant GIST430 tumors. Imatinib caused moderate but statistically

significant reduction in GIST430 tumor growth (P < 0.001), although growth inhibition was

not as marked as that caused by AT13387 treatment. However, combining AT13387 and

imatinib enhanced tumor growth inhibition over the maximal effect of either of the

monotherapies in the GIST430 xenograft.

Single-agent treatment with AT13387 caused mean body weight loss of 10% after the first

dosing in SCID mice but this effect was transient, lasting no more than 6 days (Fig. 6C).

Less body weight loss was observed on subsequent dosing. No significant tolerability issues

were associated with imatinib monotherapy. Importantly, the combination of AT13387 and

imatinib resulted in no increased toxicity in mice with either GIST-PSW or GIST430 tumors

(Fig. 6C). In addition, at the end of the GIST430 xenograft study, livers of the animals were

analyzed by hematoxylin and eosin staining to assess if any of the treatments had caused

liver damage, such as those reported for IPI-493 (13). No histologic differences were

observed between the animals in the 4 different treatment groups (data not shown),

indicating none of the treatments had caused significant histologic hepatotoxicity.

KIT signaling is inhibited by AT13387 in xenograft tissues

The effect of AT13387 treatment on KIT signaling in xenograft tissue was investigated in

both the GIST-PSW and GIST430 xenografts (Fig. 4). Analyses of protein levels by

Western blotting in the xenograft tumors from mice treated with a single 70 mg/kg dose of

AT13387 showed similar effects on KIT signaling to those seen in cell lines. A reduction in

the phospho-forms of the client proteins, KIT and AKT, was seen in parallel with inhibition

of downstream signaling through ERK and S6 for at least 24 hours in both models (Fig. 4).

HSP70, an indicator of HSP90 inhibition, was induced over the same time period. This

confirms that AT13387 brings about ablation of KIT signaling, as a result of HSP90

inhibition, in both imatinib-sensitive and -resistant xenografts with various KIT mutations

and suggests that downregulation of signaling for this length of time is sufficient to trigger

apoptosis and inhibition of tumor growth.

AT13387 treatment was also compared with imatinib as monotherapy and to the AT13387

and imatinib combination. As expected, imatinib treatment depleted phos-pho-KIT levels in

the GIST-PSW tumors at 4 hours after the last dose on day 22, similarly to AT13387

treatment (Supplementary Fig. S2). In contrast, imatinib caused little effect on phospho-KIT

and its signaling in GIST430 tumors (Fig. 5), confirming reduced sensitivity of these tumors

to imatinib. In both models, the combination of AT13387 and imatinib caused a similar

depletion of phos-pho-KIT and inhibition of downstream signaling to that seen with

AT13387 alone (Fig. 5, Supplementary Fig. S2).
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Discussion

Previous experiments in cell lines and in vivo models have suggested that HSP90 inhibition

might be an effective treatment option for GIST (10–14). GIST subclones with various

resistance mutations are selected during treatment with the currently available therapies,

imatinib and sunitinib, and these can be heterogeneous within the same patient at different

metastatic sites and even within the same tumor nodule (7). Imatinib-resistant GIST remains

largely KIT-dependent and so targeting KIT via inhibition of its chaperone, HSP90, which is

essential for stability of all mutant KIT proteins, is particularly attractive.

AT13387 is a novel, small-molecule inhibitor of HSP90 currently being evaluated in

combination with imatinib, in a phase II GIST trial (ClinicalTrials.gov Identifier:

NCT01294202). Here, we have shown that AT13387 is effective at inhibiting proliferation

and KIT signaling, via the depletion of KIT, in both imatinib-sensitive and -resistant GIST

cell lines in vitro. In addition, we have shown that AT13387 has significant antitumor

activity in both imatinib-sensitive and -resistant xenograft models. This confirms that

HSP90 inhibition is a viable treatment option for KIT-driven GIST regardless of secondary

ima-tinib resistance mutations and highlights AT13387 as an excellent candidate for clinical

use in this disease.

Inter- and intralesional heterogeneity of resistance mutations often coexist in the same

patient (7). In such cases only some lesions may respond to an individual TKI whereas

others remain resistant. AT13387 was effective against both the GIST430 and GIST48 cell

lines, which have different resistance-inducing KIT mutations (V654A and D820A,

respectively) confirming that effective HSP90 inhibition may have a distinct advantage over

further TKIs for treatment in GIST once resistance has arisen. In addition to multiple

resistant clones, imatinib-sensitive and -resistant clones can also coexist in the same patient

(7, 11). A combination of AT13387 and imatinib therefore could provide benefit in targeting

this heterogeneity, with imatinib active on the sensitive clones and AT13387 on those that

are either sensitive or resistant. In our studies, AT13387 was well tolerated in combination

with imatinib and in the imatinib-resistant GIST430 model the combination had improved

efficacy over either of the monotherapies, supporting the idea of combining these therapies

in the clinic. So far clinical trials have failed to prove that drug combinations achieve better

results than a single agent TKI in GIST, but our preclinical data suggest that the

combination of the HSP90 inhibitor, AT13387, and imatinib may be more successful.

Interestingly, AT13387 also still inhibited proliferation of cell lines that had developed

resistance to 17-AAG, indicating that the resistance mechanism to the geldana-mycin

analogues is not universal to all HSP90 inhibitors and can be circumvented by use of an

alternative structural class.

Previously, the related geldanamycins, 17-AAG, retas-pimycin and IPI-493 have been tested

in GIST models (11, 13, 14), but this class of inhibitors has shown limitations in the clinic

due to formulation issues, namely adverse effects of Cremophor (31) or DMSO (32)

included in the formulation of poorly soluble 17-AAG and hepa-totoxicity (15, 33). A

retaspimycin phase III GIST trial was terminated early due to a number of toxicity issues,
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including liver failure that possibly led to excess mortality in one trial (16), and recent

preclinical data on this drug showed liver damage in mice when combining with imatinib

(14). Hence, there is a need for new compounds with a more favorable pharmacologic

profile for testing in GIST and particularly for compounds that can be safely administered in

combination with the first-line therapy, imatinib. AT13387 appears to be an excellent

candidate as its combination with imatinib was well tolerated in mice with no apparent liver

damage.

GIST in vivo models have proven difficult to establish and only 2 imatinib-resistant models

have been previously described: GIST48, which has a secondary exon 17 resistance

mutation, and GIST-BOE, which has a single-copy KIT with a mutation in exon 9 and

exhibits relative (dose-dependent) resistance to imatinib (13, 28). Both models are slow

growing and have higher success rates when serially transplanted. In contrast, the GIST430

xeno-graft described here can be more readily established by injecting cells cultured in vitro

and the resulting tumors have a faster growth rate. The response of our GIST430 xenograft

model to imatinib was markedly different to the regressions seen in the imatinib-sensitive

GIST-PSW model. This confirms a level of imatinib resistance although a moderate

response, rather than complete insensitivity, was observed. This result is consistent with our

in vitro data with this cell line, where inhibition of proliferation can be observed at high

concentrations of imatinib (Supplementary Fig. S1). Similarly, the previously described

GIST-BOE and GIST48 xenografts were only partially resistant to imatinib, with treatment

still resulting in stabilization of the xenograft tumors (13). The availability of another GIST

xenograft model, with different secondary resistance mutations to the previously established

GIST48, adds to the tools available for the future evaluation of potential GIST-active

compounds.

GIST is not the only cancer where KIT activation is a key driver of disease (34). The

majority of cases of adult systemic mastocytosis is associated with the D816V KIT gain-of-

function mutation (35), whereas a proportion of core binding factor acute myeloid leukemias

also have mutations at the 816 position or in exon 8 (36, 37). The D816V mutation,

positioned in the kinase activation loop, causes KIT activation and confers resistance to

imatinib (38). KIT has also been shown to be a therapeutic target in a subset of melanomas

where KIT-activating mutations and overexpression have been observed (39, 40). Hence,

HSP90 inhibitors such as AT13387 could have further uses in KIT-driven disease.

Overall, the effectiveness of AT13387 against both ima-tinib-sensitive and -resistant GIST

and the fact that it is well tolerated in mice in combination with the first-line therapy,

imatinib, suggest it is a promising candidate for use in this disease. These data as a whole

strongly support the current testing of AT13387 in combination with ima-tinib in GIST

clinical studies and validate the novel mechanism of combining an HSP90 inhibitor with

TKIs in GIST.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of AT13387 (A) and imatinib (B).
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Figure 2.
Dose- and time-dependence of AT13387 treatment on HSP90 clients and KIT signaling in

GIST cell lines. GIST882, GIST430, and GIST48 cells were treated with the indicated

concentrations of AT13387 for 24 hours (A) or 250 nmol/L of AT13387 for 6 to 72 hours

(B). Samples were run by SDS-PAGE and immunoblotted with the indicated antibodies.
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Figure 3.
Effects of AT13387 and imatinib on KIT signaling in imatinib-sensitive and -resistant GIST

cell lines. GIST882 (A), GIST430 (B), and GIST48 (C) cells were incubated with the

indicated concentrations of AT13387 or imatinib (IM) for 24 hours. Samples were run by

SDS-PAGE and immunoblotted with the indicated antibodies. This study was typical of at

least 3 experiments.
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Figure 4.
Duration of effects of AT13387 treatment on KIT signaling in imatinib (IM)-sensitive and -

resistant GIST xenografts. Mice bearing GIST-PSW or GIST430 xenograft tumors were

treated with AT13387 once at 70 mg/kg. Animals were sacrificed at the indicated time

points and protein expression in tumors was evaluated by Western blotting. Two random

tumors out of 4 for each time point are shown.
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Figure 5.
Comparison of the effects of AT13387 and imatinib dosed individually or in combination on

KIT signaling in xenograft tumors. Mice bearing GIST430 xenograft tumors were treated

with AT13387 once at 70 mg/kg, imatinib (IM) twice at 50 mg/kg, or the combination of 2

treatments. This represents the day 2 of the efficacy studies. Animals were sacrificed at 24

hours after the first dose and tumors were evaluated by Western blotting (A). Total and

phospho-KIT in the same tumor lysates were also analyzed by MSD (B). All data points

represent the mean ± SE of 4 tumors from 4 individual animals.*, P < 0.05 versus control.

Smyth et al. Page 17

Mol Cancer Ther. Author manuscript; available in PMC 2014 April 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Antitumor activities of AT13387 and imatinib as single agents and in combination against

imatinib-sensitive and -resistant GIST xenografts. Mice bearing GIST-PSW (A) and

GIST430 (B) xenograft tumors were treated with AT13387 once a week intraperitoneally at

70 mg/kg (▲), imatinib (IM) twice a day orally at 50 mg/kg (▼), or a combination of

AT13387 and imatinib (○). Control tumor-bearing animals received vehicle (■). Relative

tumor volumes (RTV) are shown. Body weight changes in the GIST430 study are shown in

C. All data points are mean ±SE of at least 7 tumors per animals. GIST430 data are

representative of 2 studies.
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