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Summary

The prognosis of patients with Philadelphia chromosome-positive (Ph+) acute lymphoblastic
leukemia (ALL) is poor. Chemotherapy is rarely curative and tyrosine kinase inhibitors (TKISs)
induce only transient responses. Heat shock protein 90 (Hsp90) is a chaperone protein that is
important in signal transduction, cell cycle control, and transcription regulation in both normal and
leukemia cells. In the current study, we tested the growth inhibitory and apoptotic effects of a
novel Hsp90 inhibitor, EC141 on the Ph+ ALL lines Z-119, Z-181, and Z-33, as well as primary
bone marrow-derived blasts from patients with newly diagnosed Ph+ ALL. We found that EC141
inhibited the growth of Ph+ ALL cells in a concentration-dependent manner with 1Cgg ranged
from 1 to 10 nM. EC141 also inhibited the proliferation of primary bone marrow-derived blasts
using the ALL blast colony assay. EC141 down-regulated Hsp90 and up-regulated Hsp70 protein
levels, inhibited CrkL phosphorylation, and induced degradation of Bcr-Abl p190 protein through
ubiquitin-dependent proteasomal pathway. Furthermore, exposure of Ph+ ALL cells to EC141
resulted in activation of caspase-3, cleavage of poly (ADP-ribose) polymerase (PARP), and
induction of apoptosis. In conclusion, our data suggest that EC141 is a potent Hsp90 inhibitor with
activity against Ph+ ALL. Further studies to investigate the anticancer effect of EC141 either as a
single agent, or in combination in Ph+ ALL and other hematological malignancies are warranted.
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Introduction

The Philadelphia chromosome is the result of a reciprocal translocation that fuses the abl
proto-oncogene from chromosome 9 with the ber gene from chromosome 22 [1]. The Ph
abnormality constitutes the most common cytogenetic abnormality in adult patients with
ALL. It occurs in 20% to 30% of these patients overall, with an incidence of more than 50%
in patients 50 years and older [2-4]. The location of the breakpoint within the bcr gene
results in either the Bcr-Abl p190 fusion protein exclusively observed in Ph+ ALL or the
Bcer-Abl p210 fusion protein that is seen in only 20% to 40% of patients with Ph+ ALL but
in nearly all patients with Ph+ chronic myelogenous leukemia (CML) [5]. Before the advent
of targeted therapy with the Abl tyrosine kinase inhibitors (TKISs), the prognosis for adult
patients with this leukemia treated with conventional chemotherapy was poor. The long-
term survival rate in patients with Ph+ ALL in the pre-imatinib era was less than 10%, and
median survival durations ranged from 8 to 16 months largely because of relapse-related
mortality [6, 7]. Recent data have shown that patients with newly diagnosed Ph+ ALL
benefit from imatinib or newer generations of TKIs-based therapy [8, 9]. Nevertheless, the
prognosis of these patients is still poor. New challenges have emerged with respect to the
development of imatinib resistance through Abl kinase domain mutations and other
mechanisms [10, 11]. The development of novel TKIs with increased potency against Abl
kinase, or other novel therapeutic targets, and their incorporation into front-line therapy for
Ph+ ALL may further improve clinical outcomes of these patients.

Hsp90 is a ubiquitous molecular chaperone of signal transduction proteins, cell cycle
regulators, and transcription factors, and it accounts for 1% to 2% of all proteins in the cell
[12, 13]. Hsp90 protects cells by interacting with and stabilizing its client proteins that are
required for cell survival. Therefore, Hsp90 has been thought to be a target of active cancer
therapy. Hsp90 client proteins include Ber-Abl, c-Kit, epidermal growth factor receptor,
ERB-B2, ZAP-70, FIt3, vascular endothelial growth factor receptor, androgen and estrogen
receptors, hypoxia-inducible factor-1a, telomerase and many others [14, 15].

The importance of Hsp90 in the development and progression of malignant transformation
led to the development of small-molecule Hsp90 inhibitors as potential anticancer
therapeutic agents. The geldanamycin derivative 17-(allylamino)-17-
demethoxygeldanamycin (17-AAG) is the first Hsp90 inhibitor to be extensively studied. A
preclinical study using a prostate cancer xenograft model showed that intratumoral
administration of 17-AAG inhibited tumor’s growth, induced pertinent client protein
responses and apoptosis with minimal toxicity [16].

EC141 is a small-molecule, non-anasamycin Hsp90 inhibitor that blocks the chaperone
activity of Hsp90 and induces degradation of its client proteins. The activity of this agent in
human leukemia has not yet been studied. As part of the preclinical development of this
agent, we studied the in vitro and ex vivo activity of EC141 in human Ph+ ALL cell lines as
well as primary bone marrow-derived blasts obtained from patients with Ph+ ALL.
Specifically, we investigated its effect on cell growth and apoptosis, modulation of Hsp90
and Hsp70 expression, and degradation of Ber-Abl protein.
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Materials and methods

Reagents

EC141 was developed and provided by Biogen Idec. (Cambridge, MA). The following
commercially available products were used in this study: RPMI-1640 medium and
penicillin-streptomycin from Gibco BRL (Grand Island, NJ), fetal calf serum (FCS) from
Gemini Bio-Products (Woodland, CA), the anti-PARP antibody from Pharmingen (San Jose,
CA), Ficoll-Hypaque 1077 and the anti-B-actin antibody from Sigma (St. Louis, MO), the
anti-c-Abl (Ab-2) antibody from Calbiochem (San Jose, CA), the anti-phosphorylated CrkL
antibody from Becton Dickinson (San Jose, CA), the anti-procaspase-3 and anti-caspase-3
antibodies from New England BioLabs (Ipswich, MA), the anti-Hsp70 and anti-Hsp90
antibodies from BD Biosciences (San Jose, CA), and the anti-ubiquitin antibody from
Upstate Biotechnology (Billerica, MA).

Leukemia cell lines and primary bone marrow blasts

The following human Ph+ B-cell ALL cell lines were used in this study: Z-119, Z-181 and
Z-33. These cell lines express a B-cell phenotype, carry the t(9:22) by standard cytogenetic
analysis and expressed p190 Bcer-Abl protein as previously published [17, 18]. All of the cell
lines were cultured in RPMI-1640 medium supplemented with 10% FCS. Mononuclear cells
from fresh bone marrow samples were obtained from two patients with Ph+ ALL, the cells
were fractionated using Ficoll-Hypaque 1077 according to a standard procedure under sterile
conditions. All of the patients provided informed consent according to our institutional
guidelines at the time of sample acquisition.

Analysis of cell proliferation using MTT assay

Exponentially growing leukemia cells or primary bone marrow blast cells obtained from
patients with Ph+ ALL were incubated at 1x10° cells/well in six-well plates in RPMI-1640
medium supplemented with 10% FCS. EC141 was dissolved in dimethyl sulfoxide (DMSQO)
and was added at the initiation of the culture at concentrations indicated. Cell viability was
assessed at various time points using an MTT-based cell proliferation/cytotoxicity assay
from Promega (Madison, WI) according to the manufacturer’s instructions. Briefly, 20uL of
CellTiter 96 One solution was added to each well after incubation of the cells with EC141.
The plates were then incubated for an additional 60 min at 37°C in a humidified 5% CO,
atmosphere. Immediately after incubation, the absorbance was read using a 96-well plate
reader at a wavelength of 490 nm. Each data point was determined six times before analysis.
All experiments were performed in triplicate.

ALL blast colony assay

An ALL blast colony assay was performed as described previously [19, 20]. Briefly, 1x10°
non-adherent T-cell-depleted bone marrow cells were plated in 0.8% methylcellulose in a-
medium supplemented with 30% FCS, and irradiated (70 Gy) normal-donor low-density

peripheral blood cells were used as feeder cells. EC141 was dissolved in DMSO and added
at the initiation of cultures at concentrations ranging from 0 to 200 nM. The cells were then
incubated in 35 mm Petri dishes in triplicate for 7 days at 37°C in a humidified atmosphere
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of 5% CO, in air. ALL blast colonies were microscopically evaluated on day 7 of culture. A
blast colony was defined as a cluster of 20 or more cells. Individual colonies were
microaspirated, smeared on glass slides, and stained to confirm their leukemia cell
composition. This ALL blast colony assay identified blasts rather than normal progenitors as
demonstrated previously using cytogenetic and polymerase chain reaction analyses of
colonies obtained using this assay [21].

Detection of apoptosis

Leukemia cells were stained with Annexin Vand propidium iodide using the Annexin V
apoptosis detection kit from Pharmingen (San Jose, CA) according to the manufacturer’s
protocol. Annexin V-positive cells were detected using flow cytometry with a FACSCalibur
system and the CellQuest Pro software program from Becton Dickinson (San Jose, CA). All
experiments were performed in triplicate.

Western blot and immunoprecipitation

The western blot and immunoprecipitation experiments were performed according to the
standard protocol previously published by our group [19, 20].

Statistical analysis

Results

We performed all statistical analyses using GraphPad Prism 4 from GraphPad Software (San
Diego, CA). We used t test to evaluate the significance of differences between the groups.
All computations were carried out on DELL PC using the Windows NT operating system.
All reported p values were 2-sided, and p<0.05 was considered statistically significant.

EC141 inhibits the growth of Ph+ ALL cells and primary bone marrow-derived ALL blast

progenitors

We first studied the effect of EC141 on the growth and survival of Z-33, Z-119 and Z-181
cells using MTT assay. The concentrations of EC141 we used for this assay ranged from
0.01 to 100 nM. We found a concentration-dependent inhibition of the growth of all three
leukemia cell lines after 24-h of treatment with EC141. The 1C5ps ranged from 1 to 10 nM in
these cells (Fig. 1a). Exposure to EC141 at 100 nM resulted in greater than 80% growth
inhibition of these cells at 24-h. We then studied the ex vivo activity of EC141 in primary
bone marrow-derived leukemia blast progenitors obtained from two patients with Ph+ ALL
using the ALL blast colony assay. In order to explore concentration of EC141 above the
ICsp, we evaluated doses ranging from 25 to 200 nM in this assay. We observed a
concentration-dependent inhibition of the growth of ALL blast colony forming cells
obtained from both patients. The 1Cgy of EC141 was around 100 nM for patient 1 and 50 nM
for patient 2, about 10-fold higher than the I1Csq observed for the cell lines (Fig. 1b).

EC141 induces apoptosis in Ph+ ALL cells

We studied the apoptotic effect of EC141 leukemia cells using an Annexin V assay. We
observed a significant concentration-dependent increase in apoptosis after treatment with
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EC141 for 24-h in Z-181 cells (Fig. 2). The percentage of apoptotic cells among those
treated with EC141 at 150 and 200 nM was 27.6% and 38.1%, respectively, whereas it was
15.4% in untreated cells. We then studied the changes in the expression levels of apoptosis-
associated proteins in these leukemia cells. Following exposure to EC141 for 24-h at
concentrations ranging from 50 to 200 nM, we observed in Z-181 cells a significant
activation of caspase-3, and cleavage of its target molecule, PARP (Fig. 3a and b). Similarly,
we observed a time-dependent effect on caspase-3 activation and PARP cleavage in Z-181
cells after treatment with EC141 at 100 nM for up to 24-h (Fig. 3c and d). Similar results
were observed in Z-33 and Z-119 cells (data not shown).

EC141 down-regulates Hsp90 and up-regulates Hsp70 expression

When we exposed Z-181 cells to EC141, we observed a time-dependent down-regulation in
the expression level of Hsp90 protein. The expression level of Hsp90 protein was almost
completely depleted after 24-h of treatment with EC141 at concentration of 100 nM (Fig. 4).
In contrast, we observed a significant induction in the expression level of Hsp70 protein
along with down-regulation of Hsp90 protein. Both changes were more pronounced after 24-
h treatment with EC141. This was consistent with the results of previous studies showing
that Hsp90 inhibition alters the chaperone association between Hsp90 and Bcr-Abl protein,
up-regulates the expression of Hsp70 protein and promotes binding of Ber-Abl to Hsp70,
thus targeting Bcr-Abl for degradation [22, 23]. Similar results were observed in Z-33 and
Z-119 cells (data not shown).

EC141 inhibits phosphorylation of CrkL, and degrades p190 Bcr-Abl protein through the
ubiquitin-dependent proteasomal pathway

It has been shown that chaperone activity of Hsp90 is required for the stability and function
of Ber-Abl protein in CML cells, and rapid degradation of Ber-Abl protein could be
observed when these cells were treated with Hsp90 inhibitors [24]. In deed, we observed a
time-dependent depletion of Ber-Abl protein when the Z-181 cells were treated with EC141
at 100 nM (Figs. 5a). The depletion of p190 Bcr-Abl protein was accompanied by a
concomitant decrease in phosphorylation of CrkL, a downstream target molecule in the Bcer-
Abl tyrosine kinase pathway (Fig. 5b and c). To further assess whether the depletion of Bcr-
Abl protein after EC141 treatment was linked to its ubiquitination, protein lysates from
EC141-treated cells were immunoprecipitated with anti-c-Abl antibody and then followed
by immunoblotting with anti-ubiquitin antibody. We found that EC141 treatment of Z-181
cells led to a marked concentration-dependent accumulation of polyubiquitinated c-Abl, in
parallel with the depletion of the p190 Bcr-Abl protein level (Fig. 6). These data suggested
that EC141-related degradation of p190 Bcr-Abl protein resulted from the activation of the
ubiquitin-dependent proteasomal pathway. Similar results were observed in Z-33 and Z-119
cells (data not shown).

Discussion

In the current study, we provided preclinical evidence of the potent anti-leukemia activity of
EC141 in Ph+ ALL cells. The ICsgs of EC141 ranged from 1 to 10 nM in cell lines and was
about 10-fold higher in primary bone marrow-derived blast progenitors from patients with
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Ph+ ALL. This growth-inhibitory effect was associated with the down-regulation of Hsp90,
up-regulation of Hsp70, and degradation of the p190 Bcr-Abl protein through activation of
ubiquitin-dependent proteasomal pathway. This is the first report showing the potent anti-
leukemia activity of this novel, small-molecule Hsp90 inhibitor. These data provided
preclinical rationale to support further clinical investigation of EC141, either as a single
agent or in combination, in patients with Ph+ ALL or other hematological malignancies.

Hsp90 is constitutively expressed at levels 2- to 10-fold higher in tumor cells than in normal
cells, suggesting its relevant role in the survival and growth of these tumor cells [25].
Because of the wide array of Hsp90 client proteins, translational development of Hsp90
inhibitors has gone in many directions. One of client proteins for Hsp90 is the Bcr-Abl
protein which is the most commonly observed abnormality in patients with CML and Ph+
ALL. The molecular effect of Hsp90 inhibitors on the Bcr-Abl protein is different from the
direct inhibition of the kinase activity by tyrosine kinase inhibitors, such as imatinib. Down-
regulation of Hsp90 protein level was accompanied by the up-regulation of Hsp70 after
treatment with EC141 in Ph+ ALL cells. In this study, treatment of Ph+ ALL cells with
EC141 at 200 nM for 24-h resulted in almost 90% reduction of the Bcr-Abl protein level and
50% reduction in the phosphorylation of CrkL. This was a very early event, since we
observed a significant reduction in Ber-Abl protein level and phosphorylation of CrkL as
early as 30-min after the treatment with EC141. This change was then followed by the
activation of caspase-3, cleavage of PARP, and finally induction of apoptosis in these cells.
The leukemia cell lines and primary leukemia blasts used in the study expressed the p190
transcript of the Bcl-Abl protein. It is possible that the inhibitory effect of EC141 on the
p210 transcript may be different. Thus we provided a rationale in this study for use of Hsp90
inhibitor, such as EC141 in combination with imatinib, or newer generations of TKIs in the
treatment of patients who develop resistance to imatinib, since Hsp90 inhibitors may target
those resistant clones and restore imatinib sensitivity of the cells.

Several Hsp90 inhibitors are currently in various stages of clinical development, and 17-
AAG is one of the most extensively studied. Despite its potent in vitro anti-tumor activity,
only mild clinical activity was observed in several phase | studies of this agent in patients
with advanced solid tumors. Stable disease had been the best response reported, although it
was well tolerated by all treated patients and the clinical toxicities were manageable [16, 26,
27]. Development of more potent inhibitors of the Hsp90 protein and appropriate
pharmacokinetics-derived dosing schedule may further improve the clinical activity of these
agents. Previous study had shown that the ICgq of 17-AAG in CML cells was around 1-2
UM. In the current study, EC141 has an ICsq ranging from 1 to 10 nM in Ph+ ALL cell lines,
this is 1000-fold more potent than what was reported for 17-AAG. This makes EC141 an
attractive agent for further pharmacokinetic and clinical development. Because the wide
array of its client proteins, many of which are known oncogenes involved in survival of
cancer cells, another strategy to improve clinical activity of Hsp90 inhibitors is to combine
these agents with other chemotherapeutic agents with different mechanisms of action. This
has been tested in several preclinical models with promising results. For example,
combination of the histone deacetylase inhibitor, LBH589 and 17-AAG was highly active
against human CML cells in blast phase and also AML cells carrying activating mutation of
Flt-3 [28]. By disrupting the S-phase cell cycle checkpoint, 17-AAG can also enhance the
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tiproliferative effect of cytarabine in multiple human leukemia cell lines and cells from

patients with AML [29].

In

conclusion, our results indicated that EC141 had potent in vitro growth-inhibitory and

apoptosis-inducing activity against Ph+ ALL cells. This effect was mediated through the
down-regulation of Hsp90 and degradation of p190 Bcr-Abl protein. Further studies of this

ag

ent in patients with Ph+ ALL and other hematological malignancies are warranted.
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(a) growth-inhibitory effect of EC141 on the Ph+ ALL cell lines Z-33, Z-119, and Z-181.
Cell viability was assessed after 24-h of treatment using an MTT assay. The results shown
are the mean =+ standard deviation for three different experiments. The P value is less than
0.001 in all three cell lines. (b) EC141 inhibits the growth of primary bone marrow-derived

ALL blast progenitors. The P value is less than 0.001 in both patients
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EC141 induces apoptosis in Z-181 cells. Z-181 cells were treated with DMSO (vehicle
control) or EC141 at concentrations of 150 nM and 200 nM. Annexin V positive cells were
detected at the end of 24-h treatment by flow cytometry
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(a, b) EC141 induces a concentration-dependent activation of caspase-3 and cleavage of
PARP in Z-181 cells by western blot. Jurkat cells were used as a positive control. (c, d)
EC141 induces a time-dependent activation of caspase-3 and cleavage of PARP in Z-181
cells by western blot. Expression of f-actin was used as a loading control. The results were

representative of three separate experiments
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Fig. 4.
EC141 down-regulates the protein level of Hsp90 and up-regulates the protein level of

Hsp70 in Z-181 cells by western blot. Hela cells were used as a positive control and -actin
was used as a loading control. The results were representative of three separate experiments
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Fig. 5.

(a, b) EC141 depletes the protein level of Ber-Abl and inhibits the phyosphorylation of
CrkL (P-CrkL) in a time-dependent manner. (c) EC141 inhibits P-CrkL in a concentration-
dependent manner. K562 cells were used as a positive control for P-CrkL and 3-actin was
used as a loading control. The numerical number below each band represents the fold
change in the band density between each sample and the corresponding B-actin as measured
by densitometry. The results were representative of three separate experiments
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Fig. 6.
EC141 induces degradation of Bcr-Abl protein in a concentration-dependent manner

through ubiquitination. The protein lysates were immunoprecipitated with c-Abl antibody
and then immunoblotted with ubiquitin, c-Abl and B-actin antibodies. The numerical number
below each band represents the fold change in the band density between each sample and the
corresponding B-actin as measured by densitometry. IP, immunoprecipitation
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