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Antimyeloma activity of heat shock protein-90 inhibition
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Masaharu Akiyama, Reshma Shringarpure, Nikhil C. Munshi, Paul G. Richardson, Teru Hideshima, Dharminder Chauhan, Xuesong Gu,

Charles Bailey, Marie Joseph, Towia A. Libermann, Neal S. Rosen, and Kenneth C. Anderson

We show that multiple myeloma (MM), the
second most commonly diagnosed hema-
tologic malignancy, is responsive to
hsp90 inhibitors in vitro and in a clinically
relevant orthotopic in vivo model, even
though this disease does not depend on
HER2/neu, ber/abl, androgen or estrogen
receptors, or other hsp90 chaperoning
clients which are hallmarks of tumor types
traditionally viewed as attractive clinical
settings for use of hsp90 inhibitors, such
as the geldanamycin analog 17-AAG. This
class of agents simultaneously sup-
presses in MM cells the expression and/or

function of multiple levels of insulin-like
growth factor receptor (IGF-1R) and inter-
leukin-6 receptor (IL-6R) signaling (eg,
IKK/NF-kB, PI-3K/Akt, and Raf/MAPK) and
downstream effectors (eg, proteasome,
telomerase, and HIF-1« activities). These
pleiotropic proapoptotic effects allow
hsp90 inhibitors to abrogate bone mar-
row stromal cell-derived protection on
MM tumor cells, and sensitize them to
other anticancer agents, including cyto-
toxic chemotherapy and the proteasome
inhibitor bortezomib. These results indi-
cate that hsp90 can be targeted therapeu-

tically in neoplasias that may not express
or depend on molecules previously con-
sidered to be the main hsp90 client pro-
teins. This suggests a more general role
for hsp90 in chaperoning tumor- or tissue-
type-specific constellations of client pro-
teins with critical involvement in prolifera-
tive and antiapoptotic cellular responses,
and paves the way for more extensive
future therapeutic applications of hsp90
inhibition in diverse neoplasias, includ-
ing MM. (Blood. 2006;107:1092-1100)

© 2006 by The American Society of Hematology

Introduction

Hsp90 is the central component of a ubiquitous chaperone complex
that interacts with a variety of intracellular client proteins to
facilitate their proper folding, prevent misfolding or aggregation,
and preserve their 3-dimensional conformation to a functionally
competent state.! Unlike other heat shock proteins, hsp90 interacts
with a more restricted set of client proteins,! including cell-surface
receptors (eg, HER2/neu),>® nuclear receptors for androgens
(AR)** and estrogens (ER),° or chimeric kinases (eg, bcr/abl).”8
Although hsp90 interacts with diverse client proteins (reviewed in
Isaacs et al') that may be important for proliferation/survival of
tumor cells, clinical trials of hsp90 inhibitors (eg, the geldanamycin
analog 17-allylamino-17-demethoxy-geldanamycin [17-AAG]) have
originally focused on tumor types hallmarked by specific hsp90
chaperoning targets (eg, breast cancer [HER2/neu and ER], pros-
tate cancer [AR], or ber/abl-positive leukemias).

Hsp90 client proteins lack specific hsp90 binding motif(s) and
vary in terms of intracellular localization, structure, and function.
Their main currently recognizable common denominator is their
role in promoting cell proliferation and protection from apoptosis.

We thus hypothesized that hsp90 may interact with a broader
spectrum of proliferative/antiapoptotic molecular targets and conse-
quently, that hsp90 inhibition may have potent antitumor effects,
even against malignancies that are not critically dependent upon
conventional hsp90 targets. We specifically tested this hypothesis
in the setting of multiple myeloma (MM) cells, which do express
hsp90, but lack or do not critically depend upon the aforementioned
traditional hsp90 client proteins. Additional impetus for studying
hsp90 inhibitors was our finding (C.S.M., N.M., C.J.M., TH.,D.C.,
D.R., Carrasco, N.C.M., PGR.,, M.J., TAL., ALK, and K.C.A.,
manuscript submitted) that hsp90 can be up-regulated in MM cells
interacting (in vitro or in vivo) with stromal cells, suggesting that
hsp90 may mediate or regulate signaling events conferring the
protective effects of bone marrow stromal cells (BMSCs) on MM
cells.” We indeed observed that small-molecule hsp90 inhibitors
(geldanamycin and its analogs) suppress proliferation and survival
of MM cells both in vitro and in vivo, via pleiotropic molecular
sequelae, which converge to suppress signaling events triggered by
insulin-like growth factors (IGFs) and interleukin-6 (IL-6). Hsp90
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inhibition circumvents resistance to conventional or other investiga-
tional antitumor agents and overcomes protective effects conferred
on MM cells by their interaction with BMSCs. These findings
indicate that hsp90 can function as a central regulator of prolifera-
tive/antiapoptotic signal transduction, and suggest that hsp90
inhibition may have antitumor activities against a broader spectrum
of neoplasias than previously appreciated. Importantly, our findings
highlight a critical role for hsp90 and its chaperoning targets in the
pathophysiology of MM and have direct implications for the
development of novel anti-MM therapeutic strategies.

Materials and methods

Detailed information pertinent to cell lines and primary tumor specimens!'?;
transfections and retroviral transductions!!!>; ex vivo drug sensitivity
assays'®; whole-body real-time fluorescence imaging!’; flow cytom-
etry'®18:19; immunoblotting analyses'®; functional assays for telomerase?*-2!
proteasome®? and transcription factor!118:2324 activities; in vitro and in vivo
gene expression profiling!!-2124.25; and proteomic analyses of signaling state
of MM cells?*2¢ has been previously published and is also included as
supplemental data on the Blood website; see the Supplemental Data Set link
at the top of the online article.

The in vivo anti-MM activity of 17-AAG was evaluated in a previously
established model of diffuse GFP* MM lesions in severe combined
immunodeficient/nonobese diabetic (SCID/NOD) mice by serially monitor-
ing with whole-body fluorescence imaging.!” Briefly, 40 male (6- to 8-week
old) SCID/NOD mice were obtained from Jackson Laboratories (Bar
Harbor, ME); housed and monitored in the Animal Research Facility of the
Dana-Farber Cancer Institute; y-irradiated (3 Gy [300 rad]) using cesium
137 (137Cs) y-irradiator source; and received (24 hours after irradiation) tail
IV injections of 5 X 10°® RPMI-8226/S-GFP" cells suspended in total
volume of 100 pL of phosphate-buffered saline (PBS) per mouse. Mice
were monitored daily for changes in body weight, signs of infection, or
paralysis, and with thrice-weekly fluorescence imaging. In accordance with
institutional guidelines, mice were humanely killed by CO, inhalation in the
event of paralysis or major compromise in their quality of life. All
experimental procedures and protocols had been approved by the Animal
Care and Use Committee of the Dana-Farber Cancer Institute. Overall
survival (defined as time between IV injection of tumor cells and death)
was compared in control versus 17-AAG-treated mice by Kaplan-
Meier method.

Results
Expression of hsp90 and client proteins in MM cells

We studied in human MM cells the expression of transcripts for
hsp90 and those of its chaperoning clients (including HER2/neu,
EGF-R, AR, and ER), which are hallmarks of tumor types viewed
as attractive clinical settings for hsp90 inhibitor treatment. Transcrip-
tional profiles were generated from human MM cell lines (Supple-
mental Figure S1A), primary tumor cells purified from newly
diagnosed MM patients, and CD138" plasma cells (PCs) from
healthy donors or individuals with monoclonal gammopathy of
undetermined significance (MGUS), a premalignant clonal expan-
sion of the PC population (Supplemental Figure S1B). These gene
expression profiles confirmed universal expression of hsp90 tran-
scripts in MM cell lines and primary specimens, without significant
differences in expression between MM cells versus normal PCs or
MGUS PCs. MM cells and normal PCs or PCs from MGUS
patients had minimal, if any, expression of hsp90 client proteins
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such as HER2/neu (erbB2), other members of the EGF-R superfam-
ily, ER-a or -, or AR. Inhibition of Abl kinase with imatinib
mesylate had minimal effect on MM cell viability at clinically
relevant nanomolar concentrations that selectively target abl (data
not shown), indicating that Abl kinase function is redundant for
MM cell viability.

Activity of hsp90 inhibitors against drug-resistant MM cells

To address the hypothesis that hsp90 function is critical for MM
cell proliferation and survival, we first tested the effect of hsp90
inhibitors on the viability of a panel of human MM cell lines. MTT
colorimetric survival assays showed that hsp90 inhibitors of the
ansamycin family, including geldanamycin (NSC122750) and 3 of
its analogs (NSC255109, NSC330507, and NSC683664), potently
suppress the survival of MM cells in vitro (Figure 1). Importantly,
the clinically developed agent 17-allylamino-17-demethoxy-
geldanamycin (17-AAG; NSC 330507) (at concentrations relevant
to the levels achieved in the peripheral blood of cancer patients
enrolled in phase 1 clinical trials of 17-AAG?) is active even
against MM cell lines resistant to conventional agents (eg, dexameth-
asone [MM-1R], doxorubicin [RPMI-8226/Dox40], melphalan
[RPMI-822/LLR5], and mitoxantrone [RPMI-8226/MR20]) or oth-
ers which have low sensitivity to investigational anti-MM agents,
including immunomodulatory thalidomide derivatives (S6B45,
RPMI-8226/S), TRAIL/Apo2L (MM-1S-TR15), or the proteasome
inhibitor bortezomib (MM-SA-1) (Figure 1D). Furthermore, 17-
AAG significantly suppressed the survival of CD138" purified
primary tumor cells from patients with MM who were resistant to
conventional or high-dose cytotoxic chemotherapy, as well as
novel therapies such as immunomodulatory thalidomide deriva-
tives (IMiDs, eg, lenalidomide) or the proteasome inhibitor bort-
ezomib (also known as PS-341) (Figure 1C).

In vivo anti-MM activity of hsp90 inhibitors

We next evaluated the in vivo anti-MM activity of 17-AAG in a
SCID/NOD model of diffuse GFP* fluorescent MM lesions
established by IV injections of RPMI-8226/S-GFP* cells, and
serially monitored by whole-body real-time fluorescence imaging
to allow for external visualization of GFP* tumors.!? In this model,
SCID/NOD mice (2 groups of 20 mice each) were randomly
assigned to respectively receive 50 mg/kg intraperitoneally of
17-AAG (daily IP injections for 5 consecutive days followed by 2
days off therapy in each cycle, for a total of 4 cycles), or an equal
volume of vehicle on identical schedule. The primary end point of
this study was overall survival, defined as time between injection of
tumor cells and time of killing (for paralysis or moribund state) or
death. Control mice had diffuse GFP* lesions, detected by
fluorescent imaging (Figure 2A) and confirmed by histopathology,
primarily involving the axial skeleton (thoracic/lumbar spine, skull,
pelvis, thoracic cage) and extremities. Soft-tissue (eg, subcutane-
ous) plasmacytomas were also observed, but visceral metastases
(eg, in liver, lung, spleen, or kidneys) were rare (Supplemental
Table S1). The primary cause of morbidity in control mice was
paralysis associated with development of bone vertebral lesions. In
contrast, 17-AAG was well tolerated, without vital organ tissue
damage evident in histopathologic analyses. Kaplan-Meier survival
analysis showed that 17-AAG treatment significantly prolongs
median overall survival of mice (> 250 days, with 14 of 20 of
17-AAG-treated mice surviving at the last analysis, versus 29 days
median overall survival for control mice, with 0 of 20 mice
surviving) (P < .001, log-rank test) (Figure 2B).
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Figure 1. In vitro anti-MM activity of hsp90 inhibitors. (A) In vitro anti-MM activity of geldanamycin against both drug-sensitive and drug-resistant MM cell lines, including the
Dex-resistant MM-1R and the doxorubicin-resistant RPMI-8226/Dox40 cells. (B) Comparative in vitro activity of geldanamycin and its analogs against MM-1S myeloma cells.
(C) In vitro activity of the geldanamycin analog 17-AAG (NSC 330507) against primary MM tumor cells isolated from patients resistant to conventional or investigational
therapies (including conventional or high-dose chemotherapy, thalidomide, IMiDs, or the proteasome inhibitor PS-341). For each sample, red bars represent the percent
survival (mean *+ SD) of drug-treated cells; blue bars, the survival of their respective controls. (D) Dose-response matrix of human MM cell lines (as well as cells from other
B-cell malignancies, such as IM-9 and ARH-77) to 17-AAG in vitro (0-5 wM for 72 hours). The survival of 17-AAG-treated cells (expressed as percent of the vehicle-treated

control) is visualized in color format according to their values on a linear scale (0-100%).

Ex vivo molecular profiling of hsp90 inhibition in MM cells

The favorable profile of in vitro and in vivo anti-MM activity of
hsp90 inhibitors prompted us to investigate the entire spectrum of
their molecular sequelae, using oligonucleotide microarrays and
proteomic profiling, with the intent to rationally identify potential
combinations of hsp90 inhibitors with other antitumor agents. To
screen for proliferative/antiapoptotic signaling molecules regulated
by hsp90, we performed proteomic analyses of the signaling state
of hsp90 inhibitor—treated MM cells, using multiplex immunoblot-
ting arrays,>*?¢ which allowed for assessment of expression and/or
phosphoryation status of kinases and kinase targets implicated in
cell proliferation, survival, transcription/translation regulation, etc.
These analyses showed that hsp90 inhibitors deplete the intracellu-
lar levels of Akt (Supplemental Figure S3) and Raf (Supplemental
Figure S3B and Figure 3A), as well as several other proliferative/
antiapoptotic signaling mediators, including IKK-«, a kinase
downstream of Akt and responsible for IkB phosphorylation and
transcriptional activation of NF-«kB;2® p7086K, which is activated by
Akt and is implicated in regulation of protein translation;? src;
RhoA kinase; Bmx (bone marrow—X kinase), a PI-3K—stimulated
kinase mediating PI-3K—dependent, Akt-independent proliferative/
antiapoptotic signals in B-lineage cells;*® and DNA-PK, which is
involved in regulation of DNA-damage repair (Supplemental
Figure S3B).2*

Hsp90 inhibition targets cell-surface or intracellular receptors
that promote proliferation/survival in various solid tumor models,

and our analyses indicated that hsp90 regulates the expression of
members of the PI-3K/Akt/p70S6K pathway in MM cells. We
therefore focused on effects of hsp90 inhibitors on cell-surface
expression and downstream signaling cascades of IGF-1R and
IL-6R, which are upstream regulators of PI-3K/Akt function and
play important roles in MM pathophysiology.!>3? Flow cytometry
revealed that 17-AAG-induced cell death is preceded by down-
regulation of IGF-IR and IL-6R cell surface expression (in
contrast, there was no significant decrease in surface expression of
CD40, another receptor with potential role in MM cell prolifera-
tion) (Figure 4). Hsp90 inhibition abrogated constitutive and
cytokine-induced signaling events in MM cells, including Akt
kinase activity; phosphorylation, and cytoplasmic levels of proapo-
ptotic FKHRL-1 Forkhead transcription factor (data not shown), a
known phosphorylation target of Akt in IGF-induced signal-
ing!22531; NF-kB transcriptional activity (Figure 3); phosphoryla-
tion of MEK1/2, a key component in Ras/Raf/MAPK pathway
function (Figure 3A); constitutive and IGF-induced activity of
telomerase (Figure 3B); and IGF-1-induced up-regulation of
chymotryptic 20S proteasome activity (Figure 3D). Hsp90 inhibi-
tion also suppressed the levels of several antiapoptotic molecules
(Figure 3A), which are up-regulated by IGF-IR activation,'>?
including caspase-8 inhibitors FLIP and cIAP-2, caspase-9 inhibi-
tor XIAP (Figure 3), as well as the osteoclastogenic stimulator
RANKL (Figure 3), and the transcription factor XBP-1 (data not
shown), a known downstream target of IL-6 signaling in MM
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Figure 2. In vivo anti-myeloma activity of hsp90 inhibition. (A) Representative
results of whole-body fluorescence imaging of SCID/NOD mice injected intrave-
nously with 5 X 108 RPMI-8226/S-GFP* human MM cells and receiving either
17-AAG treatment or vehicle. Imaging results obtained 4 weeks after intravenous
injection of GFP* MM cells indicate extensive diffuse GFP* bone lesions (arrows) in
the spine, skull, lower extremities, and pelvis, as well as subcutaneous GFP" lesions
in the control cohort, in marked contrast to the absence of MM lesions in 17-AAG-
treated mice. (B) Kaplan-Meier survival curve of 17-AAG-treated vs. control SCID/
NOD mice injected intravenously with RPMI-8226/S-GFP* cells. 17-AAG treatment
significantly prolonged median overall survival of mice (> 250 days, with 14/20 of
17-AAG-treated mice surviving at the last interim analysis, vs 29 days median overall
survival for control mice, with 0/20 mice surviving) (P < .001, log-rank test).

cells® and antiapoptotic regulator of protective responses against
endoplasmic reticulum stress.?

The malignant phenotype of MM cells is not driven by a single
pathognomonic genetic lesion causative for all MM cases.>
Instead, MM cells encompass complex patterns of molecular
lesions, which can confer multiple levels of possible resistance to
conventional therapies. The multiplicity of antiapoptotic signaling
effectors that are targeted by hsp90 inhibitors in MM cells suggests
that it is unlikely for any single one of these effectors to be the sole
target and mediator of antitumor effects of hsp90 inhibition.
Indeed, overexpression of constitutively active Akt in MM-1S cells
conferred only partial attenuation of in vitro antitumor effect of
17-AAG (Figure 1D). In addition, recent data show that selective
inhibition of other single hsp90 targets, such as IL-6R?> or IKK,?
has per se modest in vitro anti-MM effects, which are in contrast to
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the marked effect of hsp90 inhibitors. Taken together these results
indicate that the antitumor effect of hsp90 inhibition is likely
multifactorial and is the composite result of simultaneous inhibi-
tion of multiple antiapoptotic client proteins of hsp90.

Hsp90 is mainly considered to affect protein function by direct
posttranslational effect on protein confirmation rather than regula-
tion at the transcriptional level. However, in settings of treatment
with antitumor agents that regulate protein expression posttransla-
tionally (eg, proteasome inhibitors), tumor cell transcriptional
profiling may not only shed light into molecular mechanism of
action of such drugs, but also provide clues for potential stress
responses mounted by tumor cells to counteract proapoptotic
effects of these therapeutics.!! Because constitutive or inappropri-
ate up-regulation of such stress responses may contribute to
attenuated clinical responses to hsp90 inhibition, we characterized
the transcriptional profile of 17-AAG-treated cells, to charter a
framework for specific therapeutic strategies that can suppress
potential intrinsic mechanisms of attenuated response to hsp90
inhibition. Functional clustering analysis of transcriptional profil-
ing data obtained with Affymetrix U133 A microarrays of 17-AAG—
treated MM-1S cells (Affymetrix, Santa Clara, CA; Supplemental
Figures S4-S7) confirmed the impact of hsp90 inhibition on IGF-
and IL-6-triggered signaling and its downstream effectors, includ-
ing transcriptional suppression of known NF-«kB target genes
(including the caspase inhibitor cIAP-2), suppression of transcripts
implicated in DNA synthesis and repair, positive regulation of
cell-cycle activation, and production of 26S proteasome subunits.
This latter effect correlated at a functional level with decreased 20S
chymotryptic proteasome activity in 17-AAG-treated MM cells
(Figure 3D). Furthermore, 17-AAG suppressed transcription of
genes, such as transferrin receptor (CD71) and syndecan-1 (CD138),
that contribute to MM cell proliferation and survival. Interestingly,
however, other transcriptional events appeared to constitute stress
responses mounted by tumor cells to counteract the effects of hsp90
inhibition. Indeed, 17-AAG treatment triggered up-regulation of
transcripts for heat shock proteins (eg, hsp70) and some proteins
suppressed by hsp90 inhibition (eg, IGF-1R, IL-6R, Raf-1, and
XBP-1; Supplemental Figures S4-S7). The fact that these latter
transcriptional changes are preceded by reduction in respective
protein levels suggests that they result from a negative regulatory
feedback loop, induced in an apparent stress response to hsp90
inhibition, which, however, cannot rescue MM cells from apoptosis.

In vivo molecular profile of hsp90 inhibition in MM cells

To confirm that molecular sequelae of hsp90 inhibition are
consistent ex vivo and in vivo, we next characterized the impact of
17-AAG treatment of MM-bearing mice on expression of hsp90
targets in MM cells. SCID/NOD mice bearing diffuse bone lesions
of MM-1S-GFP*/luc* cells received single IP injections of either
17-AAG (50 mg/kg) or equal volumes of vehicle. Twenty-four
hours after injections, mice were humanely killed by CO, inhala-
tion and necropsy was performed under the guidance of whole-
body fluorescence imaging to identify the anatomic sites of GFP*
MM bone lesions and flush from the respective marrow cavities
their cellular infiltrates, from which MM cells were purified
(> 95% GFP* CD138%) on the basis of their GFP™ status by flow
cytometric cell sorting. These MM cells were then processed for
further studies. Consistent with in vitro data, 17-AAG treatment in
vivo decreased IGF-1R cell surface expression (evaluated by flow
cytometry) on MM cells homing to the BM (Figure 5A) and
suppressed the intracellular levels of Akt by immunoblotting
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Figure 3. Functional sequelae of hsp90 inhibition. (A) Imnmunoblotting analyses of MM-18S cells treated with 17-AAG (500 nM for 0-24 hours) confirms that hsp90 inhibition
suppresses the intracellular levels of multiple downstream effectors of the IGF-1R and IL-6R pathways, including the Raf-1 and IKK-«a kinases (coupled with decreased
constitutive phosphorylation of MEK1/2), the antiapoptotic proteins FLIP, XIAP, A1/bfl-1, clAP2, and the pro-osteoclastogenic stimulator RANKL. In contrast, hsp90 inhibition by
17-AAG does not confer a significant effect on the intracellular levels of MEK1/2, for example. (B) Telomerase activity assay (by densitometric evaluation of the telomeric repeat
amplification protocol (TRAP) method indicates that 17-AAG (500 nM, 0-24 hours) suppresses both constitutive and IGF-1 (200 ng/mL)—-induced activation of the catalytic
subunit of telomerase (hTERT). (C) 17-AAG treatment (750 nM for 0-36 hours) suppresses the NF-«B activity of MM-1S, as evidenced by NF-xB DNA binding enzyme-linked
immunosorbent assay (ELISA). (D) 17-AAG treatment (750 nM for 0-36 hours) suppresses the activity of the 20S proteasome, as evidenced by 20S chymotryptic activity assay.

(B-D) Error bars indicate SD.

analysis (data not shown). Unsupervised 2-dimensional hierarchi-
cal clustering analysis (Figure 5B) revealed that transcriptional
profiles of MM-1S cells in 17-AAG-treated mice clustered to-
gether with the transcriptional profile of ex vivo 17-AAG-treated
MM-1S (while control MM-18S cells homing to the bone clustered
in a different branch of the hierarchical clustering dendrogram).
These consistent in vitro and in vivo transcriptional profiles of
hsp90 inhibition suggest that the molecular sequelae of hsp90
inhibition are not abrogated by interactions of MM cells with the
BM milieu, suggesting a role for hsp90 inhibition in overcoming
BM microenvironment-dependent mechanisms of drug resistance
in MM cells.

Hsp90 inhibition targets the bone marrow microenvironment
and its protective effects on MM cells

Binding of MM cells to BMSCs triggers NF-kB dependent
up-regulation of IL-6 transcription and secretion to BMSCs,* as
well as increased autocrine (MM cell-derived) and/or paracrine
(BMSC-derived) production of IGFs.? These events contribute to
MM cell proliferation, survival, and drug resistance in the BM
milieu,’ and our recent data indicate that tumor-stromal interactions
are associated with increased hsp90 expression in MM cells,

IGF-1R s, CD126 (IL-6Ra) 8

B
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[
Everts

0t
COAT6PE

(C.S.M. et al, manuscript submitted). We thus investigated whether
hsp90 inhibition could also influence the interaction of MM cells
with their BM microenvironment and its effect on protecting MM
cells from apoptosis. Indeed, in ex vivo coculture assays of BMSCs
and MM tumor cells, 17-AAG (750 nM for 3 days) induced
selective cell death of MM cells (as evidenced by suppression of
CD138* population of primary MM tumor cells or GFP*/CD138*
population of MM-1S-GFP* cells) despite the presence of BMSCs,
suggesting that hsp90 inhibition can overcome protective effects
conferred to MM cells by the BM milieu (Supplemental Figure S8)
and providing additional functional confirmation for the signifi-
cance of hsp90 up-regulation in MM cells upon their interaction
with BMSCs (C.S.M. et al, manuscript submitted). Importantly,
short-term exposures of MM cells alone, BMSCs alone, or their
cocultures with 17-AAG (at concentrations and durations of
exposure which did not affect viability of either MM or BMSCs)
suppressed the constitutive and coculture-induced production of
IGF-1, VEGE and IL-6 (Supplemental Figure S9). These findings
suggest that hsp90 inhibition can abrogate the protective effects con-
ferred to MM by their interaction with the BM stroma, at multiple levels
of the respective cytokine-mediated pathways, including not only
suppression of activity or expression of signaling cascades required for

CD40

Figure 4. Hsp90 inhibition targets IGF-1R and IL-6R
signaling. Flow cytometric analysis of 17-AAG-treated
(750 nM for 24 hours) MM-1S cells indicates complete
abrogation of cell surface expression of IGF-1R (CD221)
and suppression of surface IL-6R (CD126). The lack of
significant suppression of cell surface expression of
CD40, another receptor implicated in regulation of MM
cell pathophysiology, supports the notion of specificity of
the role of hsp90 on surface expression and function of
certain growth/survival receptors. Filled curves corre-
spond to staining with anti-IGF-1R, anti-IL-6R, or anti-
CD40 antibody; open curves, staining with the respective
FL2L00 isotype control antibody.
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Figure 5. In vivo molecular profiling of hsp90 inhibition. MM-1S-GFP*/Luc™ cells injected intravenously in SCID/NOD mice led to development of diffuse bone lesions.
Mice were randomly assigned to receive either a single dose of 17-AAG (50 mg/kg intraperitoneally) or vehicle; 24 hours after drug administration, all mice were humanely were
killed and GFP* MM bone lesions were visualized during necropsy by whole-body fluorescence imaging and harvested for further molecular analyses. (A) Flow cytometric
analysis documents significant suppression of IGF-1R cell surface expression in MM tumor cells from 17-AAG-treated mice, compared to control mice. Filled curves
correspond to staining with anti-IGF-1R antibody; open curves, staining with isotype control. (B) Hierarchical clustering analysis of in vivo gene expression profiles of MM-1S

cells in 17-AAG—-treated versus control mice.

response of MM cells to microenvironmental stimuli, but also abroga-
tion of local production of these cytokines.

Because we have recently shown that IGF stimulates VEGF
production in MM and other models,>-¢ we next investigated the
impact of hsp90 inhibition on survival of human microvascular
endothelial cells, their bFGF- and VEGF-induced proliferation, and
expression of cell-surface IGF-1R. 17-AAG suppressed prolifera-
tion of human microvascular endothelial cells (HMVECs; Figure
6A); abrogated its stimulation by bFGF and VEGF (Figure 6A);
and down-regulated their cell-surface expression of IGF-1R (Fig-
ure 6C). Hsp 90 inhibition also suppresses HIF-1a transcriptional
activity and IGF-1-induced VEGF secretion (Figure 6D-E). These
data support the notion of hsp90 as regulator of tumor-associated
neoangiogenesis, at the level of proangiogenic cytokine production
by tumor cells and local BM milieu, and at the level of modulation
of responses of tumor-associated endothelium to such stimuli.

Molecular profile-guided elucidation of therapeutic
combinations of hsp90 inhibitors with conventional or other
investigational anti-MM agents

The transcriptional and proteomic signatures of hsp90 inhibitor—
treated cells provided a basis for rational combination therapies to
enhance the anti-MM effect of hsp90 inhibition. The effect of
hsp90 inhibition on DNA repair regulation (eg, down-regulation of
DNA-PK and DNA repair enzymes) provided the basis for ex vivo
combination of 17-AAG with DNA-damaging agents, such as
doxorubicin, which revealed increased chemosensitivity of MM
cells upon hsp90 inhibition (Figure 7 and Supplemental Figure
S10). The 17-AAG-mediated suppression of caspase inhibitors
(FLIP, XIAP, cIAP2) and antiapoptotic molecules such as IGF-1R
and Akt provided the framework for combining hsp90 inhibitors
with anti-MM agents that induce caspase-dependent apoptosis
(Figure 7 and Supplemental Figure S10), such as IMiDs, Apo2L/
TRAIL, and bortezomib.!!:19-23

We have previously shown that the proteasome inhibitor
bortezomib triggers pronounced stress response hallmarked by
increased expression of heat shock proteins, such as hsp90," in an
apparent effort to prevent misfolding of intracellularly accumulated
undegraded proteins and rescue the cell from apoptosis. While the
ability of 17-AAG to inhibit this stress response, at least in terms of
its hsp90 part, can contribute to synergy of proteasome and hsp90
inhibitors, we also evaluated other potential molecular determi-
nants of this interaction. We found that combination of bortezomib

and 17-AAG triggers in bortezomib-resistant primary MM cells far
more pronounced intracellular accumulation of ubiquitinated pro-
teins than either drug alone (which is consistent with recent
observations in breast cancer cells, albeit bortezomib-sensitive
ones®’) (Figure 8A). This effect can be mechanistically attributed to
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Figure 6. Antiangiogenic effects of hsp90 inhibiton. (A) 17-AAG abrogates
VEGF + bFGF-induced endothelial cell proliferation. (B) 17-AAG (1 pM, 3-day
incubation) suppresses the survival of human microvascular endothelial cells
(HMVECs), as evidenced by MTT colorimetric survival assay. (C) 17-AAG (1 pnM for
24 hours) suppresses the surface expression of IGF-1R in HMVECs. Filled curves
correspond to staining with anti-IGF-1R antibody; open curves, staining with isotype
control. (D) 17-AAG (500 nM for 24 hours) abrogates constitutive and IGF-1-induced
VEGF production by MM cells. (E) 17-AAG suppresses the transcriptional activity of
HIF-1a in primary MM cells. Error bars indicate SD.
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Figure 7. Hsp90 inhibition sensitizes tumor cells to other anticancer therapies.
The in vitro anti-MM activities of doxorubicin (Doxo, 50 ng/mL, 48 hours, A) and
bortezomib (PS-341, 5 nM, 24 hours, B) are enhanced by 17-AAG treatment
(0.75 pM for the final 24 hours of each incubation) in primary MM tumor cells that are
resistant to cytotoxic chemotherapy and bortezomib. Error bars indicate SD.

synergistic suppression of chymotryptic activity of the 20S protea-
some by combination of bortezomib with 17-AAG (Figure 8B). In
addition, because anti-MM effect of bortezomib has been associ-
ated with stimulation of endoplasmic reticulum stress,’”* we
evaluated the functional repercussions, at the endoplasmic reticu-
lum level, of combined proteasome and hsp90 inhibition and found
that it triggers more pronounced cleavage of caspase-12 than either
drug alone (data not shown). Because caspase-12 activation and
cleavage constitutes a critical event in endoplasmic reticulum
stress—induced apoptosis, these data suggest that hsp90 inhibitors
can counteract the resistance of tumor cells to bortezomib by
further impairing their ability to withstand the endoplasmic reticu-
lum stress generated by proteasome inhibition. This putative
mechanism is further supported by the fact that the combination of
17-AAG and bortezomib also causes switch of the XBP-1 transcrip-
tion factor from its spliced version (XBP-1s) to its unspliced one
(XBP-1u) (data not shown). XBP-lu functions as dominant-
negative suppressor of the transcriptional activity of XBP-1s,
which in turn regulates the expression of endoplasmic reticulum
chaperones that serve to counteract the consequences of endoplas-
mic reticulum stress—inducing agents.>® Therefore, our results,
taken together, indicate that the marked antitumor activity of
combined hsp90 and proteasome inhibitors is due to their mutually
complementing abilities in simultaneously triggering intracellular
accumulation of undegraded proteins (ie, inhibition by bortezomib
of the catalytic site of chymotryptic proteasome activity and
attenuation by hsp90 inhibitors of upstream cytokine-driven posi-
tive regulatory signals for proteasome activity) (Figure 3D) and
preventing the function of mechanisms aiming at protecting the
cells from the stress generated by such accumulation (eg, cytoplas-
mic and endoplasmic reticulum chaperones).

Discussion

Hsp90 inhibitors are investigational anticancer agents with favor-
able profile of manageable and transient side effects in phase 1
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clinical trials for solid tumors, and preliminary evidence of in vivo
biological activity and objective responses.?’3-42 Qur study docu-
ments in vitro and in vivo anti-MM activity of hsp90 inhibitors,
which, when coupled with our mechanistic and molecular profiling
studies, provided the framework for clinical trials of this novel
class of agents in MM.

Our study illustrates potent anti-MM activity of hsp90 inhibi-
tors and highlights the pleiotropic nature of their antitumor
molecular sequelae. Indeed, hsp90 inhibitors abrogate cytokine
(eg, IGF and IL-6)—induced signaling cascades at multiple molecu-
lar levels, including suppression of cell surface receptor expression
(eg, IGF-1R); inhibition of downstream signaling mediators,
including Akt, Raf, IKK-a, and p70%°K, with diverse ensuing
proapoptotic sequelae, including decreased constitutive and IGF-
induced activity of NF-«kB, telomerase, and 20S proteasome; and
suppressed expression of intracellular inhibitors of apoptosis (eg,
FLIP, XIAP, cIAP-2).

Geldanamycin and its analogs specifically inhibit only hsp90
(and its endoplasmic reticulum homolog grp94),%3#* but not
other chaperones or other intracellular molecular targets. This
selectivity as well as the in vitro and in vivo effects of
ansamycin hsp90 inhibitors delineate an important role for
hsp90 in regulating diverse pathways mediating proliferation,
survival, and drug resistance of tumor cells in the bone
microenvironment. Hsp90 inhibitors thus illustrate an emerging
paradigm in anticancer drug development, namely the simulta-
neous targeting of multiple intracellular pathways (and, prefer-
ably, of multiple targets within each individual pathway)
regulating tumor cell proliferation and resistance to apoptosis.
Despite recent successes of therapies neutralizing single molecu-
lar targets of major importance for tumor cell proliferation/
survival (eg, imatinib mesylate in bcr/abl™ leukemias or solid
tumors dependent upon c-kit or PDGF-R), resistance can
eventually develop due to mutations/amplifications of respec-
tive target genes® and/or compensatory activation of collateral/
downstream pathways, which can sustain tumor cell survival
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Figure 8. Molecular basis of hsp90 inhibitor-induced sensitization of MM
cells to proteasome inhibitor bortezomib. In vitro treatment of chemo- and
bortezomib-resistant primary MM tumor cells with bortezomib (PS-341, 5 nM, 12
hours), 17-AAG (250 nM, 12 hours) or their combination indicates that the
combination of the 2 drugs induces more pronounced (A) accumulation of
ubiquitinated proteins, as shown by immunoblotting analysis, and (B) inhibition of
proteasome activity, evidenced by 20S proteasome chymotryptic activity assay,
than either drug alone. Error bars indicate SD.
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Figure 9. Schematic representation of diverse intracellular signal-
ing cascades which can be impacted upon hsp90 inhibition, and
of examples of multiple molecular levels where these effects can
occur (through effects on expression/function of hsp90 client
proteins and/or their downstream effectors). Solid arrows indicate
activation and dashed lines indicate inhibitory events. Hsp90 inhibitors
of the ansamycin family specifically inhibit hsp90, but the highly
pleiotropic roles of their target confer to this class of agents the
advantage of simultaneous blockade, by a single chemical entity, of
diverse pathways implicated in tumor cell proliferation, survival, drug
resistance, and microenvironmental interactions. This multifactorial
activity of hsp90 inhibitors provides a framework for use of these
agents to counteract mechanisms of resistance to multiple other
agents, and increase tumor cell sensitivity to diverse conventional and
novel agents.

even upon effective inhibition of the respective molecular target
of these approaches. Therefore, the pleiotropic molecular se-
quelae of hsp90 inhibitors (Figure 9) may help minimize the
development of such acquired resistance, and may account for
their potent activity against a wide spectrum of MM cells,
including those resistant to multiple conventional or novel
anti-MM therapies. Furthermore, the effect of hsp90 inhibitors
on multiple intracellular antiapoptotic effectors (eg, caspase
inhibitors, PI-3K/Akt, and NF-kB pathways) and on pathways
protecting tumor cells from anticancer treatments (eg, DNA
damage repair genes protecting from chemotherapy-induced cell
death, or hsp90 contributing to attenuated response of MM cells
to proteasome inhibitors) may account for the ability of hsp90
inhibitors to sensitize MM cells to diverse antitumor agents,
including cytotoxic chemotherapy, proteasome inhibitors, death
receptor ligands (eg Apo2L/TRAIL), or immunomodulatory
thalidomide analogs. It is also suggested that the clinical benefit
derived from hsp90 inhibitors may be maximized by rational,
molecular profiling—based design of combination therapies,
whereby hsp90 inhibitors are used to sensitize MM cells to other
antitumor agents and neutralize multiple signaling pathways
conferring resistance to the other components of the combina-
tion therapy, allowing for dose adjustments in the individual
components of these combinations, in an effort to minimize
treatment-related adverse events.

Hsp90 inhibitors target MM cells not only directly, but also by
perturbing their ability to respond to their local BM microenviron-
ment and its protective stimuli. Multiple antiapoptotic pathways
up-regulated in MM cells upon their interaction with BMSCs
(manuscript submitted) involve hsp90 client proteins and are
suppressed upon hsp90 inhibition, providing additional functional
confirmation for a role of hsp90 in regulation of antiapoptotic
signaling in MM cells residing in the BM milieu. 17-AAG can
abrogate the up-regulation of local cytokine (IGF-1, IL-6, and
VEGF) production which is triggered upon MM-BMSC binding.
Furthermore, hsp90 inhibition exhibits antiangiogenic properties,
by down-regulating the production of proangiongenic cytokines in
the context of tumor-stromal interactions, but also by directly
suppressing the ability of endothelial cells to respond to these
cytokines. Therefore, our study highlights an intriguing role of
hsp90 at multiple levels of interactions of MM cells with their local

ANTIMYELOMAACTIVITY OF hsp90 INHIBITION 1099

integrins

\ v
IAPs VEGF  D-Cyclins =—————5. D-Cyclins

YNNI

translation

microenvironment and, coupled with data on hsp90 regulating
MMP-mediated extracellular matrix remodeling in metastatic
sites,*>40 guggests that hsp90 targeting may be therapeutically
beneficial not only in terms of direct antiproliferative effects on
tumor cells, but also by indirect effects on how they interact with
their local milieu.

The in vivo anti-MM activity of hsp90 inhibitors may reflect
their ability to target both MM tumor cells and their interactions
with the local BM microenvironment. These latter microenviron-
mental effects of hsp90 inhibitors are not detectable in conven-
tional ex vivo assays of tumor cell drug sensitivity and cannot be
optimally assessed in traditional in vivo animal models of subcuta-
neous tumor xenografts. Instead, our in vivo mouse model of
diffuse GFP* MM bone lesions places MM cells in a microenviron-
mental context and anatomic distribution consistent with the
pathophysiology and clinical presentation of the disease. Impor-
tantly, our in vivo molecular profiling studies indicate consis-
tency of in vivo and ex vivo molecular effects of hsp90 inhibition in
MM cells.

Although the pathophysiology of MM is not driven by
classical client proteins of hsp90, its chaperoning function is
critical for MM cells, and its inhibition confers pleiotropic
sequelae against pathways (including IGF-1R, IL-6R, IKK-a,
and p70S%K) that are not generally considered as major targets of
hsp90-mediated regulation or contributors to the antitumor
effects of ansamycins. Therefore, hsp90 may play a broader role
in chaperoning tumor- or tissue-type—specific constellations of
client proteins that are critically involved in tumor cell patho-
physiology. This concept could provide the framework for
further development of hsp90 inhibition as a therapeutic strat-
egy for a broader spectrum of neoplasias, even those that may
not express the currently characterized chaperoning targets of
hsp90, and therefore may have not been previously recognized
as potential areas for clinical development of hsp90 inhibitors.
The critical role of hsp90 for the regulation of MM cell
proliferation, survival, drug resistance, and microenvironmental
interactions illustrates this disease as a setting for future
mechanistic studies on hsp90, and provides the framework for
phase 2 clinical trials of hsp90 inhibitors, either as monotherapy
or in combination with other anti-MM agents, to improve patient
outcome in MM.
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