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Azaspirane (N-N-diethyl-8,8-dipropyl-2-azaspiro [4.5] decane-2-propanamine)
inhibits human multiple myeloma cell growth in the bone marrow milieu
in vitro and in vivo
Makoto Hamasaki, Teru Hideshima, Pierfrancesco Tassone, Paola Neri, Kenji Ishitsuka, Hiroshi Yasui, Norihiko Shiraishi, Noopur Raje,
Shaji Kumar, Donald H. Picker, Gary S. Jacob, Paul G. Richardson, Nikhil C. Munshi, and Kenneth C. Anderson

Azaspirane (N-N-diethyl-8,8-dipropyl-2-
azaspiro [4.5] decane-2-propanamine;
trade name, Atiprimod) is an orally bio-
available cationic amphiphilic compound
that significantly inhibits production of
interleukin 6 (IL-6) and inflammation in rat
arthritis and autoimmune animal models.
We here characterize the effect of atipri-
mod on human multiple myeloma (MM)
cells. Azaspirane significantly inhibited
growth and induced caspase-mediated
apoptosis in drug-sensitive and drug-
resistant MM cell lines, as well as patient
MM cells. IL-6, insulin-like growth factor 1
(IGF-1), or adherence of MM cells to bone
marrow stromal cells (BMSCs) did not

protect against atiprimod-induced apopto-
sis. Both conventional (dexamethasone,
doxorubicin, melphalan) and novel (ar-
senic trioxide) agents augment apoptosis
induced by atiprimod. Azaspirane inhibits
signal transducer activator of transcrip-
tion 3 (STAT3) and a PI3-K (phosphatidyl-
inositol 3-kinase) target (Akt), but not
extracellular signal-regulated kinase 1 and
2 (ERK1/2), inhibits phosphorylation trig-
gered by IL-6, and also inhibits inhibitor�B�

(I�B�) and nuclear factor �B (NF�B) p65
phosphorylation triggered by tumor ne-
crosis factor � (TNF-�). Of importance,
azaspirane inhibits both IL-6 and vascular
endothelial growth factor (VEGF) secre-

tion in BMSCs triggered by MM cell bind-
ing and also inhibits angiogenesis on
human umbilical vein cells (HUVECs). Fi-
nally, azaspirane demonstrates in vivo
antitumor activity against human MM cell
growth in severe combined immunodefi-
cient (SCID) mice. These results, there-
fore, show that azaspirane both induces
MM cell apoptosis and inhibits cytokine
secretion in the BM milieu, providing the
framework for clinical trials to improve
patient outcome in MM. (Blood. 2005;105:
4470-4476)

© 2005 by The American Society of Hematology

Introduction

Despite treatment with alkylating agents, anthracyclines, and
corticosteroids,1,2 as well as high-dose therapy and stem cell
transplantation,3-5 multiple myeloma (MM) remains incurable due
to both intrinsic and acquired drug resistance.6-10 Furthermore, the
bone marrow (BM) microenvironment also confers drug resistance
in MM cells via at least 2 different mechanisms: adhesion of MM
cells to fibronectin confers cell adhesion–mediated drug resistance
(CAM-DR), associated with induction of p27Kip1 and G1 growth
arrest,11,12 and cytokines (ie, interleukin 6 [IL-6] and insulin-like
growth factor 1 [IGF-1]) in the BM milieu induce Janus kinase 2
(JAK2)/signal transducers and activators of transcription 3 (STAT3),
phosphatidylinositol 3-kinase (PI3-K)/a PI3-K target (Akt) signal-
ing, or both, which mediates resistance to conventional thera-
pies.13-15 Importantly, novel biologically based treatments that
target not only the MM cell but also MM cell–host interactions and
cytokines in the BM microenvironment can overcome drug resis-
tance in both preclinical and early clinical studies.16-19

Azaspirane (N-N-diethyl-8,8-dipropyl-2-azaspiro [4.5] decane-
2-propanamine; trade name, Atiprimod) is an orally bioavailable

cationic amphiphilic compound, which has been extensively stud-
ied in a variety of animal models of autoimmune disease and
transplantation.20-22 For example, it significantly inhibits inflamma-
tion and protects against joint erosion in animal models of arthritis.23-26

In this report, we demonstrate that azaspirane induces potent
cytotoxicity, at least in part, by inhibiting IL-6. Its favorable
cytotoxicity profile, combined with the major role of IL-6 as an
MM growth, survival, and drug-resistance factor, provided the
framework for its preclinical evaluation against MM cells. It
triggers apoptosis via activation of caspase-8 and caspase-3,
followed by poly(ADP [adenosine diphosphate]–ribose) polymer-
ase (PARP) cleavage. As with proteasome inhibitor PS-34127-29 and
immunomodulatory derivatives of thalidomide (IMiDs),30 azaspir-
ane-induced MM cell growth inhibition is augmented by dexameth-
asone (Dex). Although IL-6 and IGF-1 are major MM cell growth
factors and confer protection against Dex-induced apopto-
sis,14,27,31-33 neither exogenous IL-6 nor IGF-1 protect against
azaspirane-induced cytotoxicity. Moreover, adherence of MM cells
to bone marrow stromal cells (BMSCs) both augments tumor cell
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growth and protects against drug-induced apoptosis34; importantly,
azaspirane induces apoptosis even of MM cells adherent to
BMSCs. Vascular endothelial growth factor (VEGF) both directly
stimulates MM cell proliferation and migration35,36 and induces
angiogenesis in the BM milieu.37,38 Azaspirane inhibits VEGF
secretion from BMSCs and human umbilical vein endothelial cells
(HUVECs), as well as angiogenesis. Finally, azaspirane shows
activity against human MM cells in a xenograft severe combined
immunodeficient (SCID) mouse model. Our studies, therefore,
demonstrate that azaspirane can overcome conventional drug
resistance in preclinical models by targeting both MM cells and the
BM milieu, providing the frameworks for its clinical evaluation to
improve patient outcome in MM.

Patients, materials, and methods

Reagents

Azaspirane was provided by Callisto Pharmaceuticals (New York, NY).
IL-6 and IGF-1 were purchased from R&D Systems (Minneapolis, MN).
Pan caspase inhibitor Z-Val-Ala-DL-Asp-fluoromethylketone (Z-VAD-
FMK; Calbiochem, San Diego, CA) was dissolved in dimethyl sulfoxide
(DMSO), stored at �20°C, and used at 25 �M. Doxorubicin (Dox) and
arsenic trioxide (As2O3) were used as in our prior studies.39

MM-derived cell lines and patient MM cells

Dex-sensitive (MM.1S) and -resistant (MM.1R) human MM cell lines were
kindly provided by Dr Steven Rosen (Northwestern University, Chicago,
IL). RPMI8226 and U266 human MM cells were obtained from American
Type Culture Collection (Rockville, MD). Dox-resistant (RPMI-Dox40)
and melphalan (Mel)–resistant (RPMI-LR5) cells were kindly provided by
Dr William Dalton (Lee Moffitt Cancer Center, Tampa, FL). OPM1 cells
were kindly provided by Dr Edward Thompson (University of Texas
Medical Branch, Galveston, TX). IL-6–dependent human plasma cell line
INA-6 was derived from a tumor of INA-6 cells grown in the peritoneum of
severe combined immunodeficient mice.40 HUVECs were purchased from
Clonetics Biowhittaker (Walkersville, MD). MM cell lines were cultured in
RPMI-1640 containing 10% fetal bovine serum (Sigma Chemical, St Louis,
MO), 2 �M L-glutamine, 100 U/mL penicillin, and 100 �g/mL streptomy-
cin (GIBCO, Grand Island, NY). INA-6 cells were cultured in medium that
additionally contained 1 ng/mL IL-6. HUVECs were cultured in endothelial
cell growth media (EGM-2 MV; Cambrex Bio Science, Walkersville, MD).
Patient plasma cells were purified from patient BM aspirates as described
previously.29,41 Approval for these studies was obtained from the Dana-
Farber Cancer Institute Institutional Review Board. Informed consent
was obtained from all patients in accordance with Declaration of
Helsinki protocol.

BMSC cultures

BM specimens were obtained from patients with MM, and mononuclear
cells separated by Ficoll-Hypaque density sedimentation were used to
establish long-term BM cultures, as previously described.34 When an
adherent cell monolayer had developed, cells were harvested in phosphate-
buffered saline (PBS) solution containing 0.25% trypsin and 0.02% EDTA
(ethylenediaminetetraacetic acid), washed, and collected by centrifugation.

Growth inhibition assay

The inhibitory effect of azaspirane on growth of MM cell lines, peripheral
blood mononuclear cells (PBMCs), and BMSCs was assessed by measuring
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide (MTT;
Chemicon International, Temecula, CA) dye absorbance, as previously
described.29 Cells from 48-hour cultures with azaspirane were pulsed with
10 �L of 5 mg/mL MTT to each well for the last 4 hours of 48-hour
cultures, followed by 100 �L isopropanol containing 0.04N HCl. Absor-

bance was measured at 570 nm, using a spectrophotometer (Molecular
Devices, Sunnyvale CA). All experiments were performed in quadruplicate.

Assays of apoptosis

Azaspirane-induced apoptosis was confirmed by the transferase-mediated
dUTP (deoxyuridine triphosphate) nick end labeling (TUNEL) method,
using fragmentation of genomic DNA detected by MEBSTAIN Apoptosis
Kit Direct (Medical & Biological Laboratories, Nagoya, Japan) and
followed by analysis by Coulter Epics XL flow cytometry (Beckman
Coulter, Fullerton, CA). Briefly, MM.1S and U266 cells were cultured for
48 and 72 hours in control media (0.01% DMSO) or 5 �M azaspirane at
37°C, washed, and fixed with 4% paraformaldehyde in PBS (pH 7.4). After
washing, cells were permeabilized in 70% ethanol, DNA nick ends were
labeled with terminal deoxynucleotidyl transferase (TdT) solution, and
analysis was performed using Coulter Epics XL flow cytometry.

Immunoblotting

MM cells were cultured with azaspirane in the presence or absence of
caspase inhibitors, harvested, washed, and lysed using lysis buffer: 50 mM
Tris (tris(hydroxymethyl)aminomethane)–HCl (pH 7.4), 150 mM NaCl, 1%
NP-40 ([Octylphenoxy]polyethoxyethanol), 10 mM sodium pyrophos-
phate, 5 mM EDTA, 1 mM EGTA (ethylene glycol tetraacetic acid), 2 mM
Na3VO4, 5 mM NaF, 1 mM PMSF (phenylmethlsulfonyl fluoride), 5 �g/mL
leupeptin, and 5 �g/mL aprotinin, as described previously.41 Cell lysates
were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE), transferred to phenylmethlsulfonyl fluoride (PVDF)
membrane (Bio-Rad Laboratories, Hercules, CA), and immunoblotted with
anti–PARP, caspase-8, caspase-3, caspase-9, Bcl-2 (B-cell lymphoma
leukemia 2)–associated X protein (BAX), Bcl-xL, myeloid cell leukemia-1
(Mcl-1), nuclear factor �B (NF�B) phospho-p65, phospho–inhibitor�B�
(I�B�) (Cell Signaling, Beverly, MA), phospho-JAK2 (Bio Source, Cama-
rillo, CA), phospho–extracellular signal-regulated kinase (ERK), phospho-
STAT3, JAK2, ERK1, STAT3, NF�B p65, I�B�, and �-tubulin (Santa Cruz
Biotech, Santa Cruz, CA) antibodies (Abs).

Caspase-3 activation after azaspirane treatment

Caspase-3 activation was detected by using a Caspase-3/CPP32 Colorimet-
ric Assay Kit (Medical & Biological Laboratories). After azaspirane (5 �M)
treatment, MM.1S cells were harvested and lysed with lysis buffer. Protein
concentration in cell lysates was diluted 50 to 200 �g and incubated with
DEVD–p-nitroanilide (DEVD-pNA) substrate at 37°C for 2 hours in
96-well culture plates (Costar, Cambridge, MA). Samples were read at 405
nm using a spectrophotometer (Molecular Devices, Sunnyvale, CA).

Effect of azaspirane on paracrine MM cell growth in the BM

To evaluate the effect of drug on growth of MM cells (3 � 104 cells/well)
adherent to BMSCs, MM.1S and U266 cells were cultured in BMSC-coated
96-well plates (Costar) for 48 hours in the presence or absence of media,
azaspirane, Dex, Mel, Dox, and As2O3. DNA synthesis was measured by
[3H]-thymidine (Perkin Elmer, Boston, MA) uptake, with [3H]-thymidine
(0.5 �Ci/well [0.0185 MBq]) added during the last 8 hours of 48-hour
cultures.41 IL-6 and VEGF levels in supernatants were detected by DuoSet
ELISA (enzyme-linked immunosorbent assay) Development kit (R&D
Systems), and absorbance was measured at 450 nm and 540 nm using a
spectrophotometer (Molecular Devices). All experiments were performed
in quadruplicate.

Angiogenesis assay

The effect of azaspirane on angiogenesis was detected by In Vitro
Angiogenesis Assay Kit (Chemicon International). ECMatrix (50 �L) was
transferred into 96-well plates and incubated at 37°C for 12 hours.
HUVECs (1 � 104 cells/well) were seeded in each well with or without
1.25 and 2.5 �M azaspirane and incubated for 6 hours at 37°C. Cellular
network structures were visualized by inverted Olympus CK2 (Olympus,
Tokyo, Japan) microscopy, photographed with an F440 digital camera
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(Fujifilm, Tokyo, Japan) and processed with Adobe Photoshop 7.0 (Adobe,
San Jose, CA).

In vivo activity of azaspirane

Six- to 8-week-old male CB-17 SCID mice (Taconic, Germantown, NY)
were housed and monitored in our animal research facility. All experimental
procedures and protocols had been approved by the Institutional Animal
Care and Use Committee. In a human MM xenograft murine model,42 mice
were subcutaneously inoculated in the interscapular area with 5 � 106

OPM1 cells in 100 �L RPMI-1640 medium. Mice were then treated
intravenously with either vehicle alone (PBS) or azaspirane (50 mg/kg per
day) for 6 days. Treatment was initiated after the detection of palpable
tumors, approximately 3 weeks following injection of MM cells. Tumor
size was measured weekly in 2 dimensions using a caliper, and volume was
calculated using the formula: V � 0.5a � b2, where a and b are the long and short
diameter of tumor, respectively.

Statistical analysis

Statistical significance of differences observed in drug-treated versus
control cultures was determined using the Wilcoxon signed rank test. The
minimal level of significance was P less than .05.

Results

Azaspirane induces growth inhibition of MM cell lines

We first determined the effect of treatment with azaspirane (0-5
�M) for 48 hours on growth of MM cell lines (MM.1S, U266, and

RPMI8226), freshly isolated patient MM cells, and PBMCs using
MTT assay. Azaspirane demonstrated significant cytotoxicity
(� 95% growth inhibition, P � .001), with IC50 (inhibitory concen-
tration 50%) of 0.5 to 1.25 �M in MM.1S, U266, and RPMI8226
MM cell lines (Figure 1A). Azaspirane also triggered cytotoxicity
in Dex-resistant MM.1R cells (Figure 1B), as well as Dox-resistant
RPMI-Dox40 and Mel-resistant RPMI-LR5 MM cells (Figure 1C).
These results demonstrate that azaspirane induces cytotoxicity
even in MM cell lines resistant to conventional chemotherapy.
Azaspirane also demonstrated significant cytotoxicity against INA-6
cell lines and OPM1 MM cells (Figure 1D). Importantly, azaspir-
ane also induced cytotoxicity in freshly isolated tumor cells from
patients with MM (Figure 1E); however, it did not trigger
cytotoxicity in PBMCs from 3 healthy volunteers (Figure 1F).
These data demonstrate that azaspirane specifically induces cytotox-
icity in MM cells but not in normal cells.

Apoptosis triggered by azaspirane is mediated via caspase-8/-3
and PARP cleavage

To confirm drug-related cytotoxicity and to determine its mecha-
nisms of action, we next performed TUNEL assay in MM.1S and
U266 cells treated with azaspirane (5 �M). As can be seen in
Figure 2A, azaspirane induced DNA fragmentation in both MM.1S
and U266 cells in a time-dependent fashion, confirming that
azaspirane-triggered cytotoxicity is induced via apoptosis. To
further analyze the mechanism of azaspirane-induced apoptosis in
MM cells, we next assessed activation of caspases in MM cell lines
cultured with either media or azaspirane. Caspase-3 activation was
induced in MM.1S cells after 4 hours and 8 hours of treatment with
azaspirane, assessed by colorimetric assay (Figure 2B). Immuno-
blotting showed that azaspirane triggered caspase-8 cleavage,
followed by typical PARP cleavage (95 kDa), but did not induce
caspase-9 cleavage (Figure 2C). Conversely, the pan-caspase

Figure 1. Azaspirane induces growth inhibition in MM cell lines and patient MM
cells. (A) MM.1S (�), U266 (f), and RPMI8226 (Œ) MM cells; (B) Dex-sensitive
MM.1S (�) and Dex-resistant MM.1R (f) MM cells; (C) drug-sensitive RPMI8226
(�), melphalan-resistant RPMI-LR5 (f), and doxorubicin-resistant RPMI-Dox40 (Œ)
cells; (D) OPM1 (Œ), INA-6 (f), and MM.1S (�) cells; (E) freshly isolated tumor cells
from patients with MM (n � 3; f, , �), as well as (F) peripheral blood mononuclear
cells from healthy volunteers (n � 3; f, Œ, �) were cultured for 48 hours in the
presence of azaspirane (0-5 �M). Cell growth was assessed by MTT assay, and data
represent mean (	 SD) of quadruplicate cultures.

Figure 2. Azaspirane induces caspase-dependent apoptotic cell death. (A)
MM.1S and U266 cells were cultured with azaspirane (5 �M) for 48 and 72 hours.
Azaspirane-induced apoptosis was confirmed by the TUNEL method, using flow
cytometry. Percentage demonstrated is TUNEL-negative fraction gated by horizontal
bars. (B) MM.1S cells were cultured with azaspirane (5 �M) for 4 and 8 hours.
Whole-cell lysates were subjected to caspase-3 colorimetric assay. The absorbance
was measured at 405 nm, using a spectrophotometer, and data represent mean (	
SD) of triplicate cultures. (C) MM.1S cells were cultured with azaspirane (5 �M) for 4,
8, and 12 hours. Whole-cell lysates were subjected to Western blotting, using
anti–caspase-8, anti–caspase-3, PARP Abs, as well as anti–caspase-9, BAX, Bcl-2,
and Mcl-1 Abs. (D) MM.1S cells were preincubated with Z-VAD-FMK (20 �M) for 1
hour prior to treatment with azaspirane (5 �M) for 4, 8, and 12 hours. Whole-cell
lysates were subjected to Western blotting using anti-PARP Ab.
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inhibitor Z-VAD-FMK blocked azaspirane-induced PARP cleav-
age in MM.1S cells (Figure 2D). These results indicate that
cytotoxicity triggered by azaspirane, like other novel agents,29,39,43

is mediated via caspase-8/-3/PARP cleavage and apoptosis.

Azaspirane augments growth inhibition in MM cells triggered
by conventional and novel chemotherapeutic agents

Since we have shown that conventional agents may augment
cytotoxicity of novel chemotherapeutic agents,27,30,34,41,44 we next
similarly examined whether conventional (Dex, Dox) or novel
(As2O3) chemotherapeutic agents could enhance the growth inhibi-
tory effect of azaspirane. MM.1S cells were cultured with Dex (0.5
�M), Dox (0.5 �M), or As2O3 (1 �M) in media or with azaspirane
(0.6 and 1.25 �M) for 24 hours. Dex, Dox, As2O3, and azaspirane
induced 10% to 25% growth inhibition when used alone; however,
these agents enhanced MM.1S cell death triggered by azaspirane
(Figure 3). Specifically, 1.25 �M azaspirane or 0.5 �M Dex alone
triggered 20% and 22% cytotoxicity, respectively; however, com-
bining azaspirane with Dex triggered 82% cytotoxicity.

Azaspirane overcomes the antiapoptotic effect of IL-6 and IGF-1

Since we and others have shown that IL-631,32,45 and IGF-146-48

mediate both growth and antiapoptosis in MM cells, we next
examined whether azaspirane could overcome these effects of
exogenous IL-6 and IGF-1. Although IL-6 (25 ng/mL) and IGF-1
(50 ng/mL) triggered a 1.3-fold (Figure 4A) and a 1.7-fold (Figure
4B) increase in MM.1S cell growth in cultures relative to media
alone, neither IL-6 nor IGF-1 protected against azaspirane-induced
MM.1S cell death.

Azaspirane inhibits phosphorylation of JAK2/STAT3, I�B�,
and p65 NF�B and down-regulates Mcl-1 expression

Since we15,28,45,49 and others50,51 have shown that ERK, JAK2/
STAT3, and Akt signaling cascades mediate proliferation, survival,
and drug resistance in MM cells, we next examined whether
azaspirane could block these signaling pathways (Figure 5A).
Phosphorylation of ERK1/2, Akt, and JAK2/STAT3 was induced
by IL-6 (25 ng/mL) in MM.1S cells; however, pretreatment with
azaspirane (5 �M for 1 and 2 hours) abrogated IL-6–induced
JAK2, STAT3, and Akt phosphorylation. Interestingly, phosphory-
lation of ERK induced by IL-6 was not similarly altered by
azaspirane. Since JAK2/STAT3 pathway regulates expression of
Mcl-1, which plays a crucial role in MM cell survival and
antiapoptosis,51-54 we next examined whether azaspirane could
inhibit Mcl-1 expression. As can be seen in Figure 5B, azaspirane
down-regulates Mcl-1 expression in MM.1S cells. Moreover,
azaspirane also inhibited I�B� and NF�B p65 phosphorylation

induced by TNF-� in MM.1S cells (Figure 5A). This result
suggests that azaspirane blocks I�B� phosphorylation and translo-
cation of NF�B from cytoplasm to nucleus, thereby overcoming
the antiapoptotic activity of NF�B.

Azaspirane inhibits MM cell growth, as well as cytokine
secretion, triggered by tumor cell binding to BMSCs

Since we have shown that the BM microenvironment confers
growth and drug resistance in MM cells,16,19 we next studied the
effect of azaspirane on paracrine MM cell growth in the BM milieu.
We first examined the direct toxicity of azaspirane on patient
BMSCs using MTT assay, as in our previous studies27,41; no
significant growth inhibition in BMSCs was triggered by azaspir-
ane treatment (data not shown). MM.1S and U266 MM cells were
next cultured with or without BMSCs, in the presence or absence of
azaspirane. Tumor cell adherence to BMSCs triggered increased
[3H]-thymidine uptake in MM.1S cells (1.72-fold, P � .01; Figure
6A) and U266 cells (2.2-fold, P � .01; data not shown); azaspirane
inhibited this up-regulation of DNA synthesis in a dose-dependent
fashion. Since adherence of MM cells to BMSCs also triggers
increased secretion of IL-6 and VEGF in culture superna-
tants,34,41,55 we further examined whether azaspirane could inhibit
cytokine secretion in cultures of MM cells adherent to BMSCs.
Azaspirane inhibited not only IL-6 (Figure 6B) but also VEGF
(Figure 6C) secretion in cultures of BMSCs, both alone and with
adherent MM.1S cells.

Figure 3. Azaspirane enhances the growth inhibitory effect of conventional
chemotherapeutic agents. MM.1S cells were cultured with control media (�) and
with 0.6 �M (u) or 1.25 �M (f) azaspirane in the absence or presence of Dex (0.5
�M), Dox (0.5 �M), and As2O3 (1 �M) for 24 hours. Cell growth was assessed by MTT
assay, and data represent mean (	 SD) of quadruplicate cultures. *P � .01.

Figure 4. IL-6 and IGF-1 do not protect against azaspirane-induced apoptosis.
MM.1S cells were cultured with azaspirane (0-8 �M) for 48 hours in the presence (f)
or absence (�) of IL-6 (25 ng/mL) (A) or IGF-1 (50 ng/mL) (B). Cell growth was
assessed by [3H]-thymidine uptake, and data represent mean (	 SD) of quadrupli-
cate cultures.

Figure 5. Azaspirane inhibits phosphorylation of JAK2/STAT3 and Akt but not
ERK1/2. MM.1S cells were pretreated with azaspirane (5 �M) for 2 hours and 4
hours. Cells were then stimulated with IL-6 (20 ng/mL) or TNF-� (10 ng/mL) for 10
minutes. Whole-cell lysates were subjected to Western blotting using anti–phospho-
ERK/ERK, phospho-Akt/Akt, phospho-STAT3/STAT3, phospho-JAK2, phospho-I�B�/
I�B�, phospho-NF�B p65/NF�B p65, and �-tubulin Abs (A); MM.1S cells were
treated with azaspirane (5 �M) for 4 hours and 8 hours. Whole-cell lysates were
subjected to Western blotting, using anti–Mcl-1 and �-tubulin Abs (B).
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Azaspirane inhibits generation of capillary vessels on HUVECs

Since VEGF plays an important role in MM cell growth and
migration, as well as stimulating angiogenesis in the BM microen-
vironment,38,56,57 inhibition of VEGF secretion by azaspirane might
both inhibit angiogenesis and have anti-MM activity in the BM
milieu. We, therefore, first examined the direct effect of azaspirane
on generation of capillary vessels of HUVECs. Azaspirane clearly
inhibited development of cellular network structures for 6 hours
(Figure 7A), but was not directly cytotoxic in HUVECs, assessed
by MTT assay (Figure 7B). In HUVECs, as well as in BMSCs,
azaspirane similarly inhibited secretion of VEGF (Figure 7C).

Azaspirane inhibits human MM cell growth in a SCID
mouse model

We next studied the effect of azaspirane treatment in SCID mice
injected with OPM1 human MM cells as in prior studies.42 Mice
were treated with either azaspirane (50 mg/kg per day; n � 5) or
control PBS (n � 4) for 6 days beginning when tumors become
palpable. As seen in Figure 8, treatment with azaspirane induced a
significant reduction in tumor growth in vivo.

Discussion

Although MM is incurable with conventional and high-dose
therapies, novel biologically based treatment strategies targeting

both MM cells and the BM microenvironment offer great promise
to improve patient outcome since they overcome drug resistance in
both preclinical and clinical studies.16,58 In this report, we demon-
strate that azaspirane (N-N-diethyl-8,8-dipropyl-2-azaspiro [4.5]
decane-2-propanamine), a novel class of agents, induces apoptosis
in drug-resistant MM cell lines and patient tumor cells with an IC50

of 0.6 to 1 �M and 1.25 to 5 �M, respectively. Importantly, we
observed no cytotoxicity in PBMCs at drug concentrations of 0.08
to 5 �M, suggesting potential selective cytotoxicity against tumor
cells and a therapeutic index for use of these inhibitors in vivo. To
determine whether azaspirane enhances cytotoxicity of conven-
tional therapies or novel agents, we examined the effect of Dex,
Dox, and As2O3 together with azaspirane on proliferation of
MM.1S cells. Among these agents, Dex synergizes with azaspirane-
induced cytotoxicity, suggesting differential apoptotic signaling
cascades for azaspirane versus Dex. For example, Dex induces
caspase-9 activation via a cytochrome-c–independent, second
mitochondria-derived activator of caspases (Smac)–dependent,
pathway,59 whereas our study shows caspase-8 activation by
azaspirane. These results are similar to our prior report that low
concentrations of PS-341 sensitize MM cell lines and patient cells
to DNA-damaging chemotherapeutic agents, such as Dox and
Mel.44 Our ongoing studies will delineate the mechanisms of
synergy of DNA-damaging agents with azaspirane to provide a
rational framework for clinical use of this agent in combination
with conventional chemotherapy.

IL-6 triggers proliferation of MM cells via activation of the
Ras/Raf/MAPK (mitogen-activated protein kinase)/p42/44 MAPK
signaling cascade,45,49 and survival of MM cells via JAK2/STAT3
activation with downstream induction of Bcl-xL50 and Mcl-
1.51,54,60,61 IGF-1 also promotes MM cell proliferation and survival

Figure 6. Azaspirane inhibits MM cell growth, as well as IL-6 and VEGF secretion, triggered by tumor cell binding to BMSCs. MM.1S cells, BMSCs, or both MM.1S cells
and BMSCs were cultured for 48 hours in the presence of DMSO control (�) or with 0.6 �M (u), 1.25 �M (o), and 2.5 �M (f) azaspirane (A). DNA synthesis was assessed by
[3H]-thymidine uptake, and data represent mean (	 SD) of quadruplicate cultures. IL-6 (B) and VEGF (C) levels in culture supernatants were measured by ELISA. *P � .01.

Figure 7. Azaspirane inhibits generation of capillary vessels on HUVECs.
HUVECs were cultured in 96-well plates with ECMatrix with or without azaspirane
(Aza; 1.25 and 2.5 �M) (magnification, � 40) (A). Cytotoxicity of azaspirane (0-5�M)
against HUVECs was determined at 24 hours by MTT assay (B), and VEGF levels in
culture supernatants were measured by ELISA (C), and data represent mean (	 SD)
of quadruplicate cultures. *P � .01.

Figure 8. Azaspirane inhibits in vivo human MM cell growth in a SCID mouse
model. CB-17 SCID mice were inoculated subcutaneously in the interscapular area
with 5 � 106 OPM1 MM cells. Three weeks later with detection of palpable tumors,
mice were treated intravenously with azaspirane (50 mg/kg per day) or vehicle control
(PBS) for 6 days. Tumor volume was calculated as described in “Materials and
methods.” Figure demonstrates significant tumor regression at 3 to 6 days following
treatment. Error bars represent 	 SD of tumor volume.
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via Ras/Raf/MAPK/p42/44 MAPK and PI3-K/Akt signaling cas-
cades.15,28 Specifically, IL-6 protects against Dex-induced apopto-
sis via PI3-K/Akt signaling.14,15,62 We, therefore, next examined
whether exogenous IL-6 and IGF-1 inhibited azaspirane-induced
cytotoxicity in MM cells. Importantly, neither IL-6 nor IGF-1
protect against azaspirane-induced cytotoxicity, suggesting that
azaspirane, in contrast to conventional therapies, can overcome the
protective effects of these cytokines in the BM milieu.

We have previously demonstrated that apoptosis triggered by
conventional and novel anti-MM agents is mediated via caspase-8
or caspase-9 activation, or both, followed by caspase-3 and PARP
cleavage.16,63 In this study, azaspirane induced caspase-8 and
caspase-3 activation, followed by PARP cleavage, in a time-
dependent fashion; conversely, drug-induced PARP cleavage was
blocked by Z-VAD-FMK, confirming azaspirane induced caspase-
dependent apoptosis. Azaspirane mediates caspase-8 activation,
suggesting potential clinical utility of combining this agent with
Dex or PS-341, which trigger caspase-9 activation, to induce dual
apoptotic signaling, or with lenalidomide (Revlimid), which also
triggers caspase-8 activation to enhance cytotoxicity.

Since azaspirane abrogated the effect of IL-6 and IGF-1 on the
growth of MM.1S cells, we next examined which signaling
cascades triggered by IL-6 were inhibited by this novel agent. IL-6
triggers p42/44 MAPK, STAT3, and PI3-K/Akt pathways mediat-
ing growth, survival, and drug resistance in MM cells.16,18,19 We
demonstrated that azaspirane markedly inhibited IL-6–triggered
JAK2/STAT3 and Akt phosphorylation. Since STAT3 can regulate
antiapoptotic proteins Bcl-XL and Mcl-1,51,54,60 we further exam-
ined whether azaspirane could down-regulate these proteins, due to
inactivation of STAT3. We demonstrate that baseline expression of
Mcl-1 was down-regulated by azaspirane treatment. NF�B is
present in the cytoplasm and inactivated by association with I�B30;
conversely, NF�B is activated by TNF-� stimulation and translo-
cates to the nucleus. In MM, NF�B confers drug resistance in
tumor cells, modulates the expression of adhesion molecules on
MM cells and BMSCs, and regulates cytokine transcription and
secretion in BMSCs.41,64,65 Importantly, our study shows that
azaspirane blocked phosphorylation of I�B� and p65 NF�B

induced by TNF-�. Our ongoing studies are delineating down-
stream target molecules of STAT3 and NF�B inhibition, which may
further augment the apoptotic effect of azaspirane.

Given that neither IL-6 nor IGF protect against azaspirane-
induced cytotoxicity, we next examined whether azaspirane can
overcome MM cell growth, survival, migration, and drug resistance
in the BM microenvironment.16,18,19 We demonstrated that azaspir-
ane inhibits growth of MM.1S and U266 cells adherent to BMSCs,
without cytotoxicity on BMSCs. Furthermore, binding of MM cells
to BMSCs up-regulates secretion of both IL-6 and VEGF, which
further promote MM cell growth, survival, and drug resistance in
the BM milieu. Importantly, azaspirane also blocked secretion of
these cytokines in BMSCs triggered by MM cell binding.

There is growing evidence of a critical role for angiogenesis in
pathogenesis of hematologic malignancies, including MM.56 Con-
versely, thalidomide and other novel agents impair angiogenesis by
decreasing fibroblast growth factor 2 (FGF-2) and VEGF produc-
tion.57 In MM, VEGF is expressed and secreted by tumor cells as
well as BMSCs and induces growth, survival, and migration of
MM cells.35,36 We have previously reported that novel agents55,66,67

and AS2O3
39 inhibit the direct effects of VEGF on MM cells, as well

as angiogenesis. A recent study reported that vasculogenesis and
angiogenesis contribute to MM progression, due to tumor cell
growth, invasion, and dissemination.38 In this study, azaspirane
inhibited both IL-6 and VEGF secretion in BMSCs, as well as
blocked generation of capillary networks in HUVECs that accom-
pany tumor progression.

Having shown the ability of azaspirane to overcome drug
resistance in vitro, we then assessed its activity against human MM
cells in a SCID mouse model. Azaspirane inhibits tumor growth in
the MM xenograft model, using human OPM1 MM cell lines in
SCID mice. This result suggests that azaspirane can similarly target
human MM cells in the BM microenvironment in vivo.

In summary, azaspirane can inhibit MM cell growth, survival,
and drug resistance within the BM milieu both in vitro and in vivo.
Our results, therefore, provide the preclinical framework for
clinical trials of this agent to improve patient outcome in MM.
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