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NEOPLASIA

Hsp27 inhibits release of mitochondrid protein Smac in multiple myelomacells
and confers dexamethasone resstance

Dharminder Chauhan, Guilan Li, Teru Hideshima, Klaus Podar, Constantine Mitsiades, Nicholas Mitsiades, Laurence Catley, Yu Tzu Tali,
Toshiaki Hayashi, Reshma Shringarpure, Renate Burger, Nikhil Munshi, Yasuyuki Ohtake, Satya Saxena, and Kenneth C. Anderson

Smac, second mitochondria-derived activa-
tor of caspases, promotes apoptosis via
activation of caspases. Heat shock protein
27 (Hsp27) negatively regulates another mi-
tochondrial protein, cytochrome ¢, during
apoptosis; however, the role of Hsp27 in
modulating Smac release is unknown. Here
we show that Hsp27 is overexpressed in

both dexamethasone (Dex)-resistant mul-
tiple myeloma (MM) cell lines (MM.1R, U266,
RPMI-8226) and primary patient cells. Block-
ing Hsp27 by an antisense (AS) strategy
restores the apoptotic response to Dex in
Dex-resistant MM cells by triggering the
release of mitochondrial protein Smac, fol-
lowed by activation of caspase-9 and

caspase-3. Moreover, AS-Hsp27 overcomes
interleukin-6 (IL-6)-mediated protection

against Dex-induced apoptosis. These data
demonstrate that Hsp27 inhibits the release

of Smac, and thereby confers Dex resistance

in MM cells. (Blood. 2003;102:3379-3386)

© 2003 by The American Society of Hematology

Introduction

Multiple myeloma (MM) remains fatal despite all available thera-
pies. Initial treatment with dexamethasone (Dex) effectively in-
duces MM cell death; however, prolonged drug exposures result in
the development of de novo chemoresistance.? The mechanisms
mediating Dex-resistance in MM cells are multifactorial. Interleu-
kin-6 (IL-6),% insulin-like growth factor | (IGF-1),* fibroblast
growth factor receptor-3,> and Bcl2¢ confer Dex resistance in MM
cells. Dex resistance has a so been linked to the bone marrow (BM)
microenvironment, including extracellular matrix proteins’ and
BM stromal cells. Elevated levels of heat shock protein 27 (Hsp27)
transcripts have been observed in MM versus normal cells,® and
our prior oligonucleotide array study showed that Hsp27 mRNA is
highly expressed in Dex-resistant MM cells versus Dex-sensitive
MM cells®10 To date, however, the functional significance of
Hsp27 in MM cells remains undefined.

Here we show that blocking Hsp27 by antisense (AS) strategy is
associated with these events. (1) restoration of sensitivity to Dex
and induction of apoptosis viathe release of mitochondrial protein
Smac (second mitochondria-derived activator of caspases), fol-
lowed by activation of caspase-9 and caspase-3, as well as (2)
abrogation of the IL-6-mediated protective effect against Dex-
induced apoptosis. These studies provide the first evidence that
Hsp27 negatively regulates Smac-mediated apoptosis and thereby
confers Dex resistancein MM cells.

Patients, materials, and methods

Cell culture and reagents

Dex-sensitive MM.1S and Dex-resistant MM.1R human MM cell lines!:12
were kindly provided by Dr Steven Rosen (Northwestern University,

Chicago, IL). RPMI-8226 and U266 MM cell lines were obtained from the
American Type Culture Collection (Rockville, MD). All cell lines were
grown in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/mL penicillin, 100 pwg/mL streptomycin,
and 2 mM L-glutamine. Drug-resistant cell lines were cultured with Dex to
confirm their lack of drug sensitivity. The primary cells were freshly
isolated from patients either responsive to Dex or relapsing after prior Dex
therapy. Informed consent was obtained from all patients in accordance
with the Helsinki protocol. Mononuclear cells were prepared from MM
patient BM samples by Ficoll-Hypaque density gradient centrifugation.
Tumor cells (CD138% 97% = 2.0%) were isolated by CD138" selection
method™? using CD138 (Syndecan-1) microbeads and the autoMACS
magnetic cell sorter, according to the manufacturer’sinstructions (Miltenyi
Biotec, Auburn, CA). CD138" myelomacellswere viable (94%-97%) for 2
to 3 weeks in vitro. Cells were treated with 5 uM Dex or eucayptus
bioflavonoids (Quercitin, 10 uM; Sigma Chemical, St Louis, MO).

Cell viability assays

Cell viability was assessed by 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT; Chemicon International, Temecula, CA) assay
according to manufacturer’s instructions (Roche Molecular Biochemicals,
Indianapolis, IN), with some modifications. Cells were seeded in 96-well
plates in RPMI 1640 medium containing 5% FBS. Dex or Eucalyptus
bioflavonoids were added 24 hours later and incubated for 72 hours. Cell
viability was evaluated as previously described.1213

Quantification of apoptosis

Dual-fluorescence staining with DNA-binding fluorochrome Hoechst 33342
(HO) and propidium iodide (Pl) was used to quantitate the percentage of
apoptotic (PI"HO™) cells using flow cytometry (The Vantage, Becton
Dickinson, Franklin Lakes, NJ), as previously described.* Apoptosis was
also assessed by annexin V staining for externalization of phosphatidylser-
ine, asin prior studies.®
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Preparation of S-100 cytosolic fractions

MM.1R MM cells were washed twice with phosphate-buffered saline
(PBS), and the pellet was suspended in 5 mL ice-cold buffer A (20 mM
HEPES[N-2-hydroxyethyl piperazine-N’-2-ethanesulfonic acid], pH 7.5,
1.5 mM MgCl,, 10 mM KCI, 1 mM EDTA [ethylenediaminetetraacetic
acid], 1 mM EGTA [ethylene glycol tetraacetic acid], 1 mM dithiothrei-
tol [DTT], 0.1 mM phenylmethylsulfonyl fluoride [PMSF], 10 png/mL
each leupeptin, aprotinin, and pepstatin A) containing 250 mM sucrose.
Cells were homogenized by douncing 3 times in a Dounce homogeni zer
with a sandpaper-polished pestle. Cytosolic fractions were isolated as
previously described.12

Western blotting

Total cell lysates and cytosolic extracts were prepared and Western blot
analysis was performed, as previously described.'® Briefly, equal
amounts of proteins were resolved by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes; filters were blocked by incubation in 5% dry
milk in PBST (0.05% Tween-20 in PBS), and probed with anti-Hsp27,
anti-Hsp70, anti—green fluorescent protein (anti-GFP), anti—caspase-3,
anti—poly(adenosine diphosphate ribose) polymerase (anti-PARP), anti-
tubulin (Santa Cruz Biotechnology, CA), anti—cyto-c, anti-Smac (kindly
provided by Dr Xiaodong Wang, University of Texas Southwestern
Medical Center at Dallas), anti—caspase-3, anti-SHP2 (Santa Cruz
Biotechnology), or antiactin antibodies (Sigma Chemical). Blots were
then developed by enhanced chemiluminescence (ECL; Amersham,
Arlington Heights, IL). The immunoblots were scanned using an LKB
Produkter (Bromma, Sweden) Ultrascan XL laser densitometer and
analyzed with the Gelscan software package (Bromma, Germany).
Signal intensity was determined in alinear range and normalized to that
for tubulin, GFP, or Hsp70. Preparation of cell lysates for PARP
immunoblot analysis was performed as described using C-2-10 anti-
PARP monoclonal antibody.'”

Caspase activity assay

Caspase-9 activation was determined using LEHD-pNA as a substrate, as
per the manufacturer’s instructions (colorimetric assay kit; Biovision, Palo
Alto, CA) and as previously described.!8

Hsp27 expression construct and transient transfections

Hsp27 expression construct and transient transfection Hsp27 cDNA were
amplified using synthesized primers, Hsp27-5 (5'-GACGTCCAGAGCA-
GAGTCAGCCAG-3') and Hsp27-3 (5'-GGTGGTTGCTTGAACTTTATT-
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TGAG-3'). Conditions for the polymerase chain reaction (PCR) were as
follows: denaturing for 1 minute at 94°C, followed by 30 cycles of
denaturing for 30 seconds at 94°C, and elongation for 4 minutes. The
elongation temperature was 72°C for theinitial 5 cycles, 70°C for thenext 5
cycles, and 68°C for the last 20 cycles. The PCR product was cloned into
pCR2.1 vector, and its DNA sequence was confirmed. Hsp27 cDNA was
then recloned into the EcoRI site of the expression vector pTracer-SV40
(containing GFP; Invitrogen, Carlsbad, CA) in sense or AS orientation.
MM.1R, MM.1S, U266, and RPMI-8226 MM cells were transiently
transfected using cell line Nucleofector kit V, according to the manufac-
turer’s instructions (Amaxa Biosystems, Cologne, Germany).1® GFP* cells
were selected by flow cytometry and treated with Dex (5 wM) for 24, 48,
and 72 hours, followed by analysis for cell viability, apoptosis, and protein
expression as described. Scrambled oligodeoxynucleotides (ODNs) were
also used as another control.

Mitochondrial membrane potential (AWm)
and superoxide (O5) generation

Cells were treated with Dex (5 wM) for 24 hours, stained with lipophilic
cationic dye CMXRos (Mitotracker Red; Molecular Probes, Eugene, OR)
in PBSfor 20 minutes at 37°C, and analyzed by flow cytometry to assay for
alterationsin A¥m, as previously described.2’ Dex-treated cells were also
stained with membrane permeable dye dihydroethidium (HE) followed by
flow cytometric analysis, as previously described.?! Superoxide anions
oxidize HE to fluorescent ethidium, which permits analysis by flow
cytometry (The Vantage, FACScan, Becton Dickinson) using excitation at
480 nm and emission at 630 nm.

Results

Expression of Hsp27 in Dex-sensitive versus Dex-resistant MM
cells and its functional significance

First, we determined whether Hsp27 is differentially expressed in
Dex-sengitive (MM.1S) and Dex-resistant (MM.1R, U266, RPMI-
8226) cells and then, whether treatment of these cells with Dex
induces PARP cleavage, a signature event during apoptosis.?? Total
protein lysates were subjected to immunoblot analysis with anti-
Hsp27 antibody. As seen in the upper panel of Figure 1A, Hsp27
protein levels are higher in MM.1R, U266, and RPMI-8226 cells
compared to MM.1S cells. The differences in Hsp27 levels are
specific because no changes in tubulin levels were observed
(Figure 1A, lower panel). Patterns of Hsp27 protein levels are

Patient no. 4

Patient no. 3

Figure 1. Expression of Hsp27 correlates with Dex
sensitivity and Dex resistance in MM cells. (A) Total
cell lysates from MM.1S, MM.1R, RPMI-8226, and U266
MM cells were prepared. Lysates were separated by 10%
SDS-PAGE and analyzed by immunoblotting (1B) with
anti-Hsp27 or anti—tubulin antibodies. (B) Cells were

1B::antitubulin treated with 5 uM Dex for 24 hours and analyzed for
apoptosis by PARP cleavage. Lysates were subjected to
immunoblot analysis with anti-PARP antibody. (C,E) Ex-
Dex pression of Hsp27 in purified patient MM cells. Lysates
o —y from patient MM cells (Dex sensitive, patients no. 1 and
g‘ g 4) and (Dex resistant, patients no. 2 and 3) were
= z subjected to immunoblot analysis with anti-Hsp27 and
é % antitubulin antibodies. (D,F) Patient MM cells were treated
a a with 5 .M Dex for 24 hours and analyzed for apoptosis by
-=—PARP-FL PARP cleavage. Lysates were subjected to immunoblot
-a—PARP-CF analysis with anti-PARP antibody. Blots are representa-
tive of 3 independent experiments with similar results. FL

1B: anti-PARP indicates full length; CF, cleaved fragment.
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consistent with mRNA levels, as previously shown.® Moreover,
Dex induces apoptosis in MM.1S but not in MM.1R, U266, or
RPMI-8226 cells, as evidenced by PARP cleavage (Figure 1B).
Similar results were obtained in Dex-sensitive (patients 1 and 4)
and Dex-resistant (patients 2 and 3) patient MM cells (Figure
1C-F). Together, these findings indicate that high Hsp27 expression
correlates with nonresponsiveness to Dex in MM cells; conversely,
low expression of Hsp27 is associated with Dex sensitivity.

Inhibition of Hsp27 restores sensitivity in Dex-resistant
MM cells

We next directly examined whether inhibition of Hsp27 affects
responsiveness to Dex. MM.1R cells were transfected with anti-
sense to Hsp27 (AS-Hsp27) and analyzed for alterations in
endogenous Hsp27 protein expression. As seen in the upper panel
of Figure 2A, the exogenous expression of AS-Hsp27 markedly
reduces the expression of endogenous Hsp27, without altering
cellular Hsp70 protein levels (Figure 2A lower panel). These data
provide the functional specificity of AS-Hsp27.

To determine whether inhibition of Hsp27 in MM.1R cells
restores sensitivity to Dex in these cells, AS-Hsp27-transfected
cells were treated with Dex for 24, 48, and 72 hours and assessed
for changesin cell viability by an MTT assay. Asseenin Figure 2B,
treatment of AS-Hsp27-transfected cells with Dex resulted in
significant decreases in cell viability (P = .05, as determined by
one-sided Wilcoxon rank sum test). Dex did not alter the viability
of control vector-transfected MM.1R cells. To further provide
specificity of AS-Hsp27, cells were also treated with scrambled
ODNs and analyzed for effects on Dex sensitivity; no significant
difference in cell viability was observed after Dex treatment of
these MM.1R cells (data not shown).

To determine whether Dex induces apoptosis in AS-Hsp27—
transfected MM. 1R cells, cellswere analyzed using both annexin V
staining and PARP cleavage activity. As seen in Figure 3A, Dex
triggers apoptosis in AS-Hsp27-transfected, but not in either
nontransfected or control vector-transfected MM.1R cells. Impor-
tantly, transfection of AS-Hsp27 alone does not induce apoptosisin
MM.1R cells (Figure 3A). Examination of PARP cleavage, a
hallmark of apoptosis, demonstrated similar results. As seen in
Figure 3B, Dex induces proteolytic cleavage of PARPinAS-Hsp27—
transfected, but not in control vector-transfected, MM.1R cells. To
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MM.1R cells B As-Hspz7
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Tt 80
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Dex-resistant (MM.1R) cells

Figure 2. Blockade of Hsp27 by AS-Hsp27 restores sensitivity to Dex in MM.1R
cells. (A) Functional specificity of AS-Hsp27 was determined by subjecting protein
lysates from AS-Hsp27—transfected or control vector—transfected cells to immunoblot
analysis with anti-Hsp27 (upper panel) or anti-Hsp70 antibodies (lower panel). (B)
MM.1R cells were transiently transfected with cDNA construct containing GFP-
tagged AS-Hsp27 () or with GFP-empty vector (H). Following transfections, GFP*
cells were selected by flow cytometry; treated with Dex (5 wM) for 24, 48, or 72 hours,
and analyzed for cell viability by MTT assay (P = .05, as determined by one-sided
Wilcoxon rank sum test). Error bars represent standard deviation.

ROLE OF Hsp27 IN MM 3381

exclude the possibility that this event is specific to MM.1R cells,
we performed similar experiments using other Dex-resistant MM
cell lines U266 and RPMI-8226. As seen in panels C and E in
Figure 3, Dex induces apoptosis in AS-Hsp27—transfected cells but
not in control vector—transfected cells. Additionaly, exogenous
expression of AS-Hsp27 in both U266 and RPMI-8226 cells
markedly reduces the expression of endogenous Hsp27 (Figure
3D,F upper panels), without altering the cellular tubulin protein
levels (Figure 3D,F lower panels). These data confirm the func-
tional specificity of AS-Hsp27. Taken together, these findings
demonstrate that inhibition of Hsp27 by AS-Hsp27 restores Dex
responsiveness in otherwise Dex-resistant MM cells.

Overexpression of Hsp27 confers Dex-resistance
in MM cells

Given that Hsp27 protein levels are significantly lower in Dex-
sensitive MM. 1S cells vis-&vis Dex-resistant MM.1R cells, we
next asked whether exogenous expression of Hsp27 wild-type
(WT) would confer Dex resistance in Dex-sensitive MM. 1S cells.
Asseen in the upper panel of Figure 4A, transfection of Hsp (WT),
but not control vector, led to amarked increase in the Hsp27 levels.
Expression Hsp27 (WT) does not ater the endogenous tubulin
protein levels (Figure 4A, lower panel). Importantly, as seen in
Figure 4B, Hsp27 (WT)—transfected cells survive significantly
longer than control vector-transfected MM. 1S cells after treatment
with Dex (P = .04, as determined by Wilcoxon rank sum test).
Together, these data demonstrate the ability of Hsp27 to confer Dex
resistance in MM cells; conversely, inhibition of Hsp27 restores
sensitivity to Dex.

Effect of inhibition of Hsp27 on Dex sensitivity in the patient
MM cells

To confirm whether our in vitro findings in MM cell lines are
reproducible in patient MM cells, we examined the effect of
inhibition of Hsp27 on Dex sensitivity in purified patient MM cells.
Tumor cellswere purified from BM aspirates by CD138" selection
using CD138 microbeads and the autoMACS magnetic cell sorter.
Due to lack of adequate transfection efficiency in primary patient
cells, we used aknown biochemical inhibitor of Hsp27, eucalyptus
bioflavonoids. MM cells were obtained from patients refractory to
Dex therapy (patients A-C, Figure 5), treated with Dex, Dex plus
eucalyptus bioflavonoids, or eucalyptus bioflavonoids alone for 48
hours, and analyzed for both apoptosis and cell viability.

Asseenin Figure 5, treatment of cellswith Dex plus eucalyptus
bioflavonoids triggers a significant increase in percentage of
apoptotic cells (PI"HO™ cell population), whereas neither Dex nor
eucalyptus bioflavonoids aone induces apoptosis in these cells
(median percent apoptotic cells for Dex plus eucalyptus biofla-
vonoids, 76.3% *+ 4.3%; Dex, 7.7% =+ 0.6%; and eucalyptusbiofla-
vonoids, 9%; P < .003; n = 3). Examination of cell viability by an
MTT assay showed similar results; treatment of cellswith Dex plus
eucalyptus bioflavonoids induced a significant lossin cell viability,
whereas neither Dex nor eucal yptus bioflavonoids alone decreased
cell viability (median viability for Dex plus eucalyptus biofla-
vonoids, 33% = 1.3%; Dex, 97.3% = 2.1%; and eucalyptus biofla-
vonoids, 95%; P < .003). Taken together, these results suggest that
inhibition of Hsp27 in Dex-refractory patient cells renders these
cells sensitive to Dex therapy.
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Figure 3. Dex triggers apoptosis in AS-Hsp27-transfected Dex-resistant cells. (A,B) MM.1R cells were transiently transfected with either GFP-tagged AS-Hsp27 (WT) or
with empty vector. Following transfections, GFP* cells were selected by flow cytometry; treated with Dex (5 wM) for 72 hours, and analyzed for apoptosis by annexin V staining
(A) and PARP cleavage (B). Median apoptosis was 73% = 2% in response to Dex plus AS-Hsp27 and 8.1% = 0.6% in response to Dex plus vector alone (P < .003; n = 3).
Cells were also treated with 5 uM Dex for 24 hours and analyzed for apoptosis by PARP cleavage. Lysates were subjected to immunoblot analysis with anti-PARP antibody. Blot
shown is representative of 3 independent experiments with similar results. FL indicates full length; CF, cleaved fragment. (C) U266 cells were transiently transfected with either
GFP-tagged AS-Hsp27 (WT) or with empty vector. Following transfections, GFP* cells were selected by flow cytometry; treated with Dex (5 M) for 72 hours, and analyzed for
apoptosis by annexin V staining. Median apoptosis was 74% for Dex plus AS-Hsp27 and 6% for Dex plus vector alone (P < .004; n = 3). (D) Functional specificity of AS-Hsp27
was determined by subjecting protein lysates from AS-Hsp27—transfected or control vector-transfected U266 MM cells to immunoblot analysis with anti-Hsp27 (upper panel) or
anti—tubulin antibodies (lower panels). (E) RPMI-8226 cells were transiently transfected with either GFP-tagged AS-Hsp27 (WT) or with empty vector. Following transfections, GFP™ cells
were selected by flow cytometry; treated with Dex (5 M) for 72 hours, and analyzed for apoptosis by annexin V staining. Median apoptosis was 67% for Dex plus AS-Hsp27 and 9% for
Dex plus vector alone (P < .005; n = 3). (F) Functional specificity of AS-Hsp27 was determined by subjecting protein lysates from AS-Hsp27-transfected or control vector-transfected
U266 MM cells to immunoblot analysis with anti-Hsp27 (upper panel) or anti—tubulin antibodies (lower panel). Error bars in A, C, and E represent standard deviation.

Inhibition of Hsp27 enables Dex to trigger loss of mitochondrial
membrane potential (A¥m) and generation of superoxide
anions (0O3)

(ROS), including O5; release of cytochrome c (cyto-c) and Smac
(second mitochondria-derived activator of caspase) from mitochon-
dria to cytosol; and activation of downstream caspases.?>28 Given
that Hsp27 blocks apoptosis by preventing the release of cyto-c,2
we next asked whether abrogation of the Hsp27 protective function
in Dex-resistant MM.1R cells would restore mitochondria-
mediated apoptotic signaling. MM.1R cells were transfected with
GFP-AS-Hsp27 or control GFP-vector and GFP* cells were
selected and treated with Dex. Cytosolic extracts were analyzed for
the loss of AWm by CMXRos staining and superoxide (O3)
generation by dihydroethidium (HE) staining, followed by flow
cytometric analysis?® As seen in Figure 6A, Dex triggers a

We next examined the molecular mechanism whereby Hsp27
modulates Dex-induced responses in MM cells. In this context, a
recent study showed that Hsp27 protects against apoptosis through
itsinteraction with cytosolic cytochrome c, thus establishing alink
between Hsp27 and mitochondria signaling.23

Stress-induced apoptosis correlates with mitochondria-related
events: loss of A¥m?* and generation of reactive oxygen species

A B - significant decrease in AWYm, as measured by an increase in
= . eabT  CMXRos~ cells in AS-Hsp27-transfected, but not control vector-

MM.1S cells S 1 i
T g transfected MM.1R cells (P < .003; n = 3). Importantly, neither
Hsp27 (WT) . &+ ; m a Dex nor AS-Hsp27 alone alters AYm in MM.1R cells (Figure 6A).
~=— Hsp27 e Because loss of A¥m is associated with O, production,?*3° we
il - 8 next determined whether Dex affects O, generation. As seen in

&S = tubulin o . . . -

IB: antitubulin 2 Figure 6B, Dex triggers generation of O; in AS-Hsp27-transfected
= MM.1R cells. Neither Dex nor AS-Hsp27 alone aters O, produc-

tion in these cells (Figure 6B). These results are consistent with our
recent study showing that Dex alone does not alter O, generation.3!
Taken together, these findings suggest that inhibition of Hsp27 isa
prerequisite for both loss of AWm and O, generation during
Dex-triggered apoptosisin MM.1R cédlls.

Dex (S5pM O 12h  24h 48h T72h
Dex-sensitive (MM.15) cells

Figure 4. Expression of Hsp27 (WT) in Dex-sensitive MM.1S cells increases
resistance to Dex. (A) Functional specificity of Hsp27 (WT) was determined by
subjecting protein lysates from Hsp27 (WT)-transfected or control vector—
transfected MM.1S cells to immunoblot analysis with anti-Hsp27 (upper panel) or
anti-tubulin antibodies (lower panels). Blots are representative of 3 independent

experiments with similar results. (B) MM.1S cells were transiently transfected with Hsp27 negatively regulates the release of mitochondrial protein

cDNA expression construct containing GFP-tagged Hsp27 (WT) (@) or with empty
vector alone (H). GFP™ cells were selected by flow cytometry, treated with Dex (5 M)
for 12, 24, 48, or 72 hours, and analyzed for cell viability by an MTT assay. Median
viability was 30% (24 hours), 10% (48 hours), and 4% (72 hours) after Dex treatment
of empty vector—transfected cells and 79% (24 hours), 63% (48 hours), and 54% (72
hours) after Dex treatment of Hsp27 (WT)-transfected MM.1S cells (P = .04, as deter-
mined by one-sided Wilcoxon rank sum test). Error bars represent standard deviation.

Smac and activation of downstream caspase cascade

Alteration of AWm leads to the release of mitochondrial apopto-
genic proteins cyto-c and Smac, with subsequent activation of
caspase-9 and caspase-3.2632 We therefore next examined whether
Dex treatment of AS-Hsp27—-transfected cellsinducesthe rel ease of
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Figure 5. Inhibition of Hsp27 sensitizes Dex-refractory patient MM cells to Dex.
Purified MM cells (CD138*) from Dex-refractory patients (patients A-C) were treated
with Dex, eucalyptus bioflavonoids, or Dex plus eucalyptus bioflavonoids for 48
hours, and analyzed for apoptosis by flow cytometric analysis using dual-
fluorescence staining with DNA-binding fluorochrome Hoechst 33342 (HO) and
propidium iodide (PI). PI~ and HO* stained cells represent apoptotic cells. Error bars
represent standard deviation.

Smac and cyto-c. As seen in the first panel of Figure 7A,
Dex-induces Smac release in AS-Hsp27—transfected MM.1R cells.
Noincreasein the cytosolic cyto-c was observed (Figure 7A second
panel). Expression of endogenous Hsp27, but not of Hsp70, is
markedly reduced by exogenous AS-Hsp27, confirming the func-
tional importance of Hsp27 and specificity of AS-Hsp27 (Figure
7A, third and fourth panels). Immunoblotting with anti-GFP
antibody demonstrated equal transfection efficiency (Figure 7A
fifth panel). Asanegative control, transfection of ASto Hsp70 does
not sensitize MM.1R cellsto Dex or trigger Smac rel ease (data not
shown). Furthermore, treatment of AS-Hsp27-transfected MM.1R
cells with Dex induces caspase-9, caspase-3, and PARP cleavage,
without similar changes in control vector-transfected cells (Figure
7B and C, respectively). Importantly, neither Dex nor AS-Hsp27
alone induces caspase-9, caspase-3, or PARP cleavage. In contrast,
treatment of AS-hsp27—transfected MM. 1R cellswith Dex does not
activate caspase-8 (data not shown). Taken together, these findings
demonstrate that the combination of AS-Hsp27 and Dex triggers
apoptosisin MM.1R cells via Smac greater than caspase-9 greater
than caspase-3 greater than PARP.

These data are consistent with our prior study showing that
Dex-induced apoptosis in MM.1S (Dex-sensitive) cells is associ-
ated with release of Smac, but not cyto-c'® (Figure 7D). The present
findings further show that (1) Hsp27 confers Dex resistance and (2)
blocking Hsp27 restores Dex-sensitivity via Smac-mediated apopto-
ticsignaling in these cells.

Blocking Hsp27 disables IL-6—-mediated protective effects
against Dex-induced apoptosis

We and others have shown that IL-6 protects against Dex-induced
apoptosis. 183336 We therefore next examined whether IL-6 simi-
larly prevents Dex-induced apoptosis in AS-Hsp27-transfected
MM.1R cells. As seen in Figure 8A, IL-6 does not block
Dex-triggered apoptosis in AS-Hsp27—transfected cells. We next
determined in MM.1S Dex-sensitive cells (1) whether inhibition of
Hsp27 enhances the anti-MM activity of Dex, and (2) whether IL-6
protects against Dex plus AS-Hsp27-triggered apoptosis. MM.1S
cells were transfected with AS-Hsp27 and control vector; cells
were then treated with Dex, in the presence or absence of IL-6, and
analyzed for apoptosis. As seen in Figure 8B, AS-Hsp27 increases
Dex-induced apoptosis in MM.1S cells. Importantly, IL-6 fails to
protect against AS-Hsp27 plus Dex-induced cell death in these
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cells (Figure 8B). As a control, IL-6 prevents Dex-induced
apoptosis in control vector-transfected MM. 1S cells (Figure 8B).
These data show that AS-Hsp27 not only overcomes Dex resis-
tance, but also abrogates the protective effect of IL-6 against
Dex-induced apoptosis.

Discussion

In the present study, we demonstrate the following: (1) Hsp27
confers Dex resistance in MM cells; (2) blocking Hsp27 by AS to
Hsp27 restores sensitivity to Dex in Dex-resistant MM cells; (3)
inhibition of Hsp27 enables Dex to trigger apoptosis via mitochon-
drial apoptotic pathway involving the loss of AWm, generation of
O, release of Smac, and caspase-9/caspase-3 activation; and (4)
the combination of AS-Hsp27 and Dex overcomes the antiapoptotic/
prosurvival effects of IL-6 (Figure 8C).

Our prior study using oligonucleotide arrays showed that Hsp27
transcripts are up-regulated in Dex-resistant MM.1R cells com-
pared to Dex-sensitive MM.1S MM cells.® In the current study, we
show that Hsp27 protein levels are also similarly high in MM.1R
cellsversus MM.1S cells. Our results further demonstrate that Dex
resistance in MM cells is associated with high Hsp27 expression.
These findings are consistent with various other studies that link
between Hsp27 and chemoresistance in different cell types. For
example, higher than normal levels of Hsp27 expression are
commonly detected in breast,%” prostate,®® ovarian,® and oral
squamous carcinoma cancers,*® as well as in Hodgkin disease.*
Together, these data suggest a role of Hsp27 in conferring Dex
resistancein MM cells.

We next determined the functiona significance of Hsp27
expression in MM cells. Blockade of Hsp27 expression using an
AS strategy restores Dex sensitivity in otherwise Dex-resistant
MM cells. Conversely, ectopic expression of wild-type Hsp27 in
Dex-sensitive MM cell renders these cells resistant to Dex.
Furthermore, treatment with the biochemical inhibitor of Hsp27
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Figure 6. Dex induces alterations in mitochondrial membrane potential (A¥m)
and superoxide (Oz) generation in AS-Hsp27-transfected MM.1R cells. (A)
MM.1R cells were transiently transfected with either GFP-tagged AS-Hsp27 (WT) or
with empty vector. Following transfections, GFP* cells were selected by flow
cytometry; treated with Dex (5 wM) for 24 hours, incubated with CMXRos for the last
20 minutes, and analyzed by flow cytometry to assay for alterations in A¥Ym. Results
are mean + SD of 3 independent experiments (P < .003). (B) AS-Hsp-27 or
vector-transfected MM.1R cells were treated with Dex (5 M) for 24 hours, harvested,
stained with membrane permeable dye dihydroethidium (HE) for the last 15 minutes,
and analyzed by flow cytometry. Results are mean * SD of 3 independent
experiments (P < .005). Superoxide anions oxidize HE to fluorescent ethidium,
permitting analysis by flow cytometry (The Vantage, FACScan, Becton Dickinson)
using excitation at 480 nm and emission at 630 nm.
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Figure 7. AS-Hsp27 induces the release of mitochondrial protein Smac and activates downstream caspase cascade. (A) Ectopic expression of AS-Hsp27 in MM.1R
cells restores apoptosis in response to Dex via Smac release. MM.1R cells were transfected with GFP vector alone or GFP—-AS-Hsp27. GFP* cells were isolated and treated
with Dex (5 pM). Cytosolic extracts from these cells were separated by SDS-PAGE and analyzed by immunoblotting with anti-Smac and anti—cyto-c antibodies (first and
second panels, respectively). Expression and functional specificity of AS-Hsp27 was determined by immunoblotting with anti-Hsp27 and anti-Hsp70 antibodies (third and fourth
panels, respectively). As a control for equal transfections, filters were reprobed with anti-GFP antibody (fifth panel). Blots are representative of 3 independent experiments with
similar results. (B) Dex triggers caspase-9 activation. MM.1R cells were transfected with GFP vector alone or GFP—-AS-Hsp27. GFP ™" cells were isolated and treated with Dex
(5 nM) for 48 hours and harvested. Caspase-9 activation was determined by subjecting cytosolic extracts for protease activity using LEHD-pNA as substrate. Results are
representative of 3 independent experiments (P < .005; n = 3). Error bars represent standard deviation. (C) Dex triggers caspase-3 and PARP cleavage in
AS-Hsp27-transfected MM.1R cells. Cytosolic extracts from the cells were subjected to immunoblot analysis with anti-caspase-3 (upper panel), anti-tubulin (middle panel), or
anti-PARP (lower panel) antibodies. Blots are representative of 3 independent experiments with similar results. (D) MM.1S cells treated with Dex (5 wM) for 24 hours; cytosolic
extracts were prepared and subjected to immunoblot analysis with anti-Smac (upper panel), anti—cyto-c (middle panel), or anti-tubulin (lower panel) antibodies. Blots are
representative of 3 independent experiments with similar results.

eucalyptus hioflavonoids markedly increases Dex sensitivity in
primary patient MM cells, confirming our in vitro observations in
MM cell lines. Our data are consistent with a recent report
demonstrating a similar role of Hsp27 in cisplatin-resistant human
ovarian cancer cells!® and doxorubicin-resistant colorectal cancer
cells*? Taken together, these findings demonstrate that Hsp27
confers Dex resistance in MM cells.

The mechanisms mediating the cytoprotective function of
Hsp27 are unclear. Multiple studies demonstrate a potential
involvement of Hsp27 in negatively regulating mitochondrial
apoptotic signaling,*® thereby allowing increased drug resistance

and survival. Mitochondria harbor 2 key modulators of apoptosis,
cyto-c and Smac.*+*> During stress, these mitochondrial proteins
are released to cytosol where they activate the caspase cascade and
cause subsequent cell death.?> Prior studies showed that Hsp27
inhibits cyto-c release and prevents related cell death.234647 In the
present study, we further demonstrate that Hsp27 also inhibits the
release of another mitochondrial protein, Smac, thereby allowing
increased survival and resistance to Dex in MM cells. Blocking
Hsp27 using an AS strategy restores sensitivity to Dex in Dex-
resistant MM cells via activation of Smac-mediated caspase-9/
caspase-3 apoptotic signaling. These findings, coupled with other
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Figure 8. IL-6 does not protect against Dex-induced apoptosis in AS-Hsp27-transfected cells. (A) MM.1R cells were transfected with GFP vector alone or
GFP-AS-Hsp27. Following transfections, GFP* cells were selected by flow cytometry, treated with Dex (5 M) in the presence or absence of IL-6 (100 ng/mL) for 48 hours, and
analyzed for apoptosis by dual-fluorescence staining with DNA-binding fluorochrome Hoechst 33342 (HO) and propidium iodide (PI). PI-- and HO*-stained cells represent
apoptotic cells. Median percent apoptotic cells: Dex plus vector = 6.4%; Dex plus AS-Hsp27 = 78.6% =+ 5.6%; AS-Hsp27 = 9.3%; and Dex plus AS-Hsp27 plus
IL-6 = 76.3% * 2.1%. Results are mean = SD from 3 independent experiments; P < .003. (B) MM.1S cells were transfected with GFP vector alone or GFP—AS-Hsp27.
Following transfections, GFP* cells were selected by flow cytometry; treated with Dex (5 M) in the presence or absence of IL-6 (100 ng/mL) for 48 hours, and analyzed for
apoptosis, as described. Median percent apoptotic cells: Dex plus vector = 76.2% = 3.5%; Dex plus AS-Hsp27 = 84.6% = 5.6%; Dex plus vector plus IL-6 = 20.4% =+ 1.2%;
Dex plus AS-Hsp27 plus IL-6 = 73.4%. Results are mean = SD from 3 independent experiments; P < .003. (C) Schema showing the mechanism whereby inhibition of Hsp27
enables Dex to trigger apoptosis via Smac release in Dex-resistant cells. Dex-induced apoptotic signaling in AS-Hsp27-transfected cells is not blocked by IL-6.
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studies, confirm that Hsp27 mediates its antiapoptotic function, at
least in part, by blocking mitochondria-initiated apoptotic pathways.

Given that Hsp27 is linked to mitochondria, its localization
within the cell is of central importance. In this context, a recent
study reported that a significant pool of Hsp27 resides in the
mitochondria®®4® and functions in a manner similar to another
mitochondria-resident protein Bcl2.5051 Indeed, both these proteins
prevent the release of cyto-c and block apoptosis.®® Preliminary
examination of the Bcl2 and Hsp27 protein levelsin Dex-resistant
versus Dex-sensitive MM cells shows differential expression
patterns of Hsp27, but not of Bcl2 (data not shown). These results
indicate that Hsp27, but not Bcl2, islikely to facilitate Smac release
and confer Dex resistance in MM cells. Alternatively, Hsp27 may
influence the phosphorylation of Bcl2 and coordinate the rel ease of
Smac. Further studies are required to establish the role of Bcl2
vis-avis Hsp27 in MM cell survival and drug resistance.

It has been shown in various studies that Hsp27 interferes with
apoptotic signaling pathways upstream of mitochondria cyto-c
release via modulation of the Bcl2 family member Bid.?3 A recent
study also showed that Hsp27 blocks cyto-c release by maintaining
the integrity of actin network: Hsp27 prevents the translocation of
proapoptotic factors from the actin cytoskeleton to mitochondria,
where they can trigger cyto-c release.235253 |n the present study,
blocking Hsp27 allows Dex to induce Smac release; however, the
underlying mechanism mediating this event remains to be defined.
Our data show that Hsp27 inhibition also prevents both loss of
A¥m and generation of O, further indicating that Hsp27 is
upstream to mitochondria. It is likely that Hsp27 interacts with
either Bcl2 or cytoskeleton proteins to block Dex-initiated apopto-
tic signaling and thereby prevents mitochondria-activated death
signals. Importantly, only a few proteins are encoded by the
mitochondrial genome, and most proteinsresiding in this organelle
are nuclear encoded and synthesized in cytosol.*® Thus, most
proteins translocate from cytosol to mitochondria to perform their
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function. Whether Hsp27 mediates its cytoprotective function by
translocating to mitochondria or preventing translocation of
apoptotic proteins to mitochondria remains to be examined.
Nevertheless, our data demonstrate that Hsp27 modulates
mitochondrial events in MM cells and enables MM cells to
evade the cytotoxic effects of Dex.

Having shown that Hsp27 confers Dex resistance in MM cells,
we next examined whether Hsp27 also coordinates with other
antiapoptotic factors to promote the development of Dex resistance
in these cells. Adhesion of MM cells to bone marrow stromal cells
(BMSCs) triggers secretion of factors such as IL-6 from BMSCs,
which mediate MM growth, survival, and drug resistance.>
Moreover, a high serum level of IL-6 contributes to clinica
chemoresistance and treatment failure.>> We and others have also
shown that IL-6 protects against Dex-induced apoptosis.333> We
therefore asked whether IL-6 blocks Dex-induced apoptosis in
AS-Hsp27-transfected cells. IL-6 failed to prevent Dex-induced
apoptosisin AS-Hsp27-transfected MM.1S or MM.1R cells. These
data show that inhibition of Hsp27 not only overcomes Dex
resistance, but also abrogates the protective effects of 1L-6 against
Dex-induced apoptosis.

Finally, an in vivo relevance of our in vitro studies was derived
from the examination of purified patient MM cells. Inhibition of
Hsp27 aso markedly enhanced Dex sensitivity in patient MM
cells. These results confirmed that inhibition of Hsp27 in Dex-
refractory patient cells renders these cells sensitive to Dex therapy
and suggest apotential therapeutic approach for Dex-resistant MM.
Previous reports demonstrating that synthetic Smac peptides can
enhance the apoptotic activity of chemotherapeutic agents,> coupled
with our present studies showing Hsp27 inhibition sensitizes
Dex-resistant cells via release of mitochondrial Smac, provide the
preclinical rationale for use of Smac peptides or AS-Hsp27 or both
to overcome clinical Dex resistancein MM cells.
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