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Interruption of the NF-xB pathway by Bay 11-7082 promotes UCN-01-mediated
mitochondria dysfunction and gpoptosisin human multiple myelomacells

Yun Dai, Xin-Yan Pei, Mohamed Rahmani, Daniel H. Conrad, Paul Dent, and Steven Grant

Interactions between pharmacologic
NF-kB inhibitors (eg, Bay 11-7082, SN-50)
and the checkpoint abrogator UCN-01
have been examined in human multiple
myeloma (MM) cells. Exposure of U266
cells to Bay 11-7082 (Bay) in combination
with UCN-01 resulted in the abrogation of
NF-kB/DNA binding activity and the syner-
gistic induction of apoptosis. Compa-
rable synergism was observed in other
MM cell lines and patient-derived CD138 *
cells and between an inhibitory peptide of
NF-kB (SN50) and UCN-01. Bay/UCN-01—-
mediated lethality involved mitochondrial
dysfunction, caspase cleavage, and poly
adenosine diphosphate-ribose polymer-

ase (PARP) degradation. Although Bay
modestly blocked UCN-01-induced extra-
cellular signal-regulated kinase (ERK)
phosphorylation, coadministration acti-
vated c-Jun N-terminal kinase (JNK) and
cdc2/cdkl and down-regulated Mcl-1,
XIAP, and Bcl-x .. Transfection with a con-
stitutively activated mitogen-activated
protein kinase kinase (MEK1)/green fluo-
rescent protein (GFP) construct failed to
block apoptosis induced by Bay/UCN-01
but significantly attenuated MEK inhibitor
(U0126)/UCN-01~induced lethality. Inhibit-
ing JNK activation with SP600125 or D-
JNKI1 peptide markedly reduced Bay/UCN-
01-mediated mitochondrial dysfunction and

apoptosis and the down-regulation of Mcl-1,
XIAP, and Bcl-x | but not of cdc2/cdk1 activa-
tion. Stable transfection of cells with domi-
nant-negative caspase-9 dramatically dimin-
ished Bay/UCN-01 lethality without altering
JINK or cdc2/cdk1 activation. Neither interleu-
kin-6 (IL-6)— nor fibronectin-mediated adher-
ence conferred resistance to Bay/UCN-01—
induced apoptosis. Together, these findings
suggest that a strategy combining UCN-01
with disruption of the | kB kinase (IKK)/I B/
NF-kB pathway warrants attention in MM.
(Blood. 2004;103:2761-2770)
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Introduction

Multiple myeloma (MM) is an incurable hematologic malignancy
that arises from the disordered growth of terminally differentiated
plasma cells. The pathophysiologic basis for myeloma has been
attributed to the dysregulation of various autocrine growth factor
loops, including those related to interleukin-6 (IL-6) and IL-1,12
and to perturbations in several survival signal transduction cas-
cades, including the Ras/Raf/mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3 kinase (PI3K)/Akt, Janus kinase
2/signal transducer and activator of transcription 3 (JAK2/STAT3),
and IxB kinase (IKK)/IkB/NF-kB pathways.>> Until recently, the
mainstays of treatment for MM consisted of steroids, cytotoxic
drugs,® and, for those patients who are eligible, bone marrow
transplantation.” However, an improved understanding of the
mechanisms underlying enhanced survival of myeloma cells has
prompted the search for novel agents that might directly block
myelomarrelated survival pathways. Such efforts have recently led
to the successful clinical development of the immunomodulatory
derivatives of thalidomide (IMiDs) and the proteasome inhibitor
bortezomib (Velcade; Millenium, Cambridge, MA), which have
shown impressive activity in patients with progressive MM .89
Despite these advances, the search for additional new agents and
effective strategies against myelomaremains a high priority.
UCN-01 (7-hydroxystaurosporine) is a staurosporine derivative
originally developed as aninhibitor of protein kinase C (PK C)™° but

subsequently found to act as a potent inhibitor of Chk1.1! Disrup-
tion of checkpoint control is felt to be responsible for synergistic
interactions between UCN-01 and various DNA-damaging agents,
including mitomycin C and arabinosylcytosine (ara-C).1214 More
recently, UCN-01 has been shown to function as an inhibitor of
3’-phosphoinositide-dependent kinase 1 (PDK1)/Akt.1> When ad-
ministered in vitro, UCN-01 potently induces apoptosis in human
leukemia cells, including those of myeloid and lymphoid ori-
gin.1617 Clinical trials of UCN-01 are under way,!8 and preliminary
evidence of activity in combination with established cytotoxic
agents has been reported in patients with lymphoid malignancies.’®
Information concerning the activity of UCN-01 in myeloma is
largely lacking, though our group recently described highly syner-
gistic interactions between this agent and pharmacol ogic mitogen-
activated protein kinase kinase (MEK) inhibitors in a variety of
MM cell lines.20

The NF-kB transcription factor has been implicated in the
control of diverse cellular processes, including transformation,
induction of proliferation, suppression of apoptosis, cell invasion,
and angiogenesis among others in oncogenesis.?22 Under basal
conditions, NF-kB remains in the cytoplasm, where it is bound to
and inactivated by inhibitory IxB subunits.?® Phosphorylation of
IkB (eg, by amultiunit IxB kinase consisting of IKKa and IKKR)
results in its proteasomal degradation, thereby permitting nuclear
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translocation of NF-kB and transcriptional activation of target
genes.?4%5 Because of the well-described association between
NF-kB dysregulation and MM,> NF-kB has become an attractive
target for therapeutic intervention in this disease. Bay 11-7082,
(E)-3-(4-methylphenylsulfonyl)-2-propenenenitrile, is an irrevers-
ible inhibitor of IkBa phosphorylation, which increases stabiliza-
tion of IkBa and specifically blocks NF-kB signaling.?® Further-
more, Bay 11-7082 has been shown to be a potent inducer of
apoptosis in leukemia and lymphoma cells.?-?° Although Bay
11-7082 has not undergone clinical development, it represents a
useful pharmacologic tool for dissecting the contribution of NF-«B
signaling to the survival of neoplastic cells, including those of
hematopoietic origin.

No information is available concerning the role that NF-«B
might play in regulating the apoptotic response of neoplastic
hematopoietic cellsto UCN-01. For several reasons, thisissue may
be particularly relevant to MM, adisorder in which NF-xB appears
to play a particularly important role in survival signaling.>% To
address this issue, we examined interactions between UCN-01 and
Bay 11-7082, as well as between the NF-«kB inhibitory peptide
SN-50, in drug-sensitive and -resistant MM cells. Our results
indicate that interruption of the NF-kB pathway markedly in-
creases the sensitivity of myeloma cells to UCN-01-induced
lethality in association with diverse perturbationsin signal transduc-
tion and cell cycle regulatory proteins. Collectively, these findings
suggest that astrategy combining the checkpoint abrogator UCN-01
with disruption of the NF-kB survival pathway deserves further
investigation in plasmacell dyscrasias.

Materials and methods

Cells and reagents

The human MM cell line U266 was purchased from ATCC (Rockuville,
MD). Dexamethasone-sensitive (MM.1S) and -resistant (MM.1R) human
MM cell lines were kindly provided by Dr Steven T. Rosen (Northwestern
University, Chicago, 1L).3! Cells were maintained in 10% fetal bovine
serum (FBS)/RPMI 1640 medium, as described previously.?® U266/
caspase-9 (DN) and U266/3.1 cells were obtained by stable transfection of
cellswith dominant-negative (DN) caspase-9 cDNA (mutation of the active
site cysteine 286 to an alanine)®? or an empty vector (pcDNA3.1), after
which clones were selected with G418. DN caspase-9 cDNA was kindly
provided by Dr Kapil Bhalla (University of South Florida, Tampa). Parental
RPMI 8226 cells and their doxorubicin (Dox40)— and melphalan-resistant
(LR5) sublines were kindly provided by Williams S. Dalton (University of
South Florida). Dox40/8226 and LR5/8226 cells were maintained in RPMI
1640 medium containing 400 nM doxorubicin (Sigma, St Louis, MO) and 5
wM melphalan (Sigma), respectively.2 All experiments were performed
using logarithmically growing cells (4-6 X 10° cells/mL).

UCN-01 waskindly provided by Dr Edward A. Sausville (Developmen-
tal Therapeutics Program/CTEP; National Cancer Ingtitute), dissolved in
dimethyl sulfoxide (DM SO) at a stock concentration of 1 mM and stored at
—20°C and subsequently diluted with serum-free RPMI medium before
use. Bay 11-7082 (an inhibitor of IkBa phosphorylation; Alexis, San
Diego, CA), U0126 (a selective MEK inhibitor; Calbiochem, San Diego,
CA), and SP600125 (a selective c-Jun N-terminal kinase [INK] inhibitor;
Calbiochem) were dissolved in sterile DMSO and stored at —20°C under
light-protected conditions. SN50 (a specific NF-xB inhibitory peptide;
Alexis) and SN50M (control inactive peptide) were dissolved in sterile
PBS, aliquoted, and stored at —20°C. D-JNKI1 (JNK peptide inhibitor 1,
D-stereosomer) and its control peptide, D-TAT, were purchased as solution
from Alexis. Recombinant human IL-6 was purchased from Sigma,
rehydrated in PBS containing 0.1% bovine serum abumin (BSA), ali-
quoted, and stored at —80°C. In al experiments, the final concentration of
DM SO did not exceed 0.1%.
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Transient transfection and cell sorting

MEK1 cDNA (activating mutations of serine 218 and 222 to aspartic acid)
in a pUSEamp vector was purchased from Upstate Biotechnology (Lake
Placid, NY). The MEK1 cDNA inserts were subcloned into pEGFP-C2
vector (Clontech, Palo Alto, CA). U266 cells (2 X 107) were transiently
transfected with MEK1/pEGFP-C2 or its empty vector, respectively. After
24 hours, transfected cells were subjected to fluorescence-activated cell
sorting (FACS) using a Cytomation MoFLO Cell Sorter (DAKO-
Cytomation, Fort Collins, CO). Green fluorescent protein (GFP)—positive
cells were collected and cultured in fresh medium. Purity of GFP* cells
(generally greater than 96%) was monitored by flow cytometry, and cell
viability (greater than 95%) was evaluated by trypan blue exclusion. After
recovery for 4 hours, GFP* cells were treated with the drugs. Following
drug treatment, the percentage of apoptotic cells was determined by
examining Wright-Giemsa—stained cytospin slides under light microscopy,
as described in the next section.

Assessment of apoptosis

The extent of apoptosis was evaluated by assessing Wright-Giemsa—stained
cytospin slides under light microscopy and by scoring the number of cells
exhibiting classic morphologic features of apoptosis. For each condition, 5
to 10 randomly selected fields per slide were evaluated, encompassing at
least 800 cells. To confirm the results of morphologic analysis, in some
cases cells were also evaluated by annexin V—fluorescein isothiocyanate
(FITC) staining and flow cytometry. Briefly, 1 X 10° cellswere stained with
annexin V-FITC (BD PharMingen, San Diego, CA) and 5 pg/mL pro-
pidium iodide (PI; Sigma) in 1X binding buffer (10 mM HEPES
[N-2-hydroxyethyl piperazine-N’ -2-ethanesul fonic acid]/NaOH, pH 7.4, 140
mM NaOH, 2.5 mM CaCl,) for 15 minutes at room temperature in the dark.
Samples were analyzed by flow cytometry within 1 hour to determine the
percentage of cells displaying annexin V* (early apoptosis) or annexin
V*/PI* staining (late apoptosis).

Analysis of mitochondrial membrane potential (Ads,)

Cells (2 X 10°) were stained with 40 nM 3,3-dihexyloxacarbocyanine
(DiOCg; Molecular Probes, Eugene, OR) in PBS at 37°C for 20 minutes and
then analyzed by flow cytometry. The percentage of cells exhibiting
decreased level of DiOCgs uptake, which reflects loss of Ay, was
determined using Becton Dickinson FACScan (Becton Dickinson, San
Jose, CA).

Cell cycle analysis

To assess the effects of various treatments on cell cycle traverse, 1 X 106
cells were resuspended and fixed in 67% ethanol/PBS overnight at 4°C and
were stained with 3.8 mM sodium citrate solution containing 10 p.g/mL PI
and 0.5 mg/mL RNaseA for 6 hoursat 4°C in the dark. Flow cytometry was
used with a Becton Dickinson FACScan (Hialeah, FL) in conjunction with
Cell Quest software (Becton Dickinson) to determine the percentage of
cellsinthe Gy/Gy, S, and G,/M phases of the cell cycle.

Western blot analysis

Western blot samples were prepared from whole-cell pellets as described
previously.33 The amount of total protein was quantified using Coomassie
Protein Assay Reagent (Pierce, Rockford, IL). Equal amounts of protein (30
ng) were separated using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and were electrotransferred onto nitrocellu-
lose membranes. For analysis of protein phosphorylation, 1 mM each Na
vanadate and Na pyrophosphate were added to 1X sample buffer; no SDS
wasincluded in the transfer buffer, and Tris-buffered saline (TBS) was used
instead of PBS throughout. Blots were probed with the appropriate dilution
of primary antibody, as follows. Where indicated, the blots were reprobed
with actin antibody (PharMingen, San Diego, CA) to ensure equal loading
and transfer of proteins. Primary antibodies included phospho-p44/42
MAPK (extracellular signal-regulated kinase [ERK], Thr202/Tyr204) anti-
body (Cell Signding, Beverly, MA), p44/42 MAPK antibody (Cell
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Signaling), phospho-JNK (Thr183/Tyr185) antibody (Santa Cruz, Santa
Cruz, CA), SAPK/INK antibody (Cell Signaling), phospho-p38 MAPK
(Thr180/Tyr182) antibody (Cell Signaling), phospho-c-Jun (Ser63) anti-
body (Cell Signaling), phospho-cdc2 (Tyrl5) antibody (Cell Signaing),
cdc2 antibody (Cell Signaling), phospho-IkBa (Ser32) antibody (Cell
Signaling), antihuman Bcl-2 oncoprotein (DAKO, Carpinteria, CA), Bcl-
XgL antibody (S-18; Santa Cruz), XIAP antibody (Cell Signaling), Mcl-1
antibody (PharMingen), Bax antibody (Santa Cruz), survivin antibody
(R&D Systems, Minneapolis, MN), cyclin D1 antibody (Santa Cruz),
poly-adenosine diphosphate-ribose polymerase (PARP) antibody (Biomol,
Plymouth Meeting, PA), cleaved PARP (89 kDa) antibody (Cell Signaling),
anti—caspase 8 (Alexis), and anti—caspase-9 (PharMingen).

Analysis of cytosolic cytochrome ¢ and Smac/DIABLO

Cells (4 X 105) were lysed by incubation in lysis buffer (75 mM NaCl, 8
mM NaHPO,, 1 mM NaH,PO,4; 1 mM ethylenediaminetetraacetic acid
[EDTA], and 350 wg/mL digitonin). Lysates were centrifuged at 12 000g
for 1 minute, and the supernatant, consisting of the cytosolic S-100 fraction,
was collected in an equal volume of 2X sample buffer. Proteins were
quantified, separated by 15% SDS-PAGE, and subjected to Western blot
analysis as described. Cytochrome ¢ antibody (PharMingen) and Smac/
DIABLO antibody (Upstate Biotechnology) were used as primary antibodies.

SAPK/JNK assay

SAPK/INK activity was analyzed by using a SAPK/INK Assay Kit (Cell
Signaling) according to the manufacturer’s instructions. Briefly, 2 X 107
cells were lysed in lysis buffer containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) by sonication. Then, 250 g protein per condition was
incubated with 2 g c-Jun fusion protein beads overnight at 4°C. Beads
were washed twice and incubated with 100 wM adenosine triphosphate
(ATP) in kinase buffer at 30°C for 30 minutes. GST-c-Jun was separated by
15% SDS-PAGE and visualized by Western blot using phospho-c-Jun
(Ser63) antibody as the primary antibody.

Electrophoretic mobility shift assay

Nuclear extracts were prepared as described previously.3* Double-stranded
oligonucleotides corresponding to the NF-xB binding site of the immuno-
globulin light chain promoter were obtained from Promega (Madison, WI)
and were labeled with y-32P-ATP (3000 Ci/mmol [11 100 Bg/mmol]; ICN
Biomedicals, Irvine, CA) using T4 polynucleotide kinase (Promega) and
purified using MicroSpin G-25 column (Amersham Pharmacia, Piscataway,
NJ). Nuclear extracts (5 wg) were incubated at 4°C for 20 minutes with 10°
cpm labeled oligonucleotide probe in binding buffer (20 mM HEPES, pH
7.9,5mM MgCl,, 4 mM dithiothreitol, 20% glycerol, 0.1 mM PMSF, 5 mM
benzamidine, 2 mM levamisol, 0.1 pg/mL aprotinin, 0.1 pwg/mL bestatin,
and 2 pg/mL poly [dI/dC]). Reaction mixtures were electrophoresed in 6%
native polyacrylamide gels in 0.5X Tris-borate/EDTA buffer (TBE) (pH
8.0), and the gels were dried at 80°C and exposed to x-ray film for
autoradiography.

Assessing effects of fibronectin-mediated adherence on
drug-induced apoptosis

Ninety-six—well plateswere coated with 50 g/mL human cellular fibronec-
tin (FN; Sigma). Then 4 X 10* cells/well were added to FN-coated plates
and incubated at 37°C/5% CO, for 1 hour in serum-free media, and
nonadherent cells were removed by washing the wells twice with serum-
free media as previously described.2’° FN-adhered cells were then incubated
with the drugs for 24 hours. The percentage of apoptotic cells was
determined by assessing Wright-Giemsa—stained cytospin slides asdescribed.

Isolation of CD138* myeloma cells

Bone marrow samples were obtained with informed consent from 2 patients
with MM undergoing routine diagnostic aspiration. Approval was obtained
from the institutional review board of Virginia Commonwealth University
for these studies. Informed consent was provided according to the
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Declaration of Helsinki. CD138" and CD138~ cells were separated using
an MS*/LS" column and amagnetic separator according to the manufactur-
er's ingtructions (Miltenyi Biotec, Bergisch Gladbach, Germany).?° The
purity of CD138* cells (greater than 90%) was monitored using CD138-PE
staining and flow cytometry. Viability of the cellswasregularly greater than
95% by trypan blue exclusion. CD138* and CD138~ cellswere cultured in
RPMI 1640 medium containing 10% FBS in 96-well plates under the
conditions aready described. After drug treatment, the percentage of
apoptotic cells was evaluated by examining Wright-Giemsa—stained cyto-
spin preparations under light microscopy.

Statistical analysis

For morphologic assessment of apoptosis and anaysis of Ay, vaues
represent the means =+ SD for at least 3 separate experiments performed in
triplicate. The significance of differences between experimental variables
was determined using the Student t test. Analysis of synergism was
performed according to median dose effect analysis® using acommercially
available software program (Calcusyn; Biosoft, Ferguson, MO).

Results

Effects of UCN-01 and Bay 11-8072 on apoptosis in U266 cells
were examined first. Dose and time-course studies revealed that
whereas concentrations of Bay 11-7082 of 4 wM or less adminis-
tered alone exerted relatively little toxicity toward these cellsover a
72-hour incubation interval, higher concentrationsinduced progres-
sively greater degrees of apoptosis over time (Figure 1A). Simi-
larly, UCN-01 concentrations of 200 nM or less were minimally
toxic when administered aone, particularly over shorter exposure
intervals (48 hours or less; Figure 1B).

Effects of combining these agents on myeloma cell survival
were investigated next. Although 24-hour exposure to 200 nM
UCN-01 induced apoptosis, reflected by annexin V/PI positivity, in
approximately 15% of U266 cells, and 4 uM Bay 11-7082 resulted
in 8% lethality, combined treatment induced apoptosisin more than
60% of cells (Figure 1C). Median dose effect analysis of apoptosis
induced by Bay 11-8072 and UCN-01 administered over arange of
concentrations at a fixed ratio (20:1) yielded combination index
valueslessthan 1.0, denoting a synergistic interaction (Figure 1D).
A time-course study revealed that combined treatment resulted in a
marked increase in cell death after 24 hours of drug exposure (eg,
more than 50%), with further increases occurring over the ensuing
48 hours (Figure 1E). Finaly, similar results were obtained in
MM. 1S cells exposed to 200 nM UCN-01 and 1 wM Bay 11-8072
(Figure 1F). Notably, steroid-resistant MM.1R cells were as
sengitive to the UCN-01/Bay 11-8072 regimen as their sensitive
counterparts, MM.1S. Together, these findings indicate that the
NF-kB inhibitor Bay 11-8072 markedly potentiates UCN-01—
induced apoptosis in several MM cell types, including some
resistant to steroid-mediated cell death.

In accordance with the previous findings, coexposure of U266
cells to 4 M Bay 11-8072 and 200 nM UCN-01 resulted in a
pronounced release of cytochrome ¢ and Smac/DIABLO into the
cytosolic S-100 fraction, whereas the agents administered individu-
aly were largely ineffective (Figure 2A). Consistent with these
results, cells treated with both agents displayed an increase in
caspase-9 and -8 cleavage, amodest reduction in levels of Bid, and
anincrease in PARP degradation. Essentially, identical resultswere
observed in MM.1S cellsexposed to 1 uM Bay 11-8072 + 200 nM
UCN-01 (Figure 2B). Because MM .1S cellswere more sensitive to
Bay 11-8072 than U266 cells, a lower concentration was used in
the latter studies. These findings indicate that Bay 11-8072
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Figure 1. Bay 11-7082 interacts synergistically with UCN-01 to induce apoptosis in MM cells. (A-B) U226 MM cells were treated with various concentrations of Bay
11-7082 (A, 2-10 pM) and UCN-01 (B, 100-500 nM) for the indicated intervals (24-72 hours), after which the percentage of apoptotic cells was determined by evaluating
Wright-Giemsa—stained cytospin preparations, as described in “Materials and methods.” Values represent means + SDs for 3 separate experiments. (C) U266 cells exposed to
4 uM Bay 11-7082 = 200 nM UCN-01 for 24 hours, after which annexin V—FITC staining and flow cytometric analysis were performed to monitor the extent of apoptosis, as
described in “Materials and methods.” For each histogram, the lower right quadrant (annexin V*/PI~) represents early apoptosis; the upper right quadrant (annexin V*/PI*)
represents late apoptosis. Numbers indicate the percentage of cells in the corresponding quadrant. Two additional experiments yielded equivalent results. (D) U266 cells were
exposed to a range of Bay 11-7082 (3-4.5 pM) and UCN-01 (150-225 nM) concentrations alone and in combination at a fixed ratio (20:1) for 24 hours. At the end of this period,
the percentage of apoptotic cells was determined for each condition; fractional effect values were determined by comparing results with those of untreated controls, and median
dose effect analysis was used to characterize the nature of the interaction between Bay 11-7082 and UCN-01. Combination index (C.I.) values less than 1.0 (horizontal dotted
line) denote a synergistic interaction. Two additional studies yielded equivalent results. (E) U266 cells were treated as described in panel C for the indicated intervals (24-72
hours), after which the percentage of apoptotic cells was determined by evaluating Wright-Giemsa—stained cytospin preparations. Values represent means + SDs for 3
separate experiments performed in triplicate. (F) Dexamethasone-sensitive (MM.1S) and -resistant (MM.1R) human MM cell lines were exposed to 1 uM Bay 11-7082 * 200
nM UCN-01 for 24 hours, after which the percentage of apoptotic cells was determined as described above. Values represent means + SDs for 3 separate experiments

performed in triplicate.

increases UCN-01-induced mitochondria dysfunction and caspase
activationin MM cells.

Cell cycle analysis was performed to assess the effects of
UCN-01 and Bay 11-8072 aone and in combination on the cell
cycle traverse of U266 cells. Treatment with 200 nM UCN-01 or
Bay 11-7082 (4 pM) individualy for 24 hours resulted in
significant increases in the Gy/G; cell fraction, accompanied by a
reciprocal decline in the S-phase fraction (Table 1). UCN-01, but
not Bay 11-7082, induced a modest but statisticaly significant
reduction in the percentage of cellsin G,/M. When the agents were
combined, there was a significant increase in the percentage of
Go/G; cells in the nonapoptotic component (eg, 60.17% = 0.78%
Vs 46.78% =+ 0.78%; P < .001) and a comparable decline in the
S-phase fraction (eg, 30.64% = 1.98% vs 42.55% =+ 1.45%;
P < .001). Together, these findings raise the possibility that the
UCN-0l/Bay 11-7082 regimen may be particularly letha to
myeloma cellsin S-phase.

Electrophoretic mobility shift assay (EMSA) analysis reveaded
that, as anticipated, exposure of U266 cellsto Bay 11-8072 alone (4
M) substantially reduced NF-xB DNA binding, whereas UCN-01
had a modest effect. Furthermore, combined treatment essentially
abrogated constitutive NF-«B activity in U266 cells (Figure 2C).
To confirm that these phenomena did in fact reflect interference
with the NF-«B pathway, parallel studies were performed using a
peptide inhibitor (SN50) known to disrupt NF-kB function.®® As
shown in Figure 2D, exposure of U266 and MM.1S cells to a
marginally toxic concentration of UCN-01 (200 nM) for 24 hours,
in combination with 50 pg/mL SN50, which by itself minimally
induced cell death, resulted in a striking increase in apoptosis (eg,
to approximately 70%). In contrast, the control SN50M peptide
failed to increase UCN-01 lethality. Together, these findings

support the notion that interference with the NF-«kB pathway
substantially lowers the threshold for UCN-01-induced apoptosis
inMM cells.

Effects of the regimen were then examined in relation to
perturbations in signaling pathways. Consistent with past results,?
exposure of U266 and MM.1S cells to 200 nM UCN-01 for 24
hours resulted in an increase in ERK 1/2 activation (phosphoryla-
tion), whereas total ERK 1/2 levels were unchanged (Figure 3A-B).
Coexposure of cells to Bay 11-8072 (4 and 1 uwM for U266 and
MM.1S cells, respectively) resulted in a partial reduction in
ERKL1/2 activation. Interestingly, UCN-O1 by itself modestly
increased activation (phosphorylation) of the stress-related JNK,
whereas Bay 11-8072 had no effect. However, combined treatment
of cellswith these agents resulted in a pronounced increase in INK
activation. These events were accompanied by enhanced c-Jun
phosphorylation and increased JNK activity, reflected by enhanced
phosphorylation of a glutathione-S-transferase (GST)—c-Jun sub-
strate. No changesin levels of phospho-p38 MAPK were observed.
Finally, exposure of cellsto 200 nM UCN-01 alone, but not to Bay
11-8072, resulted in asmall reduction in levels of phospho-p34%c2,
whereas coexposure of cells to UCN-01 + Bay 11-8072 led to a
clear dephosphorylation of p34°®2 Total levels of p34%dc2 were
unchanged for all conditions. Thus, in MM cells, coadministration
of Bay 11-8072 increased UCN-01-mediated JNK activation and
enhanced dephosphorylation of p34°2, but it only modestly
diminished UCN-01-induced ERK 1/2 activation.

To investigate the functional significance of down-regulation of
the MEK/ERK pathway in UCN-01/Bay 11-8072—mediated lethal -
ity, U266 cells were transiently transfected with a construct
encoding a congtitutively active MEKL/GFP construct and a
vehicle pEGFP. Transfected cells were then sorted, and the purified
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Figure 2. Coadministration of Bay 11-7082 and UCN-01 activates the mitochon-
drial pathway and caspase cascade in association with interruption of the
NF-kB pathway. MM cells were exposed to 200 nM UCN-01 *+ 4 uM (A; U266) or 1
M (B; MM.1S) Bay 11-7082 for 24 hours, after which cells were lysed and subjected
to Western blot analysis to monitor the expression of caspase-9 and -8 and PARP.
Alternatively, cytosolic fractions were prepared as described in “Materials and
methods,” and expression of cytochrome ¢ and Smac/DIABLO in cytosol was
assessed by Western blot analysis (U266 cells) (A). For each condition, lanes were
loaded with 30 g protein; blots were subsequently reprobed for actin expression to
ensure equivalent loading and transfer of protein. CF indicates cleavage fragment.
(C) U266 cells were treated as described for panel A, after which nuclear extracts
were prepared and subjected to EMSA, as described in “Materials and methods.” The
activity of NF-kB was reflected by the extent of binding of 32P-labeled oligonucleo-
tides corresponding to the NF-«B binding site of the immunoglobulin light chain
promoter. To control for probe specificity, nuclear extracts obtained from untreated
cells were incubated with a 100-fold excess of unlabeled NF-kB oligonucleotides for
10 minutes before the addition of labeled NF-«B oligonucleotides (C, lane 1; Ctrl+C’).
For panels A-C, the results of a representative experiment are shown; 2 additional
studies yielded equivalent results. (D) Both U266 and MM.1S were exposed to 200
nM UCN-01 with or without 50 wg/mL SN50 (specific inhibitory peptides of NF-«B) or
a nonfunctional mutant control (SN50M) for 24 hours, after which the extent of
apoptosis was determined by evaluating Wright-Giemsa—stained cytospin slides;
values represent means = SDs for 3 separate experiments performed in triplicate).

population, which consisted of 90% to 96% GFP* cells that were
more than 95% viable (Figure 3C), were exposed for 24 hours to
either UCN-01 + Bay 11-7082, as described, or the combination of
UCN-01 + the MEK1/2 inhibitor U0126 (20 wM), as we have
previously reported.2° Although cells transfected with the constitu-
tively active MEK construct displayed a significant reduction in
UCN-01/U0126—-mediated lethality compared with cells trans-
fected with the empty vector (P < .01), no significant differences

Table 1. Effects of Bay 11-7082 + UCN-01 on the cell-cycle traverse
of U266 cells

Control Bay 11-7082 UCN-01 Bay + UCN
Go/G1 46.78 = 0.78 62.39 = 1.06* 57.30 = 1.18* 60.17 = 0.78*
S 42.55 = 1.45 26.04 = 1.53* 35.61 = 1.681 30.64 = 1.98*
Go/M 10.67 + 0.87 11.6 = 0.51 7.12 = 0.561 9.19 + 1.45

U226 cells were exposed to 4 uM Bay 11-7082 + 200 nM UCN-01 for 24 hours,
after which Pl staining and flow cytometric analysis were performed to monitor effects
on each phase of the cell cycle, as described in “Materials and methods.” Values are
expressed as the percentage of cells in the indicated phase of the cell cycle relative to
the total nonapoptotic cell population and represent the means * SDs for 3 separate
experiments performed in triplicate.

*P < .001 and tP < .01 significantly higher (Go/G1) or lower (S and G,/M) than
values for untreated control cells.
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Figure 3. Bay 11-7082 markedly enhances UCN-0l1-induced activation of
SAPK/INK and dephosphorylation of p34¢dc2, whereas enforced MEK/ERK
activation fails to block Bay 11-7082/UCN-01-mediated lethality. MM cells were
exposed to 200 nM UCN-01 *+ 4 uM (A; U266) or 1 uM (B; MM.1S) Bay 11-7082 for
24 hours, after which cells were lysed and subjected to Western blot analysis to
monitor phosphorylation status of ERK1/2, INK, c-Jun, p38, and p34¢d2, For each
condition, lanes were loaded with 30 .g protein. Alternatively, U266 cell lysates were
subjected to a SAPK/INK kinase assay. SAPK/INK activity was reflected by the
extent of phosphorylation of a GST—c-Jun fusion protein (A, bottom panel). For
panels A and B, results are representative of 3 separate experiments. (C-D) U266
cells were transiently transfected with activated MEK1 (mutation of serine to aspartic
acid at sites 218 and 222)/pEGFP-C2 or its corresponding empty vector and isolated
using FACS, as described in “Materials and methods.” After 24 hours, purity (C) and
viability (greater than 95%) of GFP* cells (gate R2) were monitored by flow cytometry
and trypan blue exclusion. GFP* cells were exposed to 200 nM UCN-01 + 4 uM Bay
11-7082 or 20 nM UO0126 for 24 hours, after which the extent of apoptosis was
determined by evaluating Wright-Giemsa—stained cytospin slides (D). Values repre-
sent means * SDs for 3 separate experiments performed in triplicate. *Significantly
lower than values for cells transfected with empty vector (P < .01).

were detected in cells exposed to UCN-01 + Bay 11-7082
(P > .05; Figure 3D). These findings suggest that, compared with
responses of myeloma cells to the MEKL/2 inhibitor/UCN-01
regimen, UCN-01/Bay 11-7082—mediated lethality is initiated
downstream or independently of perturbations in ERK1/2 activa-
tionin MM cells.

Previous studies have shown that kinase inhibitors such as
UCN-01 and interruption of the NF-xB pathway can modulate the
expression of Bcl-2 and IAP family members in malignant
hematopoietic cells.3-3 To determine whether such actions might
contribute to synergism between Bay 11-7082 and UCN-01,
Western blot analysis was used to monitor the expression of these
proteins. Treating U266 or MM.1S cells with UCN-01 (200 nM)
with or without 4 or 1 wM Bay 11-7082 for 24 hours did not lead to
changes in Bcl-2 expression, though the appearance of a cleavage
product, previously reported to exert proapoptotic properties,*® was
observed in both cell lines after combined drug treatment (Figure
4A-B). Exposure to Bay 11-7082 + UCN-01 resulted in a marked
decline in Bcl-x, levels, whereas Bay 11-7082 led to a modest
down-regulation. Both Bay 11-7082 and UCN-01 resulted in
modestly reduced levels of Mcl-1 and XIAP, and combined
treatment diminished their expression. In contrast, treating cells
with UCN-01 with or without Bay 11-7082 failed to modify the
expression of cyclin Dy, survivin, or Bax in U266 (Figure 4A) and
MM.1S cells (data not shown). Thus, exposing myeloma cells to
UCN-01 in combination with Bay 11-7082 resulted in several
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Figure 4. Coadministration of Bay 11-7082 and UCN-01 results in the cleavage
of Bcl-2 and the down-regulation of Bcl-x., Mcl-1, and XIAP in MM cells. MM
cells were exposed to 200 nM UCN-01 + 4 pM (A; U266) or 1 pM (B; MM.1S) Bay
11-7082 for 24 hours, after which cells were lysed and subjected to Western blot
analysis to monitor the expression of Bcl-2, IAP family members, and cyclin D;, as
described in “Materials and methods.” For each condition, lanes were loaded with 30
g protein; blots were subsequently reprobed for actin to ensure equivalent loading
and transfer of protein. Results of a representative experiment are shown; 2
additional studies yielded equivalent results. CF indicates cleavage fragment.

perturbations in the expression of Bcl-2 and |AP family members
that might contribute to the potentiation of cell death, including
cleavage of Bcl-2, and down-regulation of Bcl-x_, Mcl-1, and XIAP.
Attempts were then made to investigate the functional signifi-
cance of the pronounced JNK activation observed in UCN-01/Bay
11-7082—treated myeloma cells. To this end, U266 cells were
exposed to UCN-01 and Bay 11-7082, as described, in the presence
or absence of 20 M SP600125, a pharmacologic inhibitor of
JNK.* As shown in Figure 5A, coadministering SP600125 par-
tially but significantly reduced the extent of UCN-01/Bay 11-7082—
induced apoptosis (P < .01). In addition, coadministering SP600125
significantly reduced the extent of UCN-01/Bay 11-7082—mediated
mitochondrial injury, reflected by the loss of mitochondrial mem-
brane potential (Ads,) (P < .01; Figure 5A). Consistent with these
results, coadministering a JNK inhibitory peptide (D-INKI1)4?
substantially reduced the percentage of annexin V/PI* cells after
UCN-01/Bay 11-7082 exposure (ie, from 60% as shown in Figure
1A to 28%), whereas a control peptide (D-TAT) was only mini-
mally effective (Figure 5B). As anticipated, SP600125 largely
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abrogated theincreasein INK activation in UCN-01/Bay 11-7082—
treated cells but had little effect on ERK 1/2 activation (Figure 5C).
SP600125 also at least partialy blocked the down-regulation of
Bcl-x., Mcl-1, and XIAP observed in UCN-01/Bay 11-7082—
treated cells. SP600125 did not, however, block the dephosphoryla-
tion of p34%9<2 in cells exposed to UCN-01 + Bay 11-7082. Finally,
coadministering SP600125 substantialy reduced the extent of
cytosolic translocation of cytochrome ¢ and Smac/DIABLO in
cells exposed to both agents, in accordance with effects on Ay,
Collectively, these findings implicate that in MM cells, JNK
activation plays an important role in mediating UCN-01/Bay
11-7082-induced mitochondrial dysfunction, apoptosis, and down-
regulation of several antiapoptotic proteins.

To gain further insight into the relationship between UCN-01/
Bay 11-7082—mediated events and mitochondria-dependent caspase
cascade, studies were carried out in U266 cells stably transfected
with a DN caspase-9 construct. As shown in Figure 6, caspase-9
DN/U266 cells were largely, though not completely, resistant to
UCN-01/Bay 11-7082—mediated apoptosis determined by annexin
V/PI analysis (Figure 6A; 77%-17%). Furthermore, protection by
DN caspase-9 against the loss of Ay, by DiOCq staining roughly
paralleled the extent of protection against apoptosis (Figure 6B;
P < .002 in each case). Expression of the DN caspase-9 construct
also completely abrogated Smac/DIABLO trandocation into cy-
tosol, modestly reduced cytochrome c release, and blocked caspase-9
and caspase-8 activation and PARP cleavagein cells exposed to the
UCN-01/Bay 11-7082 regimen (Figure 6C). These results suggest
that in UCN-01Y/Bay 11-7082-induced apoptosis, mitochondrial
cytochrome c release represents an initiating event, leading to the
activation of caspases, which in turn trigger secondary mitochon-
dria injury and release of Smac/DIABLO. However, the possibility
that caspase activation may potentiate cytochrome c release,
thereby amplifying the apoptotic cascade, cannot be excluded.

After exposure to UCN-01/Bay 11-7082, DN caspase-9/U266
cells displayed equivalent activation of INK and dephosphoryla-
tion of p34°%2 compared with empty vector controls, suggesting
that these events were triggered upstream of mitochondria-
dependent caspase activation (Figure 6D). On the other hand, DN
caspase-9 had no effect on inhibition of IkBa phosphorylation by
the UCN-01/Bay 11-7082 regimen, indicating that this event is

Figure 5. Activation of SAPK/JNK plays a functional role in Bay 11-7082/
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Figure 6. Stable transfection of DN caspase-9 diminishes Bay 11-7082/UCN-01—
induced apoptosis in MM cells. U266 cells were stably transfected with a DN
caspase-9 (mutation of cysteine to alanine at the active residue 286) or an empty
vector (pcDNA3.1), as described in “Materials and methods.” Transfected cells were
treated with 4 uM Bay 11-7082 + 200 nM UCN-01 for 24 hours, after which the extent
of apoptosis was monitored by annexin V—FITC staining and flow cytometric analysis
as described for Figure 1C; results are representative of 3 separate experiments
(A). Cells were treated as described for panel A, and the percentage of cells
displaying morphologic evidence of apoptosis or loss of mitochondrial membrane
potential (Ays,) was determined as described in “Materials and methods.” Values
represent means = SD for 3 separate experiments performed in triplicate.
**Significantly lower than values for cells transfected with empty vector; P < .002
(B). Alternatively, Western blot analysis was used to monitor the expression/
cleavage of the indicated caspases and PARP, the release of cytochrome ¢ and
Smac/DIABLO into the cytosolic S-100 fraction (C) or the phosphorylation of
IkBa, JNK, and p34¢cde2 and the expression of antiapoptotic proteins (D). (C-D)
Each lane was loaded with 30 g protein; blots were subsequently reprobed for
actin expression to ensure equivalent loading and transfer of protein. CF indicates
cleavage fragment. Results of a representative experiment are shown; an
additional study yielded equivalent results.

caspase-9 independent. As anticipated, Bcl-2 cleavage was abro-
gated in DN caspase-9 cells; moreover, reductionsin the expression
of Bcl-x. and XIAP were also blocked, indicating that these events
were caspase-9 dependent (Figure 6D). On the other hand, the
down-regulation of Mcl-1, a critical survival factor in myeloma
cells,*3# was undiminished in DN caspase-9 cells, suggesting that
this phenomenon occurred independently of activation of the
caspase cascade.
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The effects of various cytotoxic agents in MM cells may be
influenced by cytokines such as IL-6 and by integrin-mediated cell
adherence, each of which perturbs signaling pathways.#>46 To
examine these possibilities in relation to UCN-01/Bay 11-7082—
mediated lethality, myeloma cells were exposed to UCN-01/Bay
11-7082, in the presence or absence of IL-6 (100 ng/mL).
Alternatively, the response to UCN- 01/Bay 11-7082 was moni-
tored in fibronectin-adhered MM .1S cells. As shown in Figure 7A,
coadministration of IL-6 failed to attenuate UCN-01/Bay 11-7082
lethality in U266 or MM.1S cells (P > .05 in each case). Further-
more, though fibronectin-mediated adherence significantly reduced
the sensitivity of MM.1S cells to dexamethasone-induced apopto-
sis (P < .01), it had no consequence on the lethal effects of the
UCN-01l/Bay 11-7082 regimen (Figure 7B). Together, these find-
ings suggest that the lethality of UCN-01/Bay 11-7082in MM cells
proceeds independently or downstream of the cytoprotective
actions of IL-6 and integrin-mediated cell adherence.

Parallel studies were performed in 8226 myeloma cells and in
their Dox40- and L R5-resistant counterparts (Figure 7C). Coadmin-
istration of 1 wM Bay 11-7082 and 200 nM UCN-01 resulted in a
marked increase in apoptosisin each of these cell lines, particularly
at the 48-hour interval. Although Dox40 cells were slightly less
sensitive than their parental counterparts to the UCN-01/Bay
11-7082 regimen, they nevertheless exhibited a significant degree
of apoptosis after exposure (eg, 45%). LR5 cells were equally as
sensitive as parental cells to this regimen. Collectively, these
findings indicate that combined exposure to UCN-01 and Bay
11-7082 effectively induces apoptosis in several drug-resistant
myeloma cell lines.

Finaly, an attempt was made to extend these findings to
primary myeloma cell specimens. To this end, CD138* cells were
isolated from the bone marrow of 2 patients with MM and were
exposed for 24 hoursto 1 uM Bay 11-7082 = 200 nM UCN-01,
after which apoptosis was assessed. Asshown in Figure 7D, in each
case the agents administered individually were minimally toxic,
whereas a marked increase in apoptosis was observed when they
were combined. Thus, the response of these primary myelomacells
to the UCN-01/Bay 11-7082 regimen was qualitatively and quanti-
tatively similar to that of continuously cultured myelomacell lines.
Interestingly, the CD138~ cell population did not display the same
striking increase in lethality. The selective toxicity of this regimen
toward myeloma cells is similar to that which we have previously
observed in the studies involving UCN-01 and pharmacologic
MEK 1/2 inhibitors. %
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Figure 7. IL-6 and fibronectin-mediated adherence fail to protect MM cells from apoptosis induced by Bay 11-7082/UCN-01. (A) MM cells were exposed to 200 nM
UCN-0110 + 4 uM (U266) or 1 uM (MM.1S) Bay 11-7082 in the presence or absence of 100 ng/mL IL-6 for 24 hours, after which the percentage of apoptotic cells was
determined by examining Wright-Giemsa—stained cytospin preparations. (B) MM.1S cells were seeded into 96-well plates coated with 50 wg/mL human cellular fibronectin, as
described in “Materials and methods.” Adherent cells and cells in suspension were separately exposed to 10 uM dexamethasone or 200 nM UCN-01 + 1 pM Bay 11-7082 for
24 hours, after which the extent of apoptosis was determined as described for panel A. *Significantly lower than values for cells in suspension (P < .01). (C) Parental 8226 cells,
and their Dox40- and LR5-resistant counterparts were exposed to 1 uM Bay 11-7082 = 200 nM UCN-01 for 24 to 48 hours, after which the percentage of apoptotic cells was
determined as described. (A-C) Values represent means = SD for 3 separate experiments performed in triplicate. (D) CD138" and CD138" cells were isolated from the bone
marrow of 2 patients with MM (designated as patients 1 and 2), as described in “Materials and methods.” Cells were exposed to 1 uM Bay 11-7082 + 200 nM UCN-01. After
24-hour treatment, the extent of apoptosis was determined by evaluating Wright-Giemsa—stained cytospin preparations. Parallel studies were performed using the CD138" cell
population. Values represent means = SDs for 10 randomly selected fields encompassing more than 500 cells.

20z aunr g0 uo 3senb Aq jpd'1.9/20070.008UZ/Z8€L691/19.2/L/€0L4Pd-B]01E/POO|/8U" SUOledlqndyse//:dny Wwoly papeojumoq



2768  DAletal

Discussion

The results of the present study indicate that in MM cells,
interruption of the NF-kB pathway markedly sensitizes cellsto the
lethal actions of UCN-01 through a INK -dependent but MEK/ERK -
independent process. The observation that NF-kB plays akey role
in myelomacell survival®3® has prompted the search for pharmaco-
logic agents capable of interrupting this critical survival pathway.
One such agent is Bay 11-7082, an irreversible inhibitor of IkBa
phosphorylation, which blocks proteasomal degradation of IkBa,
alowing it to sequester NF-«B in the cytoplasm in an inactive
state.?8 Although interventions that interrupt the NF-xB pathway
may induce cell death by themselves, particularly in cells depen-
dent on NF-«kB survival signaling,?-3° accumulating evidence
shows that they may also sensitize neoplastic cells to the lethal
actions of conventional cytotoxic agents.*”*8 The present findings
suggest that interrupting the NF-«xB cascade in MM cells may also
be particularly effective in potentiating apoptotic responses to
novel agents, such as UCN-01, that disrupt cell cycle and signaling
pathways. The observation that SN-50, a cell-permeable inhibitory
peptide of NF-xB,% also dramatically potentiated UCN-01—
induced lethality lends further support to this theory.

Previously, we reported that exposure of human leukemia® and
myeloma cells?° to UCN-01 induced activation of ERK 1/2 and that
interruption of the latter process by MEK /2 inhibitors (eg, U0126,
PD184352) resulted in a marked increase in apoptosis. More
recently, we observed that the Hsp90 antagonist 17-AAG also
down-regulated the Raf-1/M EK/ERK 1/2 pathway in human leuke-
mia cells exposed to UCN-01 and that this process contributed, at
least in part, to the marked potentiation of cell death.*® The degree
of myeloma cell apoptosis induced by UCN-01/Bay 11-8072 was
comparable to that triggered by the earlier regimens and was
significantly more than that induced by a high concentration (10
wM) of dexamethasone, particularly in MM.1S cells (Figure 7B).
In the present study, coadministering Bay 11-7082 only modestly
attenuated UCN-Ol-mediated ERK activation compared with
reductions noted in MM cells coexposed to MEK 1/2 inhibitors.2
Furthermore, in contrast to cells treated with UCN-01 and a
MEK1/2 inhibitor (eg, U0126) or 17-AAG, ectopic expression of a
congtitutively active MEK1 construct failed to protect cells from
UCN-01/Bay 11-7082—mediated lethality. The dephosphorylation
of p34%2, which has been associated with the promotion of
apoptosisin several settings,33%° was enhanced to a similar degree
in MM cells exposed to UCN-01 in conjunction with MEK1/2
inhibitors?® or Bay 11-7082 (Figure 3). These findings raise the
possihility that the MEK/ERK and NF-«B pathways play disparate
roles in preventing inappropriate activation of p34°2 or in
protecting cells from the lethal consequences of this phenomenon.
An alternative interpretation isthat in this setting, NF-xB signaling
operates downstream of the MEK/ERK1/2 cascade in attenuating
cell death.

In contrast to ERK1/2 inactivation, activation of the stress-
related INK appeared to play akey functional rolein UCN-01/Bay
11-7082-induced cell death. It has recently been reported that the
IKK/NF-kB pathway negatively modulates tumor necrosis factor
(TNF)-a—mediated INK activation, in part through NF-xB—related
induction of XIAP or gadd458/myd118 and that such negative
crosstalk contributes to the inhibition of apoptosis.5>52 The finding
that UCN-O1-mediated JNK/Jun phosphorylation/activation was
markedly potentiated by the coadministration of Bay 11-7082 is
entirely consistent with these findings and suggests that INK/Jun
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activation lies downstream of NF-«kB inactivation. Furthermore,
the lethal effects of the UCN-0O1/Bay 11-7082 regimen toward
myeloma cells were significantly diminished by the coadministra-
tion of SP600125, an inhibitor of INK ,*! and by the INK inhibitory
peptide INK11.42 In this context, it may be pertinent that INK
activation has been implicated in the induction of myeloma cell
death by proteasome inhibitors, which are thought to act, at least in
part, by disrupting the NF-«B pathway.>® The mechanism by which
JINK activation promotes apoptosis is unknown but may be related
to the cytosolic release of cytochrome c>* or to the phosphorylation
of antiapoptotic proteins such as Bcl-2% and Mcl-1.%6 Interestingly,
the inhibition of JNK activation (by SP600125) opposed cyto-
chrome ¢ and Smac/DIABLO release and the down-regulation of
Mcl-1, XIAP, and Bcl-x, but did not modulate p34°d2 or ERK 1/2
phosphorylation status. Such findings raise the possibility that INK
activation may be involved in diminishing the expression of
antiapoptotic proteins responsible for preventing mitochondrial
dysfunction and for preventing release of proapoptotic effectors.
Finally, recent studies suggest that the stress kinase p38 MAPK
may play arole in myeloma cell survival, possibly by promoting
stromal cell release of IL-6 and vascular endothelial growth factor
(VEGF).5” However, exposing myeloma cells to UCN-01/Bay
11-8072 did not modify the phosphorylation of p38 MAPK,
arguing against arolefor thiskinase in the observed potentiation
of apoptosis.

Coexposure of MM cells to UCN-01 and Bay 11-7082 resulted
in perturbations in several Bcl-2 family members that might have
contributed to the marked increase in apoptosis. For example,
combined treatment was associated with the appearance of a Bcl-2
cleavage product shown to exert proapoptotic actions.* In addi-
tion, coadministering Bay 11-7082 with UCN-01, which by itself
has been reported to induce the down-regulation of XIAP and
Bcl-x, in malignant lymphoid cells,?” led to further reductions in
the expression of these proteins. In this context, inducing cell death
by interrupting the NF-xB pathway has been attributed to dimin-
ished XIAP and Bcl-x, expression.®®% However, the down-
regulation of Bcl-x,. and XIAP in UCN-01/Bay 11-7082—treated
cells was attenuated in DN caspase-9 cells, suggesting that these
events were at least in part secondary to activation of the caspase
cascade. In contrast, Mcl-1 down-regulation was not diminished in
DN caspase-9 cells, suggesting this phenomenon represents a
primary phenomenon. Several recent studies have highlighted the
importance of Mcl-1 as a survival factor in malignant hematopoi-
etic cells, particularly in MM.#344 |t is also noteworthy that the
inhibition of INK (by SP600125) blocked Mcl-1 down-regulation
in UCN-Ol/Bay 11-7082-treated cells. In this regard, JNK has
recently been reported to oppose the antiapoptotic effects of Mcl-1
through a phosphorylation-dependent process.>® The possibility
thus arises that INK phosphorylation may promote the degradation
of Mcl-1 through an as yet undefined caspase-independent mecha-
nism. If thiswere the case, inhibiting INK would have the net effect
of sparing Mcl-1. Studies designed to test this hypothesis are
under way.

Expression of the DN caspase-9 construct abrogated UCN-01/
Bay 11-7082-induced release of Smac/DIABLO into the cytosol,
attenuated cytochrome c redistribution, and blocked caspase-8
cleavage (activation) in myelomacells (Figure 6C). These observa-
tions are in accord with reports demonstrating that caspase-8/Bid
cleavage represents a caspase-3—dependent event and may amplify
the cell death process triggered by activators of the mitochondrial
pathway (eg, staurosporing).>® In such a scenario, activation of
caspase-8/Bid®® or executioner caspases (eg, caspase-3 and -7)6!
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can trigger secondary mitochondrial injury, thereby initiating
Smac/DIABLO release and potentiating cytochrome c redistribu-
tion. Thus, blocking caspase-9 abrogates caspase-8 cleavage and
Smac/DIABLO release in UCN-Ol/Bay 11-7082-treated cells
while attenuating effects on cytochrome c. Taken together, these
findings suggest that activation of the mitochondrial cytochrome c
release/Apafl/caspase-9 pathway may represent an initiating
event in UCN-01/Bay 11-7082-induced apoptosis, whereas
caspase-8/Bid activation may be involved in the amplification of
cell death signals.

Severa recent studies have emphasized the importance of
signaling cascades, particularly those related to IL-6, in myeloma
cell survival.12% |n addition, the roles of stromal cell interactions
in myeloma cell survival and drug resistance have recently been
highlighted.#® It was, therefore, noteworthy that dexamethasone-
resistant myeloma cells failed to exhibit cross-resistance to the
UCN-01/Bay 11-7082 regimen and that exogenous IL-6 failed to
protect cells from the lethal effects of this drug combination.
Furthermore, fibronectin-mediated adherence, which protects my-
eloma cells from cytotoxic agents and steroids (Figure 7) presum-
ably through integrin-related activation of survival signaling cas-
cades (eg, the NF-kB pathway),%? was unable to block UCN-01/
Bay 11-7082—mediated lethality. Together, such findings suggest
that the UCN-01/Bay 11-7082 regimen acts through IL-6/integrin-
independent mechanisms or, alternatively, operates by blocking
critical survival pathways downstream of these cascades.

The present findings have potential translational implications
for the rational design of novel regimens targeted against MM and
related disorders. The UCN-01/Bay 11-7082 regimen effectively
induced apoptosis in severa MM cell types and in primary
CD138" bone marrow myeloma cells. Because MM cells, particu-

References

UCN-01/Bay 11-8072—-INDUCED APOPTOSIS INMYELOMA 2769

larly patient-derived specimens, may exhibit a heterogeneous
genetic background, such findings may not extend to all primary
myeloma cells. Nevertheless, the results presented here suggest
that at least a subset of samples may respond to the UCN-01/Bay
11-7082 regimen as observed here. Significantly, concentrations of
UCN-01 in excess of those used in this study have been achievedin
the plasmaof patients receiving this agent as continuous infusion.53
Furthermore, in vivo administration of Bay 11-7082 has been
shown to be active in NOD/SCID mice bearing a human T-cell
leukemia,® though, to the best of our knowledge, no attempts to
develop this compound for use in humans are in progress.
However, in view of evidence that myeloma cells critically depend
on an intact NF-xkB pathway for survival, extensive efforts are
under way to identify agents capable of interrupting NF-«B
function. These include, in addition to Bay 11-7082 and IKK
inhibitors (eg, PS-1145),%5 arsenic trioxide,% thalidomide,%” and the
broad class of proteasome inhibitors of which bortezomib repre-
sents the prototype.®® By blocking proteasome function, protea-
some inhibitors spare IkBa from degradation, allowing it to
sequester NF-kB in the cytoplasm, where it remains inactive. The
results of recent clinical studies indicate that bortezomib is highly
active against MM, including disease that is refractory to conven-
tiona therapy.® Moreover, UCN-01 has shown preliminary evi-
dence of activity against certain lymphoid malignancies.’® If, as
suggested by preclinical data, bortezomib acts by disrupting
NF-kB function, then the possibility exists that this and related
agents might, like Bay 11-7082, markedly potentiate UCN-01—
mediated lethality in myeloma cells. Accordingly, efforts to
characterize interactions between UCN-01 and proteasome inhibi-
torsin myelomacellsarein progress.

1.

Lauta VM. A review of the cytokine network in
multiple myeloma: diagnostic, prognostic, and
therapeutic implications. Cancer. 2003;97:2440-

ventional PKC subfamily. FEBS Lett. 1995;359:
259-261.

11. Graves PR, Yu L, Schwarz JK, et al. The Chkl
2452. protein kinase and the cdc25C regulatory path-

2. Hallek M, Bergsagel PL, Anderson KC. Multiple ways are targets of the anticancer agent UCN-01.
myeloma: increasing evidence for a multistep J Biol Chem. 2000;275:5600-5605.
transformation process. Blood. 1998;91:3-21. 12. Sugiyama K, Shimizu M, Akiyama T, et al.

3. Ferlin M, Noraz N, Hertogh C, Brochier J, Taylor UCN-01 selectively enhances mitomycin C cyto-
N, Klein B. Insulin-like growth factor induces the toxicity in p53 defective cells which is mediated
survival and proliferation of myeloma cells through S and/or G(2) checkpoint abrogation. Int
through an interleukin-6-independent transduc- J Cancer. 2000;85:703-709.
tion pathway. Br J Haematol. 2000;111:626-634. 13. Tang L, Boise LH, Dent P, Grant S. Potentiation of

4. HsuJ, ShiY, Krajewski S, et al. The AKT kinase is 1-B-D-arabinofuranosylcytosine-mediated mito-
activated in multiple myeloma tumor cells. Blood. chondrial damage and apoptosis in human leuke-
2001;98:2853-2855. mia cells (U937) overexpressing bcl-2 by the ki-

. nase inhibitor 7-hydroxystaurosporine (UCN-01).

5. BerensonJR, Ma _HM, Ve_smo R. The role of Biochem Pharmacol. 2000:60:1445-1456.
nuclear factor-«B in the biology and treatment of .
multiple myeloma. Semin Oncol. 2001;28:626- 14. Wang S, Wang Z, Grant S. Bryostatin 1 and
633. UCN-01 potentiate 1-3-D-arabinofuranosylcy-

. . . tosine-induced apoptosis in human myeloid leu-

6. British Committee for Standards in Haematology. kemia cells through disparate mechanisms. Mol
Diagnosis and management of multiple myeloma: Pharmacol. 2003:63:232-242.

UK myeloma forum. Br J Haematol. 2001;115: . .
522.540. 15. Sato S, Fujita N, Tsuruo T. Interference with
PDK1-Akt survival signaling pathway by UCN-01

7. Pandit S, Vesole DH. Multiple myeloma: role of (7-hydroxystaurosporine). Oncogene. 2002;21:
allogeneic transplantation. Oncology (Huntingt). 1727-1738.
2002:16:1268-1274. 16. Shao RG, Shimizu T, Pommier Y. 7-Hydroxystau-

8. Mileshkin L, Biagi JJ, Mitchell P, et al. Multicenter rosporine (UCN-01) induces apoptosis in human
phase 2 trial of thalidomide in relapsed/refractory colon carcinoma and leukemia cells indepen-
multiple myeloma: adverse prognostic impact of dently of p53. Exp Cell Res. 1997;234:388-397.
advanced age. Blood. 2003;102:69-77. 17. Kitada S, Zapata JM, Andreeff M, Reed JC. Pro-

9. Richardson PG, Barlogie B, Berenson J, etal. A tein kinase inhibitors flavopiridol and 7-hydroxy—
phase 2 study of bortezomib in relapsed, refrac- staurosporine down-regulate antiapoptosis pro-
tory myeloma. N Engl J Med. 2003;348:2609- teins in B-cell chronic lymphocytic leukemia.
2617. Blood. 2000;96:393-397.

10. Mizuno K, Noda K, Ueda Y, et al. UCN-01, an 18. Sausville EA, Arbuck SG, Messmann R, et al.

anti-tumor drug, is a selective inhibitor of the con-

Phase | trial of 72-hour continuous infusion

19.

20.

21.

22.

23.

24.

25.

26.

UCN-01 in patients with refractory neoplasms.
J Clin Oncol. 2001;19:2319-2333.

Senderowicz AM. The cell cycle as a target for
cancer therapy: basic and clinical findings with
the small molecule inhibitors flavopiridol and
UCN-01. Oncologist. 2002;7:12-19.

Dai Y, Landowski TH, Rosen ST, Dent P, Grant S.
Combined treatment with the checkpoint abroga-
tor UCN-01 and MEK1/2 inhibitors potently in-
duces apoptosis in drug-sensitive and -resistant
myeloma cells through an IL-6-independent
mechanism. Blood. 2002;100:3333-3343.

Orlowski RZ, Baldwin AS Jr. NF-«B as a thera-
peutic target in cancer. Trends Mol Med. 2002;8:
385-389.

Karin M, Cao Y, Greten FR, Li ZW. NF-kB in can-
cer: from innocent bystander to major culprit. Nat
Rev Cancer. 2002;2:301-310.

Malek S, Huxford T, Ghosh G. Ik Ba functions
through direct contacts with the nuclear localiza-
tion signals and the DNA binding sequences of
NF-kB. J Biol Chem. 1998;273:25427-25435.

Zandi E, Rothwarf DM, Delhase M, Hayakawa M,
Karin M. The 1kB kinase complex (IKK) contains
two kinase subunits, IKKa and IKKB, necessary
for IkB phosphorylation and NF-kB activation.
Cell. 1997;91:243-252.

Lin YC, Brown K, Siebenlist U. Activation of
NF-«kB requires proteolysis of the inhibitor | kappa
B-a: signal-induced phosphorylation of | k B-a
alone does not release active NF-k B. Proc Natl
Acad Sci U S A. 1995;92:552-556.

Pierce JW, Schoenleber R, Jesmok G, et al.
Novel inhibitors of cytokine-induced IkBa phos-
phorylation and endothelial cell adhesion mole-
cule expression show anti-inflammatory effects in
vivo. J Biol Chem. 1997;272:21096-21103.

20z aunr g0 uo 3senb Aq jpd'1.9/20070.008UZ/Z8€L691/19.2/L/€0L4Pd-B]01E/POO|/8U" SUOledlqndyse//:dny Wwoly papeojumoq



2770

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

DAl et al

Keller SA, Schattner EJ, Cesarman E. Inhibition
of NF-«B induces apoptosis of KSHV-infected
primary effusion lymphoma cells. Blood. 2000;96:
2537-2542.

Mori N, Yamada Y, lkeda S, et al. Bay 11-7082
inhibits transcription factor NF-«kB and induces
apoptosis of HTLV-I-infected T-cell lines and pri-
mary adult T-cell leukemia cells. Blood. 2002;100:
1828-1834.

Pham LV, Tamayo AT, Yoshimura LC, Lo P, Ford
RJ. Inhibition of constitutive NF-«B activation in
mantle cell ymphoma B cells leads to induction of
cell cycle arrest and apoptosis. J Immunol. 2003;
171:88-95.

Bharti AC, Donato N, Singh S, Aggarwal BB. Cur-
cumin (diferuloylmethane) down-regulates the
constitutive activation of nuclear factor-« B and
IkBa kinase in human multiple myeloma cells,
leading to suppression of proliferation and induc-
tion of apoptosis. Blood. 2003;101:1053-1062.

Moalli PA, Pillay S, Weiner D, Leikin R, Rosen ST.
A mechanism of resistance to glucocorticoids in
multiple myeloma: transient expression of a trun-
cated glucocorticoid receptor mRNA. Blood.
1992;79:213-222.

Duan H, Orth K, Chinnaiyan AM, et al. ICE-LAP6,
a novel member of the ICE/Ced-3 gene family, is
activated by the cytotoxic T cell protease gran-
zyme B. J Biol Chem. 1996;271:16720-16724.

Dai Y, Yu C, Singh V, et al. Pharmacological in-
hibitors of the mitogen-activated protein kinase
(MAPK) kinase/MAPK cascade interact synergis-
tically with UCN-01 to induce mitochondrial dys-
function and apoptosis in human leukemia cells.
Cancer Res. 2001;61:5106-5115.

Rahmani M, Peron P, Weitzman J, Bakiri L, Lar-
deux B, Bernuau D. Functional cooperation be-
tween JunD and NF-kB in rat hepatocytes. Onco-
gene. 2001;20:5132-5142.

Chou TC, Talalay P. Quantitative analysis of
dose-effect relationships: the combined effects of
multiple drugs or enzyme inhibitors. Adv Enzyme
Regul. 1984;22:27-55.

Mitsiades N, Mitsiades CS, Poulaki V, et al. Bio-
logic sequelae of nuclear factor-kB blockade in
multiple myeloma: therapeutic applications.
Blood. 2002;99:4079-4086.

Kitada S, Zapata JM, Andreeff M, Reed JC. Pro-
tein kinase inhibitors flavopiridol and 7-hydroxy-
staurosporine down-regulate antiapoptosis pro-
teins in B-cell chronic lymphocytic leukemia.
Blood. 2000;96:393-397.

Heckman CA, Mehew JW, Boxer LM. NF-«B acti-
vates Bcl-2 expression in t(14;18) lymphoma
cells. Oncogene. 2002;21:3898-3908.

Tang G, Minemoto Y, Dibling B, et al. Inhibition of
JNK activation through NF-kB target genes. Na-
ture. 2001;414:313-317.

Kirsch DG, Doseff A, Chau BN, et al. Caspase-3—
dependent cleavage of Bcl-2 promotes release of

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

cytochrome c. J Biol Chem. 1999;274:21155-
21161.

Bennett BL, Sasaki DT, Murray BW, et al.
SP600125, an anthrapyrazolone inhibitor of Jun
N-terminal kinase. Proc Natl Acad Sci U SA.
2001;98:13681-13686.

Borsello T, Clarke PG, Hirt L, et al. A peptide in-
hibitor of c-Jun N-terminal kinase protects against
excitotoxicity and cerebral ischemia. Nat Med.
2003;9:1180-1186.

Jourdan M, Veyrune JL, Vos JD, Redal N, Coud-
erc G, Klein B. A major role for Mcl-1 antiapo-
ptotic protein in the IL-6—induced survival of hu-
man myeloma cells. Oncogene. 2003;22:2950-
2959.

Derenne S, Monia B, Dean NM, et al. Antisense
strategy shows that Mcl-1 rather than Bcl-2 or
Bcl-x(L) is an essential survival protein of human
myeloma cells. Blood. 2002;100:194-199.

French JD, Tschumper RC, Jelinek DF. Analysis
of IL-6—mediated growth control of myeloma cells
using a gp130 chimeric receptor approach. Leu-
kemia. 2002;16:1189-1196.

Damiano JS, Cress AE, Hazlehurst LA, Shtil AA,
Dalton WS. Cell adhesion mediated drug resis-
tance (CAM-DR): role of integrins and resistance
to apoptosis in human myeloma cell lines. Blood.
1999;93:1658-1667.

Patel NM, Nozaki S, Shortle NH, et al. Paclitaxel
sensitivity of breast cancer cells with constitu-
tively active NF-kB is enhanced by IkBa super-
repressor and parthenolide. Oncogene. 2000;19:
4159-4169.

Weldon CB, Burow ME, Rolfe KW, Clayton JL,
Jaffe BM, Beckman BS. NF-x B-mediated che-
moresistance in breast cancer cells. Surgery.
2001;130:143-150.

JiaW, Yu C, Rahmani M, et al. Synergistic anti-
leukemic interactions between 17-AAG and
UCN-01 involve interruption of RAF/MEK- and
AKT-related pathways. Blood. 2003;102:1824-
1832.

Gu L, Zheng H, Murray SA, Ying H, Jim Xiao ZX.
Deregulation of Cdc2 kinase induces caspase-3
activation and apoptosis. Biochem Biophys Res
Commun. 2003;302:384-391.

Tang G, Minemoto Y, Dibling B, et al. Inhibition of
JNK activation through NF-kB target genes. Na-
ture. 2001;414:313-317.

De Smaele E, Zazzeroni F, Papa S, et al. Induc-
tion of gadd45p by NF-kB downregulates pro-
apoptotic JNK signalling. Nature. 2001; 414:308-
313.

Hideshima T, Mitsiades C, Akiyama M, et al. Mo-
lecular mechanisms mediating antimyeloma ac-
tivity of proteasome inhibitor PS-341. Blood.
2003;101:1530-1534.

Tournier C, Hess P, Yang DD, et al. Requirement
of INK for stress-induced activation of the cyto-

BLOOD, 1 APRIL 2004 - VOLUME 103, NUMBER 7

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

chrome c-mediated death pathway. Science.
2000;288:870-874.

Yamamoto K, Ichijo H, Korsmeyer SJ. BCL-2 is
phosphorylated and inactivated by an ASK1/Jun
N-terminal protein kinase pathway normally acti-
vated at G(2)/M. Mol Cell Biol. 1999;19:8469-
8478.

Inoshita S, Takeda K, Hatai T, et al. Phosphoryla-
tion and inactivation of myeloid cell leukemia 1 by
JNK in response to oxidative stress. J Biol Chem.
2002;277:43730-43734.

Hideshima T, Akiyama M, Hayashi T, et al. Target-
ing p38 MAPK inhibits multiple myeloma cell
growth in the bone marrow milieu. Blood. 2003;
101:703-705.

Chen C, Edelstein LC, Gelinas C. The Rel/NF-kB
family directly activates expression of the apopto-
sis inhibitor Bcl-x(L). Mol Cell Biol. 2000;20:2687-
2695.

Tang D, Lahti JM, Kidd VJ. Caspase-8 activation
and bid cleavage contribute to MCF7 cellular ex-
ecution in a caspase-3—dependent manner dur-
ing staurosporine-mediated apoptosis. J Biol
Chem. 2000;275:9303-9307.

Madesh M, Antonsson B, Srinivasula SM, Alnemri
ES, Hajnoczky G. Rapid kinetics of tBid-induced
cytochrome ¢ and Smac/DIABLO release and
mitochondrial depolarization. J Biol Chem. 2002;
277:5651-5659.

Adrain C, Creagh EM, Martin SJ. Apoptosis-asso-
ciated release of Smac/DIABLO from mitochon-
dria requires active caspases and is blocked by
Bcl-2. EMBO J. 2001;20:6627-6636.

Landowski TH, Olashaw NE, Agrawal D, Dalton
WS. Cell adhesion-mediated drug resistance
(CAM-DR) is associated with activation of NF-«xB
(RelB/p50) in myeloma cells. Oncogene. 2003;
22:2417-2421.

Sausville EA, Arbuck SG, Messmann R, et al.
Phase | trial of 72-hour continuous infusion
UCN-01 in patients with refractory neoplasms.

J Clin Oncol. 2001;19:2319-2333.

Dewan MZ, Terashima K, Taruishi M, et al. Rapid
tumor formation of human T-cell leukemia virus
type 1-infected cell lines in novel NOD-SCID/
~yc(null) mice: suppression by an inhibitor against
NF-«kB. J Virol. 2003;77:5286-5294.

Hideshima T, Chauhan D, Richardson P, et al.
NF-«kB as a therapeutic target in multiple my-
eloma. J Biol Chem. 2002;277:16639-16647.
Mathas S, Lietz A, Janz M, et al. Inhibition of
NF-«B essentially contributes to arsenic-induced
apoptosis. Blood. 2003;102:1028-1034.

Keifer JA, Guttridge DC, Ashburner BP, Baldwin
AS Jr. Inhibition of NF-kB activity by thalidomide
through suppression of IkB kinase activity. J Biol
Chem. 2001;276:22382-22387.

Adams J. Proteasome inhibition in cancer: devel-
opment of PS-341. Semin Oncol. 2001;28:613-
619.

20z aunr g0 uo 3senb Aq jpd'1.9/20070.008UZ/Z8€L691/19.2/L/€0L4Pd-B]01E/POO|/8U" SUOledlqndyse//:dny Wwoly papeojumoq



