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Flenary paper

Thalidomide and its analogs overcome drug resi

myeloma cells to conventional therapy

Teru Hideshima, Dharminder Chauhan, Yoshihito Shima, Noopur Raj
Robert L. Schiossman, Paul Richardson, George Muller, David 1. Stirl

Although thalidomide (Thal) was ini-
tially used to treat multiple myeloma
(MM) because of its known antiangio-
genic effects, the mechanism of its
anti-MM activity is unclear. These stud-
ies demonstrate clinical activity of Thal
against MM that is refractory to conven-
tional therapy and delineate mecha-
nisms of anti-tumor activity of Thal and
its potent analogs (immunomodulatory
drugs [IMiDs]). Importantly, these agents

Introduction =

act directly, by inducing apoptosis or
G1 growth arrest, in MM cell lines and in
patient MM cells that are resistant to
melphalan, doxorubicin, and dexameth-
asone (Dex). Moreover, Thal and the
IMiDs enhance the anti-MM activity of
Dex and, conversely, are inhibited by
interleukin 6. As for Dex, apoptotic sig-
naling triggered by Thal and the IMiDs is
associated with activation of related
adhesion focal tyrosine kinase. These

Ihis material may be protected by LOpyrignt law (11Tl 1/ U.5. Lode)

stance of human multiple

e, Faith E. Davies, Yu-Tzu Tai, Steven P. Treon, Boris Lin,
ing, and Kenneth C. Anderson

studies establish the framework for the
development and testing of Thal and the
IMiDs in a new treatment paradigm to
target both the tumor cell and the micro-
environment, overcome classical drug
resistance, and achieve improved out-
come in this presently incurable dis-
ease. (Blood. 2000;96:2943-2950)

2000 by The American Society of Hematology

Thalidomide (Thal) was originally used in Europe for the treatment
ol morning sickness in the 1950s but was withdrawn from the
market in the 19605 because of reports of leratogenicity

and
phocomelia associated with its use. The renewed interest in Thal
stems from its broad spectrum of pharmacologic and immunologic
effects.! Because of its immunomodulatory and antiangiogenic
cffects, it has been used to effectively trear crythema nodosum
feprosum, an inflammatory manifestation of leprosy.” Potential
therapeutic applications span a wide spectrum of diseascs. includ
ing cancer and related conditions, infectious discases, autoimmune
diseases, dermatologic diseases. and other disorders such as
sarcoidosis, macular degeneration, and diabetic retinopathy. ' Re
cent reports of increased bone marrow (BM) angiogenesis in
multiple mycloma (MM coupled with the known antiangio
genic propertics of Thal.® provided the rationale for its use o treal
MM, importanty, Thal induced elinical responses in 32% ol MM
patients whose disease was refractory © conventional and high
dose therapy,” suggesting that il can overcome drug resistance
because of its alternative mechanisms of anti- MM sctis iy, Besides
alkylating agents and corticosteroids, Thal now, therefore, repre
seds the thid distinet class of agents useful i the treatment
ol MM

Given its broad spectiim ol activities, Thal may be acting
agamst MM in several ways ™ Fiest, Thal iy have a direct elfect
on the MM cell and/or BM stromal cell to inhibit their growth and
survival For example, free radical-mediaied oxidative DNA
damage may play arole in the teratogenicity of Thal” and may also
have anti-tumor effects. Second, adhesion of MM cells to BM
stromal cells both triggers seeretion of eytokines that augment MM

cell growth and survival™™ and confers drug resistance': Thal
modulates adhesive interactions™ and, thereby, may alter tumor
cell growth, survival, and drug resistance. Third. cytokines secreted
into the BM microcnvironment by MM and/or BM stromal cells,
such as interleukin (HL)-6, IL-1, IL-10. and twumor necrosis factor
CINF) o may augment MM cell growth and survival.’? and Thal
may alter their secretion and hioactivity.” Fourth, vascular endothe-
lial growth factor (VEGE) and basic fibroblast growth factor 2
(DFGE-2) are secreted by MM and/or BM stromal cells and may
play i role both in wmor cell growth and survival. as well as BM
angiogenesis, ™ Givenits known antiangiogenic activity.® Thal
may inhibitactivity of VEGE bEGE-2, and/or angiogenesis in
MM However, Singhal et al.” observed no correlation of BM
angiogenesis with response to Thal, suggesting that it may not
be mediating anti MM activity by ity antiangiogenic effects.
Finally, Thal may be acting against MM by its immunomoduly-
tory effects. such as induction of o Thi T-cell response with
seeretion of interferon gamma (1FN-y) and 1L-2.77 Already 2
classes of Thal analogs have been reported, imncluding phospho-
diesterase < inhibitors that inhibit TNF-x but do not enhance
T-eell activation (selected eytokine inhibitory drugs [SelCIDs )y
and others that are not phosphodiesterase 4 inhibitors byt
markedly stimulate T-cell proliferation as well as 1122 and
H"N=y production timmunomodulatory drugs {IMiDs]). 15

In this study, we have begun to characterize the mechanisms of
activity ol Thal and these analogs against human MM cells,
Delineation of their mechanisiis of action, as well as mechanisms
of resistance to these agents, will both enhance umlcrslumiing of
MM discase pathogenesis and derive novel treatment strategics,
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Materials and methods

MM-derived cell lines and patient cells

Dexamethasone (Dex)-sensitive (MM.IS) and Dex-resistant (MM.IR)
human MM cell Jines were kindly provided by Dr Steven Rosen (Northwest-
e University, Chicago, [L). Doxorubicin (Dox)-. mitoxantrone (Mit)-. and
melphalan (MeD-sensitive and -resistant RPMI-8226 human MM cells
were kindly provided by Dr William Dalton (Moffitt Cancer Center, Tampa,
FL). RPMI-8226 cells resistant to Dox. Mit. and Mel included Dox 6 and
Dox 40 cells. MR20 cells, and LR3 cells, respectively. Hs Sultan human
MM cells were obtained from the American Type Culture Collection
{Rockvillec MD). Al MM cell fines were cultured in RPMI-1640 media
(Sigma Chemical. St Louis, MOJ that contained 10% fetal bovine serum., 2
mmol/L L-glutamine (GIBCO. Grand Island, NY). 100 U/mL penicillin,
and 100 pe/ml. streptomyein (GIBCO), Drug-resistant cell lines were
cultured with either Dox. Mit, Mel, or Dex to confirm their fack of drug
sensitivity. MM patient cells (96% CD38' CD4SRA ) were purified from
patient BM samples, as previously deseribed. '

Thal and analogs

Thal and analogs (Celgene. Warren, NIy were dissolved in DMSO (Sigma)
and stored at - 20°C wntil use. Drugs were diluted in culture medium
(0.0001 1o 100 pMy with = 0.1% DMSO immediately before use. The Thal
analogs used in this study were 4 SelCIDs (SelCIDs 1. 2, 3. and 4), which
are phosphodiesterase 4 inhibitors that inhibit TNF-c« production and
increase 1L-10 production from lipopolysaccharide (LPS )-stimulated periph-
cral blood mononuclear cells (PBMCs) but do not stimulate Tieel]
proliferation: and 3 IMiDs (IMiD 1 IMID2, and IMiD3), which do stimulate
Teeell proliferation, as well as 1L-2 and IFN-y secretion. but are not
phosphadiesterase 4 inhibitors. The IMiDs also inhibit TNF-, IL-1p. and
-6 and greatly increase H.-10 production by LPS-stimulated PBMCs. 15

DNA synthesis

DPNA synthesis was measured as previously deseribed. ' MM cells (3 % 10°
cells/welly were incubated in 96-well culture plates (Costar, Cambridge,
MA) in the presence ol media, Thal, SelCIDITL SelCID2, SelCID3.
SelCIDA, IMID T, IMID2, IMiD3, and/or recombinant 11.-6 (50 ng/ml.)
(Geneties Institute, Cambridge, MA) for 48 hours at 37°C. DNA synthesis
swas measured by ['H|-thymidine CH-TAR: NEN Products. Boston, MA
uptake. Cells were pulsed with "H-TdR (0.5 pCitwell) during the last 8
howrs of 8- hour cultures, harvested onto glass filters with an automatic cell
harvester (Cambridee Technology, Cambridge, MA), and counted by using
the LB Betaplate scintilation counter (Wallae, Gaithersbura, MD). All
experiments were performed i triplicate.

Colorimetric assays were also performed (o assay drug activity, Cells
from A8-hour cultures were pulsed with 10wl of 5 mg/ml. 3-(4.5-
dimethylthiazol-2-y1)-2 S-diphieny] wetrasodium bromide (MTT: Chemicon
International Ine, Temecula, CA) to cach well for 4 hours, followed by 100
il isopropanol that contained 0.04 HCL Absorbance readings at a
wavelength of 570 mm were taken on a spectrophotometer (Molecular
Devices Corp., Sunnyvale, CA),

Cell cycle analysis

MM cells (1 7 10% cultured Tor 72 hours in media alone, Thal, IMiD1.
IMID2.and IMiD3 were harvested, washed with phosphate-buffered saline
(PBS). fixed with 70% ethanol. and pretreated with 10 pe/ml. of RNAse
(Sigma). Cells were stained with propidium iodide (PL: 5 pe/mb.: Sigma),
and cell eycle profile was determined by using the program M software
on an Epics flow cytometer (Coulter Immunology. Hialeah, FL), as in
prior studies. ™

Detection of apoptosis

Inaddition to identifying sub-G1 cells as deseribed above, apoplosis
was also confirmed by using annexin V staining. MM cells were cultured
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in media (0.01% DMSO) or with 10 wmol/L of Thal or T pmol/E INGID .
IMID2, and IMID3 at 37°C for 72 hours, with addition of drugs at
24-hour intervals. Cells were then washed twice with ice-cold PBS and
resuspended (1 > 10 cells/mLy in binding buffer (10 mmol/L. HEPES .
pH 7.4 140 mmol/L. NaCl. 2.5 mmol/L CaClyy, MM cells (1 % 10%) were
incubated with annexin V-FITC (5 pL: Pharmingen, San Dicso, CA) and
PE(S pe/mly for 15 minutes at room temperature, Annexin Vi pl

apoptotic cells were enumerated by using the Epics cell sorter (Coulier).

immunoblotting

MM cells were cultured with 10 pmol/L of Thal, IMiD1. IMiD2, or
IMiD3: harvested: washed: and lysed using lysis buffer: 50 mmal/l
HEPES (pH 7.4). 150 mmol/L NaCl. 1% Triton-X 100, 30 mmol/l_
sodiun pyrophosphate. 5 mmol/L EDTA. 2 mmol/L Na;VO,. 5 mmol/L
NaFo 1 mmol/L. phenylmethyl sulfonyl fluoride (PMSF), 5 o/l
leupepting and 5 pg/mL aprotinin. For detection of p21, cell lvsates
were subjected to SDS-PAGE, transferred to polyvinylidene difluoride
(PYDF) membranc, and immunoblotted with anti-p21 antibody
(Ab: Santa Cruz Biotech, Santa Cruz. CA). The membrane was stripped
and reprobed with anti-alpha tubulin Ab (Sigma) to ensure equivalent
protein loading. For detection of p33. cell Tysates were prepared {rom
MM cells (2 2 107) with the use of lysis butfer. Lysates were incubated
with anti-mutant (mt) or wild-type (wt p53 monoctonal Abs (Calbio-
chem. San Dicgo. CA) and then immunoprecipitated overnight with
protein A Sepharose (Sepharose CL-4B: Pharmacia, Uppsala. Sweden).
Immune complexes were analyzed by immunoblotting with horseradish
peroxidase-conjugated anti-p53 Ab reactive with both mt and wi ps3
(Calbiochem).

To characterize growth signaling. immunoblotting was also done
with anti-phospho-specific MAPK Ab (New England Biolabs, Bey erly.
MA) in the presence or absence of TL-0 tGeneties Tnstitute ) and/or the
MEK I inhibitor PDY805Y (New England Biolabs). as in prior studies.
Antigen-antibody complexes were detected by using enhanced chemilu-
minescence (Amersham, Arlington Heights, 1), Blots were stripped and
reprobed with anti-ERK2 Ab (Santa Cruz Biotech) to ensure cquivalent
protein loading.

To characterize apoptotic signaling. MM cells were cultured widy 100
pmol/L of Thal IMIDEAMID2. or IMiD 32 harvested: washed: and ysed in
I mb of lysis buffer (50 mmol/L Tris, pH 7.4, 150 mM NaCl. 1< NP4, S
mmol/L EDTA, 2 mmol/L. Na; VO, 5 mmol/E Nal 1 mmal/l. PMSE S
pg/ml leupepting and 5 pe/mb aprotining. as in prior studies. Lysates
were incubated with anti-related adhesion focal tyrosine kinase (RAFTK 1
Ab for | hour at +°C and then for 45 minutes after the addition of protem
G-agarose (Santa Cruz Biotech). Immune complexes were analyzed by
immunoblotting with anti-P-Tyr Ab (RC20: Transduction Laboratories.
Lexington, KY) or anti-RAFTK Abs. Proteins were separated by clectio-
phoresis in 7.5% SDS-PAGE gels. transferred to nitrocellulose paper. and
analyzed by immunoblotting. The antigen-antibody complexes were visual
ized by chemiluminescence.

Statistical analyses

Statistical significance of differences observed in drig-treated versus
control cultures was determined by using the Student 7 st The minimal

level of significance was P = 05,

Results
Treatment of MM patients with Thal

Seventeen (39%) of 44 paticnts with MM treated ot our institole
responded to Thal (Table 1). This response included 6 men and 11
women. These patients had received a median of 4 (1.9 prior
treatment regimens, and 10 patients had a prior high-dose therapy
and - hematopoietic stem cell transplant. One patient achieved
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Table 1. Response to thalidomide in multiple myeloma*

THALIDOMIDE OVERCOMES DRUG RESISTANCE OF MM 2945

Prior Maximum Duration of Maximum
Prior stem cell change thalidomide daily dose Current status
Patient Sext therapies transplant M protein: therapy (mo) thalidomide (daily thalidomide dose)
1 M 3 Yes 58%(PR) 8.5 200 mg Continued response (200 mg)
9 F 5 No 78%(PR) 6.0 400 mg Continued response (400 mg)
3 F 1 Yes 1 16%(SD) 8.5 100 mg Continued response (100 mg)
4 M 6 No 56%(PR) 9.0 200 mg Continued response (200 mg)
5 F 1 No 62%(PR) 8.5 200 mg Continued response (50 mg)
6 F 5 Yes 100%(CR) 13 500 mg Continued response (50 mg)
7 M 9 Yes 54%(PR) 10 800 mg Progressed (800 mg)
8 F 8 Yes - 68%(PR) 4.0 200 mg Continued response, discontinued
g P 5 No 90%(PR) 7.5 400 mg Continued response (400 mg)
10 M 5 Yes 9%( D) 15 400 mg Progressed
118 F 4 Yes 59%(PR) 5.5 400 mg Progressed
12§ M 4 Yes 64%(PR) 7.0 400 mg Progressed
13§ F 3 Yes 14%(SD) 4.5 400 mg Progressed
14§ F 2 Yes ‘55"0(}39) 4.0 800 mg Continued response (800 mg)
15 F 1 No - 31%(SD) 6.0 400 mg Continued response (400 mg)
16 F 1 No '“"G(SD) 4.5 400 mg Progressed
17 M 2 No 5% (PR) 6.0 200 mg Continued response (100 mg)

*As of January 1, 2000,
Male (M) or fermale (F).
jPartial response (PR) is
disease (SD) s -
§Also received decadron therapy.
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Figure 1. Effect of Thal and analogs on DNA synthesis of MM cell lines and
patient cells. MM.1S (A) and Hs Sultan (B) cells were cultured with increasing
concentrations (0.0001-100 pM) of Thal (&), IMID1 (). IMID2 (@), and IMiD3 (4). (C)
MM 15 cells were culturod with increasing concentrations (12.5-100 M) of SelCID1
(#), SelCID2 (M), SclCID3 (A), and SelCID4 (@), In each case “H-TdR 3 uptake (left
panals) or MTT cleavage (ight panels) were measured during the last 8 and 4 hours,
respectively, of 48-hour cultures. Values represent the mean {* 8D) *H-TdR (cpm) or
absorbance of triplicate cultures,

- 50% decrease in M protein; complete response (CR) is absence of M protein on immunofixation and normal bone marrow biopsy; stable
50% decrease in M protein; progression is -~ 25% increase in M protein or progressive clinical disease.

complete response (absence of monoclonal protein on immunofix-
ation and normal BM biopsy). 11 patients achicved partial response
(- 50% decrease in monoclonal protein), and 5
slahk disease ¢+ 50% decrease in monoclonal protein).
received a median of 400 mg (range, 100-800 mg) maximum dose
1.5-13 months). Ag

)1 patients have continued response at a median

5 patients achieved
Patients
of daily Thal for a median of 6 months (range,
ol January 1, 2000
of 6 months (range 413 months). and 6 patients have progressed at

amedian o 1.5 months (range. 1510 months).

Effect of Thal and analogs on DNA synthesis by MM cell lines
and patient MM cells

The effect of Thal and its analogs, including IMiD1, IMiD2,
IMIDA SelCIDE, SelCID2, SelCID3L and SelCID4. on DNA
syithesis of MM cell Tines (MMLIS, Hs Sultan. U266, and
RPMIE-8226) was determined by measuring *H-TdR uptake during
the Tast 8 hours of 48-hour cultures, in the presence or absence of
drug at various concentrations. IMIDT, IMiD2, and IMiD3 inhib-
ited "TETAR nptake of MMLIS (Figure [A)
IB) cells in a dose-dependent fashion. Fifty percent inhibition of
profiferation of MM. 1S cells was noted at 0.01-0.1 pmol/L IMiD 1
O.1-1.0 pmol/L IMID2, and 0.1-1.0 pmol/L. IMID3 (P = o1,
Fifty percent inhibition of proliferation of Hs Sultan cells was
noted at 0.1 pmol/L IMiD1, 1.0 pmol/L IMiD2, '.md 1.0 wmol/L
IMID3 (P < .001). In contrast, only 15% and 20% inhibition in
MM. 1S and Sultan cells, respectively, were nh\u\ul 1 cultures at
even higher concentrations (100 pmol/L) of Thal. No significant
inhibition of DNA synthesis of U266 MM cells was noted in
cultures with 0.001 o 100 pmol/L Thal or these IMiDs (data not
shown). The effects of these drugs on proliferation were confirmed
by using MTT assays for MM. IS cells (Figure 1A) and Hs Sultan
cells (Figure 1B). Although there was also a dose-dependent
inhibition of proliferation of MM.IS cells by SelCIDs, 504
inhibition was observed only at high doses (100 wmol/L) for only 2
of the 4 SelCIDs (SelCIDs | and 3. Figure 1C). Further studies.
therefore, focused on Thal and the IMiDs.

and Hs Sultan (Figure
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Effect of Thal and analogs in DNA synthesis of MM cells
resistant to conventional therapy

To examine whether there was cross-resistance between Thal and
the IMiDs with conventional therapies, RPMI-8226 MM cells
resistant to Dox (Dox6 and Dox40 cells). Mit (MR20 cell s), or Mel
(LRS cells), and MM.IR cells resistant to Dex were similarly
studied. Proliferation of Dox6 and Dox40, MR20, LR5, or MMI.R
cells is unaffected by culture with 60 nmol/L and 400 nmol/L, Dox.
20 nmol/L. Mit, 5 pmol/L Mel, and 1 pwmol/L Dex, respectively
(data not shown). Importantly, *H-TdR uptake of Dox6. Dox40,

MR20, or LRS was inhibited in cultures with Thal and the IMiDs in
a dose-dependent manner (1-100 pmol/L.) versus media alone
cultures (Figure 2A-D). For example, 10 pmol/L IMIDI blocked
proliferation of Dox6, Dox40, MR20. and LR5 cells by 20%, 33%.
32%., and 21%, xprccU\'L]v (P =2.001). The IMiDs similarly
inhibited DNA synthesis of MM.IR cells in a dose- dependent
fashion. with more than 50% inhibition at more than | pmol/L.
IMIiD1 (P = 001 Figure 2E). These data suggest independent
mechanisms of resistance (o Dox, Mit. Mel, and Dex versus Thal
and its analogs.

Effect of Dex and IL-6 on response of MM cells
to Thal and the ImiDs

To determine whether the effects of Thal and the IMiDs are
additive with conventional therapies. we next examined the effect

A B

CPM (x 104)
(o] o

N

=1
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of Dex (0.001-0.1 pmol/L) together with T pmol/L. Thal or IMiDsg
on proliferation of Dex-sensitive MM.1S cells. As can bhe
Figure 3A,

seen in
the IMiDs (1 pmol/L) significantly inhibited ‘H-TdR
uptake of MMLIS cells (60%-75% block, P < .01). and Dex
(0.001-0.1 pmol/L) increased this inhibition in a dose- -dependent
fashion. For example, doses of 0.001 t0 0.01 pmol/L Dex added to
I pmol/L IMID1 increased the inhibition of proliferation by 35%
relative to cultures with I wmol/L IMiD1 alone (P - ()] ). Given
the additive effects of Dex and the IMiDs, as well as the known role
[1L-6 as a growth lactor and specific inhibitor of " Dex-induced
‘\/IM cell apoptosis.!™***% we also examined whether exogenous
[L-6 could overcome the inhibition of DNA synthesis triggered by
Thal and the IMiDs. Figure 3B demonstrates that 11.-6 (50 ng/ml.)
triggers DNA synthesis of MM.IS cells in cultures with media
alone, as well as in cultures with the IMiDs (0.1 and | jpmol/LL),

Effect of Thal and analogs on DNA synthesis
of patient MM cells

The effect of Thal and the IMiDs on DNA synthesis of patient MM cells
was next examined (Figure 4). As was true for MML.IS and Hs Sultan
MM cell lines, “H-TdR uptake of patients’ MM cells was also inhibited
by IMiDs (0.1-100 mol/L) in a dose-dependent fashion. whereas the
inhibitory effect of Thal, even at 100 pmol/L. was not significant. Fifty
pereent inhibition ol MM patient cells was observed at 100 pmol/L
(Figure 4A) and 1 pmol/L (Figure 4B) IMiDI1. respectively (2 001y,

IMID2 IMID3

CPM (x 10%)
S 8

o N A O o

IMID3

IMID3 IMID1
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Figure 2. Effect of Thal and analogs on DNA synthe-
sis of MM cells resistant to conventional therapy.
Dox-resistant Dox6 (A} and Dox 40 (B}, Mit-resistant
(MR20: C), and Mel-resistant (LR5 D) cells were cultured
with controf media () or 1 pmol/L (7, 10 pmol/L 6,
100 pmol/L (M) of Thal, IMID1, IMID2, or IMID2. Values
represent the mean (+ SD) *H-TdR (cpmy of tnplicate
cultures. (E) Dex-resistant MM. 1R cells were cultured in
control media (1} or with 0.1 pmol/L (1 9.1 pmol/L (),
10 pmol/L (£3), or 100 pmol/L (M) of Thal, IMID1, (M«Da o
IMID3.
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Figure 3. Effect of Dex and IL-6 on response of MM cells to Thal and the IMiDs.
(A} MM.1S cells were cultured with 1.0 pM Thal, IMIDT, IMID2, or IMID3 in control
media alone (1) or with 0.001 (£, 0.01 (L), and 0.1 smol/L () Dex. B) MM.15 cells
were cultured in control media alone and with 0.1 and 1.0 pmol/L Thal, IMIDT, IMID2,
or IMID3 either in the presence {1 ) or absence (B) of IL-6 (50 ngfmb). In each case,
HTAR uptake was measured during the last 8 hours of 48-hour cultures, Values
represent the mean (1 80) "H-TdR {cpm) of friplicate cultures

Effect of Thal and analogs on cell cycle profile of MM cell lines
and patient MM celis

To further analyze the miechanism of Thal and INID induced
infubition of DNA synthesis and 1o determine whether these drugs
mduced apoptosis of MM cells, we first examined the cell eyele
profile of MMUES, Hs Sultan cells, and paticnt MM cells cultured
with miedia alone, "Fhal (1O pmol/L), or the IMIDs (F ool ),
Cells were harvested Trom 72-hour cultures and stained with PL As
shown i Figure SACall 3 IMiDs, and Thal o a lesser extent,
mercased sub-GEMMULS cells. Induction of apoptosis occurred at
the dose response: curve noted for - inhibition of proliferation,
Twelve-hour cultures with Dex (10 pmol/L) served as a positive
control for trggering increased sub-Glocells, In contrast, no
mcrease msub-GiEeells was observed in cultures of Hs Sultan cells
or of patient MM cells with Thal or the TMiDs. Importantly, Thal
and the IMiDs mduced G growth arrestin both Hs Sultan cells and
i AS patient MM cells,

To confirm these results, we performed annexin V staining ol
cells iy these caltures. As can be seen in Figure 5B, the pereentage
of annexin Vopositive cells in cultures of MMLIS cells with Thal.
IMID T, IMID2, and IMID3 was 3200, 55%, 51%, and 43%.,
respectively. Forty-six percent of annexin V staining was obseryed
e caliures with Dex, whereas only 22% annexin V-positive cells
waere present i cultures with media alone. The percentage of
annexin Vopositive Hs Sultan cells and AS patient MM cells was

THALIDOMIDE OVERCOMES DRUG RESISTANCE OF MM 2947

A% 10 7%, respectively, under all culture conditions and was not
increased by Thal or the IMiDs.

Effect of Thal and analogs on p21 expression in MM cell lines
and patient cells

We next correlated these distinet biologic sequelae of Thal and the
IMiDs with p21 status in MM.IS versus Hs Sultan and paticnt MM
cells. As can be seen in Figure 6AL p21 expression was down-regulated
by the IMiDs, as well as by Dex, in MMLS cells: and IL-6 overconies
this inhibitory effeet. In contrast, the IMIDs up-regulated p21 in Hs
Sultan cells and paticnt MM cells. Immunoblotting with anti-tubulin Ab
confirmed cquivalent protein loading. Wi-pS3 was recognized in
MMLIS cells, whereas both wi- and mt-p33 were recognized in Hs
Sultan cells and patient MM cells (Figure 6B). These studies further
support the observation that Thal and the IMiDs can induce cither
apoptosis or G- growth arest in sensitive MM cells, and they are
consistent with Thal and IMiD p53-mediated down-regulation of p21
and susceptibility to p53-mediated apoptosis in MM. 1S cells, in contrast
to induction of p21 and growth arrest in Hs Sultan cells and patient
MM cells. conferring protection from apoptosis.

Effect of Thal and analogs on growth and apoptotic signaling
in MM.1S and MM.1R celis

We have previously characterized signaling cascades mediating
MM cell growth and apoptosis. as well as the antiapoptotic effect of
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Figure 4. Effect of Thal and analogs on DNA synthesis of patient MM cells. MM
cells from patient 1 (A) and patient 2 (B) were cultured with control media (L1 or with
0.1 pmolL (13, 1.0 pmol/L (L), 10 pmolL (£3), and 100 pmol/L (M) Thal, IMID1,
IMID2, or IMID3. In each case, “H-TdR uptake was measured during the last 8 hours
of 48-hour cultures. Values represent the mean (* SD) *H-TdR (cpm) of triplicate
cultures,
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{1L-6.17229% Because we have shown that 1L-6-induced prolifera-
tion is mediated by the ras-dependent mitogen-activated protein
kinase (MAPK) cascade," we next examined the effect of Thal and
the IMiDs on tyrosine phosphorylation of MAPK in I1.-6-
responsive MMLIS cells. Constitutive tyrosine phosphorylation
off MAPK in MMLIS cells was down-regulated by the MEK ]
inhibitor PD9805Y (50 umol/L). which served as a positive control
{(Figure 0A), and to a lesser extent by the IMiDs (1 pmol/L: Figure
7A) or Thal (10 wmol/L: data not shown). Treatment of MM. 1S
cells with 1L-6 increased MAPK tyrosine phosphorylation, which
was partially blocked by PDY8059 but was unaffected by the
IMiDs (Figure 7A) or Thal (data not shown). Stripping the blot
and reprobing with anti-ERK2 Ab confirmed equivalent pro-
tein loading.
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Figure 5. Effect of Thal and analogs on cell cycle
profile of MM cell lines and patient MM cells. (A)
MM 1S cells, Hs Sultan cells, and patient MM cells were
cultured with 10 pmol/L of Thal or 1 wmol/L of IMIDT.
IMID2, or IMID3 for 72 hours. Cultures in media control
alone served as a negative control and 18-hour cultures
with 10 pmol/L. Dex as positive controls. Cells were then
stained with P, and cell cycle profile was determined by
e wn o flow cytometric analysis. (B) These MM.15 (W), Hs

B Sultan (L3, and patient MM (1 }) cells were also stained

with annexin V as an additional assay for apoptosis.
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The observation that I1.-6 can overcome the effects of Thal. the
IMIDs, and Dex, coupled with our prior studies  delineating
signaling cascades mediating  Dex-induced apoptosis and  the
protective effects of 1L.-6,227%% suggested that RAFTK activation
may be induced during apoptosis triggered by Thal and IMiDs.
MML.IS and MMLIR cells were, therefore, next cultured with |
pmol/L Thal, IMiD 1, IMiD2, or IMiD3 for 12 hours. Twelve-hour
cultures with Dex (10 wmol/L) served as a positive control for
activation of RAFTK. Total cell lysates were subjected (o immuno-
precipitation with anti-RAFTK Ab and analyzed by immunoblot-
ting with anti-P-Tyr Ab or anti-RAFTK Ab. As can be seen in
Figure 7B, Dex induced tyrosine phosphorylation of RAFTK in
MM.IS cells but not in MM.IR cells. Importantly, IMiD | induced
RAFTK tyrosine phosphorylation in both MM. S and MM IR
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correlating with its effects on both Dex-sensitive and

Dex-resistant MM cells.

cells,

Discussion

This study demonstrates for the first time a direct dose-d dependent
effect of Thal and these analogs on tumor cells. Thal has
demonstrated clinical anti-MM activity at the University of Arkan-
sas” and in this \mdv. and Thal at high concentrations (100 pmol/L)

resulted in a modest (<7 20%) inhibition of in vitro DNA synthesis

ol MM cells. SelCIDs also induced a dose-de ependent inhibition of

MM cells. but only 2 of 4 SelCIDs tested achieved 50% inhibition
ol proliferation. even at 100 pmol/L concentrations. Importantly.
all 3 IMiDs tested achieved 50% inhibition of DNA synthesis at
concentrations (0.1-1.0 pmol/LL ) corresponding to serum levels that
are readily achievable, both confirming their direct action on tumor
cells and suggesting their potential clinical wtil ity. Moreover, the
IMiDs inhibited the proliferation of Dox-. Mit-. and Mel- resistant
MM cells by 20% 10 35%, and of Dex-resistant MM cells by 50%.

These in vitro effects correlate with the observed clinical activity of

Thal in patients with MM that is relract tory to conventional
therapies, both at the University of Arkansas” and reported in this
study. and suggest their clinical utility to overcome drug resistance.
Moreover. our studies further suggest that Dex can add (o the
antiprolilerative effect of Thal and the IMiDs in vitro, suggesting
the potential utility of wuphnﬂ these agents  therapeutically.
Finally, our study also identificd MM cells resistant to Thal and the
analogs (U206 cells), which,
mechanisms of Thal resistance.,

Our studies demonstrate that Thal and the IMiDs arc acting
directly on MM cells, in the absence of accessor v BM or T cells. It
is also possible that these agents may be mediating their anti-MM
cifect by eytokines, given their known inhibitory effects on TNE-«,
1B and TL-6.2 Our prior studies have characterized (he prowth

therefore, can be used to study
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Figure 6. Effect of Thal and analogs on p21 expression in MM cell lines and
patient cells. (A) MM (S colls wore cultured with 10 pmol/l.of Thal, IMID1, IMiD2,

and IMIDS for 48 hours. MM 1S cells wore also cultured with [L- 6 (50 ng/ml) alone
and with IMIDT, 1O pmolll. Dex, and Dex plus IL-6. Cells wore lysed, subjected 1o
SDS-PAGE, tanstorred lo PYDFE membrane, and blotted with anti-p21 Ab, The
membrane was stiipped and roprobed with anti-a-tubulin Ab, (BY MM. 1S, Hs Sultan,
and patient MM cells were lysed and immunoprecipitated with wi-ps53 and mt- P53
Abs, transterred to PVYDF membrane, and blotted with anti- ph3 Ab.
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Figure 7. Effect of Thal and analogs on growth and apoptotic signaling in
MM.1S and MM.1R cells. (A) MM.18 cells were cultured in media, with 50 pmol/L of
PDY80539 and with 10 pmol/L of IMID1, IMID2, ar IMID3 for 48 hours. Cells were then
triggered with 50 ng/ml. of IL-6 for 10 minutes, lysed, transferred to PYDF membrane,
and blotted with anti-phospho MAPK Ab. Blots were stripped and reprobed with
anti-ERK2 Ab. (B) MM.1S and MM.1R cells were treated with Thal (100 M}, IMiD1
(100 pmol/L), or Dex (10 pmolil) and harvested at 12 hours. Total cell lysates were
subjected to immunoprecipitation with anti-RAFTK Ab and analyzed by immunoblot-
ting with anti-P-Tyr Ab or anti-RAFTK Ab.

elfects of 1L-6 on human MM cells. "™ and we, therefore. next
determined the elfeet of exogenous [L-6 on drug activity. Our
studies showed that -6 can overcome the eftect of Thal and the
IMIDs on MM cell lines and patient cells. suggesting that these
novel drugs may. at leastin part, be inhibiting 11.-6 production. Our
prior studies have further demonstrated that Ho-6--induced prolifera-
tion of MM cells is medinted through the MAPK cascade and that
blockade of this pathway with cither MAPK antisense oligonucleo-
tide or the MEK!D inhibitor PDY803Y can abrogate this re-
sponse, "1 Phe present study showed constitutive MAPK phos-
phorylation in MM cells that is inhibited by PD98059 and, to a
lesser extent, by the IMibs. Importantly, -6-triggered MAPK
tyrosine PDO80O59 but not by
IMiDs. These studies. therefore, suggest that the IMiDs do not
work only by dircetly inhibiting MAPK growth signaling and
further support their potential activity in down-regulating 1L.-6
production. In MM. L-6 production in tummor cells can either be
mediating autocrine tumor cell growth, =027

phosphorylation is also blocked by

constitutive or induced.
In addition, 11-6 is also produced by BM stromal cells in MM, a
process that is up-regulated by wmor cell adhesion to BM stromal
cells, with related tumor cell growth in a paracrine mechanism, 1011
Ourongoing studies are, therefore, evaluating the effect of Thal and
these analogs on IL-6 production in the BM microenvironment.
Having shown the inhibitory effects of Thal and the IMiDs on
TH-TAR uptake of timor cells, we next examined their effect on
MM cell cyele. Interestingly, these drugs had distinet functional
sequelac in MM cells. %pcciﬁca”v the IMiIDs, and to alesser extent
Thal, MML.LS cells. cvidenced both by
increased sub-Gl cells on PI staining and increased annexin
V=positive cells. In these cells that have wt p33, these agents (and
Dex) down-regulate p21, thereby facilitating Gl-10-S transition
and susceptibility to ‘\pnpmsis. This apoptotic effect may correlate

induced apoptosis ol

with the clinical observation that complete response o Thal is
rarcly observed. 1L-6 overcomes  the down-regulation of p21
agents, consistent with the increase in DNA
synthesis triggered by IL-0 even in the presence of these drugs. In

induced by these
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contrast, in Hs Sultan cells (wt and mt p53) and patient cells (wt
p53 and mt p53), the IMiDs and Thal induce p21 and related Gl
growth arrest, thereby conferring protection from apoptosis, as has
been observed in other systems. > In our prior study,? p21 was
also constitutively expressed in the majority of MM cells and also
inhibited proliferation in both p53-dependent and -independent
mechanisms. Previous reports that cells overexpressing p21 protein
demonstrate chemoresistance™ further support the protective effect
of G growth arrest induced by these agents in Hs Sultan MM cells

and patient MM cells. Conversely, the frequent regrowth of

progressive. MM noted clinically on discontinuation ol Thal
treatment may correlate with release of drug-related G1 growth
arrest. An ongoing clinical trial is correlating response (o Thal with
laboratory parameters (i, serum [L-6 or the surrogate marker C
reactive protein) and will gain further insights into its mechanisms
of in vivo anti-tumor activity.

Finally, our prior studies have characterized apoptotic signal-
ing cascades in MM, as well as the protective effect of 1L-6,
especially against Dex-induced apoptosis.?>232331 Specifically,
we have shown that Dex down-regulates growth kinases, such as
MAPK and p70%5K:2% importantly, it activates RAFTK, which is

BLOOD, 1 NOVEMBER 2000 - VOLUME 96, NUMBER 9

required for Dex-induced apoptosis and abrogated by 11-6.22
The current studies show that IMiD] acts similarly to Dex,
because it activates RAFTK and apoptosis in MM.IS cells,
sequelae that are blocked by [L-6. Given our prior studies,
which demonstrate that apoptosis of MM cells induced by UV
irradiation, vy irradiation, and Fas ligation do not involve
RAFTK.* the current signaling studices, therefore, further
support both the ability of the IMiDs to act through distinct
signaling cascades to overcome drug resistance, as well as the
enhanced anti-tumor activity observed when Thal or the IMiDs
are coupled with Dex.

In conclusion, the results of this study, therefore, demonstrate
evidence for direct activity of Thal and the IMiDs against human
MM cells. To confirm their in vivo mechanism of action, these
compounds and SelCIDs will be examined in an animal model.
Importantly, these studies provide the framework for the develop-
ment and testing of a new biologically based treatment paradigm
that uses these novel agents, either alone or together with conven-
tional therapies, to target both the tumor cell and its microenviron-
ment, overcome classical drug resistance, and achieve improved
outcome in this presently incurable disease.
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Plenary paper

Thalidomide and its analogs overcome drug resistance of human multiple
myeloma cells to conventional therapy

Teru Hideshima, Dharminder Chauhan, Yoshihito Shima, Noopur Raje, Faith E. Davies, Yu-Tzu Tai, Steven P. Treon, Boris Lin,
Robert L. Schlossman, Paul Richardson, George Muller, David |. Stirling, and Kenneth C. Anderson

Although thalidomide (Thal) was ini-
tially used to treat multiple myeloma
(MM) because of its known antiangio-
genic effects, the mechanism of its
anti-MM activity is unclear. These stud-
ies demonstrate clinical activity of Thal
against MM that is refractory to conven-
tional therapy and delineate mecha-
nisms of anti-tumor activity of Thal and
its potent analogs (immunomodulatory
drugs [IMiDs]). Importantly, these agents

act directly, by inducing apoptosis or
G1 growth arrest, in MM cell lines and in
patient MM cells that are resistant to
melphalan, doxorubicin, and dexameth-
asone (Dex). Moreover, Thal and the
IMiDs enhance the anti-MM activity of
Dex and, conversely, are inhibited by
interleukin 6. As for Dex, apoptotic sig-
naling triggered by Thal and the IMiDs is
associated with activation of related
adhesion focal tyrosine kinase. These

studies establish the framework for the
development and testing of Thal and the
IMiDs in a new treatment paradigm to
target both the tumor cell and the micro-
environment, overcome classical drug
resistance, and achieve improved out-
come in this presently incurable dis-
ease. (Blood. 2000;96:2943-2950)

© 2000 by The American Society of Hematology

Introduction

Thalidomide (Thal) was originally used in Europe for the treatmerell growth and survivaf-12 and confers drug resistariéeThal
of morning sickness in the 1950s but was withdrawn from theodulates adhesive interactidhsnd, thereby, may alter tumor
market in the 1960s because of reports of teratogenicity andll growth, survival, and drug resistance. Third, cytokines secreted
phocomelia associated with its use. The renewed interest in Thatb the BM microenvironment by MM and/or BM stromal cells,
stems from its broad spectrum of pharmacologic and immunologiach as interleukin (IL)-6, IL}, IL-10, and tumor necrosis factor
effects! Because of its immunomodulatory and antiangiogeni@ NF)—«, may augment MM cell growth and survivdland Thal
effects, it has been used to effectively treat erythema nodosumay alter their secretion and bioactivify=ourth, vascular endothe-
leprosum, an inflammatory manifestation of leprésyotential lial growth factor (VEGF) and basic fibroblast growth factor 2
therapeutic applications span a wide spectrum of diseases, incl(ltFGF-2) are secreted by MM and/or BM stromal cells and may
ing cancer and related conditions, infectious diseases, autoimmufegy a role both in tumor cell growth and survival, as well as BM
diseases, dermatologic diseases, and other disorders sucharagogenesi&!® Given its known antiangiogenic activityThal
sarcoidosis, macular degeneration, and diabetic retinopa®ey. may inhibit activity of VEGF, bFGF-2, and/or angiogenesis in
cent reports of increased bone marrow (BM) angiogenesis M. However, Singhal et al.observed no correlation of BM
multiple myeloma (MM)}® coupled with the known antiangio- angiogenesis with response to Thal, suggesting that it may not
genic properties of Th& provided the rationale for its use to treatbe mediating anti-MM activity by its antiangiogenic effects.
MM.7 Importantly, Thal induced clinical responses in 32% of MMFinally, Thal may be acting against MM by its immunomodula-
patients whose disease was refractory to conventional and higbry effects, such as induction of a Thl T-cell response with
dose therapy, suggesting that it can overcome drug resistane®cretion of interferon gamma (IF§- and IL-217 Already 2
because of its alternative mechanisms of anti-MM activity. Besidetasses of Thal analogs have been reported, including phospho-
alkylating agents and corticosteroids, Thal now, therefore, repriesterase 4 inhibitors that inhibit TNé-but do not enhance
sents the third distinct class of agents useful in the treatméehcell activation (selected cytokine inhibitory drugs [SelCIDs])
of MM. and others that are not phosphodiesterase 4 inhibitors but
Given its broad spectrum of activities, Thal may be actingharkedly stimulate T-cell proliferation as well as IL-2 and
against MM in several waysFirst, Thal may have a direct effect IFN-y production (immunomodulatory drugs [IMiDs}3.
on the MM cell and/or BM stromal cell to inhibit their growth and  In this study, we have begun to characterize the mechanisms of
survival. For example, free radical-mediated oxidative DNActivity of Thal and these analogs against human MM cells.
damage may play a role in the teratogenicity of Plaald may also Delineation of their mechanisms of action, as well as mechanisms
have anti-tumor effects. Second, adhesion of MM cells to BMf resistance to these agents, will both enhance understanding of
stromal cells both triggers secretion of cytokines that augment MMM disease pathogenesis and derive novel treatment strategies.
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in media (0.01% DMSO) or with 1Amol/L of Thal or 1pmol/L IMiD1,

IMiD2, and IMIiD3 at 37°C for 72 hours, with addition of drugs at

24-hour intervals. Cells were then washed twice with ice-cold PBS and

MM-derived cell lines and patient cells resuspended (X 10° cells/mL) in binding buffer (10 mmol/L HEPES,
pH 7.4, 140 mmol/L NaCl, 2.5 mmol/L Cagl MM cells (1 X 10°) were

Dexamethasone (Dex)-sensitive (MM.1S) and Dex-resistant (MM.1Rjcubated with annexin V-FITC (aL; Pharmingen, San Diego, CA) and

human MM cell lines were kindly provided by Dr Steven Rosen (Northwesp| (5 ,g/mL) for 15 minutes at room temperature. Annexin-®1—

ern University, Chicago, IL). Doxorubicin (Dox)-, mitoxantrone (Mit)-, andapoptotic cells were enumerated by using the Epics cell sorter (Coulter).

melphalan (Mel)-sensitive and -resistant RPMI-8226 human MM cells

were kindly provided by Dr William Dalton (Moffitt Cancer Center, Tampa, )

FL). RPMI-8226 cells resistant to Dox, Mit, and Mel included Dox 6 andMmunoblotting

Dox 40 cells, MR20 cells, and LR5 cells, respectively. Hs Sultan humapy, cells were cultured with 1Qumol/L of Thal, IMiD1, IMiD2, or

MM cells were obtained from the American Type Culture Collectior]MiDs; harvested; washed: and lysed using lysis buffer: 50 mmol/L

(Rockville, MD). All MM cell lines were cultured in RPMI-1640 media jyepeg (pH 7.4), 150 mmol/L NaCl, 1% Triton-X 100, 30 mmol/L

(Sigma Chemical, St Louis, MO) that contained 10% fetal bovine serum.g2 dium pyrophosphate, 5 mmol/L EDTA, 2 mmol/L N, 5 mmol/L

mmol/L L-glutamine (GIBCO, Grand Island, NY), 100 U/mL penicillin, NaF, 1 mmol/L phenylmethyl sulfonyl fluoride (PMSF), Gg/mL

and 100pg/mL streptomycin (GIBCO). Drug-resistant cell lines wer§gneptin, and Sug/mL aprotinin. For detection of p21, cell lysates

cultured with either Dox, Mit, Mel, or Dex to confirm their lack of drugyere subjected to SDS-PAGE, transferred to polyvinylidene difluoride

sensitivity. MM patient cells (96% CD3&D45RA") were purified from (PVDF) membrane, and immunoblotted with anti-p21 antibody

patient BM samples, as previously describéd. (Ab; Santa Cruz Biotech, Santa Cruz, CA). The membrane was stripped
and reprobed with anti—alpha tubulin Ab (Sigma) to ensure equivalent

Thal and analogs protein loading. For detection of p53, cell lysates were prepared from

Thal and analogs (Celgene, Warren, NJ) were dissolved in DMSO (SignMjVI cell§ (2 x 10") with the_use of lysis buffer. Lysates were incuba_ted
and stored at-20°C until use. Drugs were diluted in culture mediumWlth antl-mutgnt (mt) or wild-type (_Wt) P53 moqoplonal Abs (.Calblo_-
(0.0001 to 10QuM) with < 0.1% DMSO immediately before use. The ThaIChem_’ San Diego, CA) and then |mmunopre0|p|tgted overnight with
analogs used in this study were 4 SelCIDs (SelCIDs 1, 2, 3, and 4), whiRfPt€in A Sepharose (Sepharose CL-4B; Pharmacia, Uppsala, Sweden).
are phosphodiesterase 4 inhibitors that inhibit TNFproduction and Immupe comple.xes were aqalyzed by mmunob_lottmg with horseradish
increase IL-10 production from lipopolysaccharide (LPS)—stimulated peripﬂgrox_ldase—conjugated anti-p53 Ab reactive with both mt and wt p53
eral blood mononuclear cells (PBMCs) but do not stimulate T-cefcalbiochem). o _
proliferation; and 3 IMiDs (IMiD1, IMiD2, and IMiD3), which do stimulate To characterlze groyv'th signaling, |mmunoblott|ng_ was also done
T-cell proliferation, as well as IL-2 and IFN-gecretion, but are not with anti-phospho-specific MAPK Ab (New England Biolabs, Beverly,

phosphodiesterase 4 inhibitors. The IMiDs also inhibit TNF-qa, IL-13, ani!A) in ‘the_ presence or absence of IL-6 (Qenetics In‘stitu_te) and/or the
IL-6 and greatly increase IL-10 production by LPS-stimulated PB¥Cs. MEK 1 inhibitor PD98059 (New England Biolabs), as in prior studies.
Antigen-antibody complexes were detected by using enhanced chemilu-

minescence (Amersham, Arlington Heights, IL). Blots were stripped and
reprobed with anti-ERK2 Ab (Santa Cruz Biotech) to ensure equivalent
DNA synthesis was measured as previously describbtM cells (3 X 10*  protein loading.
cells/well) were incubated in 96-well culture plates (Costar, Cambridge, To characterize apoptotic signaling, MM cells were cultured with 100
MA) in the presence of media, Thal, SelCID1, SelCID2, SelCID3pmol/L of Thal, IMID1, IMiD2, or IMiD3; harvested; washed; and lysed in
SelCID4, IMiD1, IMiD2, IMiD3, and/or recombinant IL-6 (50 ng/mL) 1 mL of lysis buffer (50 mmol/L Tris, pH 7.4, 150 mM NacCl, 1% NP-40, 5
(Genetics Institute, Cambridge, MA) for 48 hours at 37°C. DNA synthesismol/L EDTA, 2 mmol/L NaVO,4, 5 mmol/L NaF, 1 mmol/L PMSF, 5
was measured by?fl]-thymidine éH-TdR; NEN Products, Boston, MA) pg/mL leupeptin, and fug/mL aprotinin), as in prior studie’. Lysates
uptake. Cells were pulsed wittH-TdR (0.5 wCi/well) during the last 8 were incubated with anti-related adhesion focal tyrosine kinase (RAFTK)
hours of 48-hour cultures, harvested onto glass filters with an automatic ol for 1 hour at 4°C and then for 45 minutes after the addition of protein
harvester (Cambridge Technology, Cambridge, MA), and counted by usiGg-agarose (Santa Cruz Biotech). Immune complexes were analyzed by
the LKB Betaplate scintillation counter (Wallac, Gaithersburg, MD). Alimmunoblotting with anti-P-Tyr Ab (RC20; Transduction Laboratories,
experiments were performed in triplicate. Lexington, KY) or anti-RAFTK Abs. Proteins were separated by electro-
Colorimetric assays were also performed to assay drug activity. Cefiboresis in 7.5% SDS-PAGE gels, transferred to nitrocellulose paper, and
from 48-hour cultures were pulsed with 40L of 5 mg/mL 3-(4,5- analyzed by immunoblotting. The antigen-antibody complexes were visual-
dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide (MTT; Chemicorized by chemiluminescence.
International Inc, Temecula, CA) to each well for 4 hours, followed by 100
L isopropanol that contained 0.04 HCI. Absorbance readings at
wavelength of 570 nm were taken on a spectrophotometer (Molecu

Materials and methods

DNA synthesis

%atratistical analyses

Devices Corp., Sunnyvale, CA). Statistical significance of differences observed in drug-treated versus
control cultures was determined by using the Studeast. The minimal
Cell cycle analysis level of significance waB < .05.

MM cells (1 X 10P) cultured for 72 hours in media alone, Thal, IMiD1,
IMiD2, and IMiD3 were harvested, washed with phosphate-buffered saline
(PBS), fixed with 70% ethanol, and pretreated withd@mL of RNAse
(Sigma). Cells were stained with propidium iodide (P.&/mL; Sigma),
and cell cycle profile was determined by using the program M softwa

: . *ffeatment of MM patients with Thal
on an Epics flow cytometer (Coulter Immunology, Hialeah, FL), as mrea mento patients wi a

prior studies:® Seventeen (39%) of 44 patients with MM treated at our institute
responded to Thal (Table 1). This response included 6 men and 11
women. These patients had received a median of 4 (1-9) prior

In addition to identifying sub-G1 cells as described above, apoptodi€atment regimens, and 10 patients had a prior high-dose therapy
was also confirmed by using annexin V staining. MM cells were cultureaind hematopoietic stem cell transplant. One patient achieved

Results

Detection of apoptosis
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Table 1. Response to thalidomide in multiple myeloma*

THALIDOMIDE OVERCOMES DRUG RESISTANCE OF MM 2945

Prior Maximum Duration of Maximum
Prior stem cell change thalidomide daily dose Current status
Patient Sext therapies transplant M proteinf therapy (mo) thalidomide (daily thalidomide dose)
1 M 3 Yes — 58%(PR) 8.5 200 mg Continued response (200 mg)
2 F 5 No — 78%(PR) 6.0 400 mg Continued response (400 mg)
3 F 1 Yes + 16%(SD) 6.5 100 mg Continued response (100 mg)
4 M 6 No — 56%(PR) 9.0 200 mg Continued response (200 mg)
5 F 1 No — 62%(PR) 5.5 200 mg Continued response (50 mg)
6 F 5 Yes — 100%(CR) 13 500 mg Continued response (50 mg)
7 M 9 Yes — 54%(PR) 10 800 mg Progressed (800 mg)
8 F 5 Yes — 68%(PR) 4.0 200 mg Continued response, discontinued
9 F 5 No — 90%(PR) 7.5 400 mg Continued response (400 mg)
10 M 5 Yes — 9%(SD) 15 400 mg Progressed
11§ F 4 Yes — 59%(PR) 5.5 400 mg Progressed
128 M 4 Yes — 64%(PR) 7.0 400 mg Progressed
138 F 3 Yes — 14%(SD) 4.5 400 mg Progressed
14§ F 2 Yes — 55%(PR) 4.0 800 mg Continued response (800 mg)
15 F 1 No — 31%(SD) 6.0 400 mg Continued response (400 mg)
16 F 1 No — 12%(SD) 45 400 mg Progressed
17 M 2 No — 55%(PR) 6.0 200 mg Continued response (100 mg)

*As of January 1, 2000.
tMale (M) or female (F).

fPartial response (PR) is = 50% decrease in M protein; complete response (CR) is absence of M protein on immunofixation and normal bone marrow biopsy; stable
disease (SD) is = 50% decrease in M protein; progression is = 25% increase in M protein or progressive clinical disease.

§Also received decadron therapy.
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Figure 1. Effect of Thal and analogs on DNA synthesis of MM cell lines and
patient cells. MM.1S (A) and Hs Sultan (B) cells were cultured with increasing
concentrations (0.0001-100 uM) of Thal (#), IMID1 (H), IMiD2 (®), and IMiD3 (A). (C)
MM.1S cells were cultured with increasing concentrations (12.5-100 M) of SelCID1
(#), SelCID2 (M), SelCID3 (A), and SelCID4 (®). In each case 3H-TdR uptake (left
panels) or MTT cleavage (right panels) were measured during the last 8 and 4 hours,
respectively, of 48-hour cultures. Values represent the mean (= SD) 3H-TdR (cpm) or
absorbance of triplicate cultures.

complete response (absence of monoclonal protein on immunofix-
ation and normal BM biopsy), 11 patients achieved partial response
(> 50% decrease in monoclonal protein), and 5 patients achieved
stable disease (50% decrease in monoclonal protein). Patients
received a median of 400 mg (range, 100-800 mg) maximum dose
of daily Thal for a median of 6 months (range, 1.5-13 months). As
of January 1, 2000, 11 patients have continued response at a median
of 6 months (range, 4-13 months), and 6 patients have progressed at
a median of 4.5 months (range, 1.5-10 months).

Effect of Thal and analogs on DNA synthesis by MM cell lines
and patient MM cells

The effect of Thal and its analogs, including IMiD1, IMiD2,
IMID3, SelCID1, SelCID2, SelCID3, and SelCID4, on DNA
synthesis of MM cell lines (MM.1S, Hs Sultan, U266, and
RPMI-8226) was determined by measuriirty TdR uptake during

the last 8 hours of 48-hour cultures, in the presence or absence of
drug at various concentrations. IMiD1, IMiD2, and IMiD3 inhib-
ited 3H-TdR uptake of MM.1S (FigureA) and Hs Sultan (Figure
1B) cells in a dose-dependent fashion. Fifty percent inhibition of
proliferation of MM.1S cells was noted at 0.01-Quinol/L IMiD1,
0.1-1.0 pmol/L IMID2, and 0.1-1.0pmol/L IMID3 (P < .001).
Fifty percent inhibition of proliferation of Hs Sultan cells was
noted at 0.1umol/L IMiD1, 1.0 pmol/L IMiD2, and 1.0p.mol/L
IMID3 (P < .001). In contrast, only 15% and 20% inhibition in
MM.1S and Sultan cells, respectively, were observed in cultures at
even higher concentrations (1@@nol/L) of Thal. No significant
inhibition of DNA synthesis of U266 MM cells was noted in
cultures with 0.001 to 10Qumol/L Thal or these IMiDs (data not
shown). The effects of these drugs on proliferation were confirmed
by using MTT assays for MM.1S cells (Figure 1A) and Hs Sultan
cells (Figure 1B). Although there was also a dose-dependent
inhibition of proliferation of MM.1S cells by SelCIDs, 50%
inhibition was observed only at high doses (30@ol/L) for only 2

of the 4 SelCIDs (SelCIDs 1 and 3, Figure 1C). Further studies,
therefore, focused on Thal and the IMiDs.
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Effect of Thal and analogs in DNA synthesis of MM cells of Dex (0.001-0.3umol/L) together with Jumol/L Thal or IMiDs
resistant to conventional therapy on proliferation of Dex-sensitive MM.1S cells. As can be seen in

To examine whether there was cross-resistance between Thal g% rki 33’ It\l/lqlf/l Iiv'SIDSeEIls M r(%c())l‘/)}_?%gmfgggg ;nrgtil)tei: dTl(:j)zx
the IMiDs with conventional therapies, RPMI-8226 MM cells P ' ? ) oo

resistant to Dox (Dox6 and Dox40 cells), Mit (MR20 cells), or Me#O.O(.)l-O.lmeoI/L) increased this inhibition in a dose-dependent
. L ashion. For example, doses of 0.001 to Qu0tol/L Dex added to
(LR5 cells), and MM.1R cells resistant to Dex were similarly T AP . : 0
studied. Proliferation of Dox6 and Dox40, MR20, LR5, or MMl.R1 “"_‘O"L IMIDL |ncre§sed the |nh|p|tlon of proliferation b¥ 35%
cells is unaffected by culture with 60 nmol/L and 400 nmol/L Doxrelatlve't_o cultures with Jumol/L 'M'D,l alone (P<.01). Given
20 nmol/L Mit, 5 wmol/L Mel, and 1pumol/L Dex, respectively the additive effects of Dex and the IMl.I?s,.as.w.eII as the knpwn role
(data not shown). ImportantijH-TdR uptake of Dox6, Dox40, of IL-6 as a growth factor and specn‘lc. inhibitor of Dex-induced
MR20, or LR5 was inhibited in cultures with Thal and the IMiDs inMM cell apoptosisi®?22*we also examined whether exogenous
a dose-dependent manner (1-1p@nol/L) versus media alone IL-6 could overcome t_he inhibition of DNA synthesis triggered by
cultures (Figure 2A-D). For example, 30mol/L IMiD1 blocked Thal and the IMiDs. Figure 3B demonstrates that IL-6 (50 ng/mL)
proliferation of Dox6, Dox40, MR20, and LR5 cells by 20%, 33%!riggers DNA synthesis of MM.1S cells in cultures with media
32%, and 21%, respectively @ .001). The IMiDs similarly @alone, as well as in cultures with the IMiDs (0.1 angrhol/L).
inhibited DNA synthesis of MM.1R cells in a dose-dependergﬁect of Thal and analogs on DNA synthesis
fashion, with more than 50% inhibition at more thanwinol/L of patient MM cells
IMID1 (P < .001; Figure 2E). These data suggest independent
mechanisms of resistance to Dox, Mit, Mel, and Dex versus Thahe effect of Thal and the IMiDs on DNA synthesis of patient MM cells
and its analogs. was next examined (Figure 4). As was true for MM.1S and Hs Sultan
MM cell lines,3H-TdR uptake of patients' MM cells was also inhibited
by IMiDs (0.1-100pumol/L) in a dose-dependent fashion, whereas the
inhibitory effect of Thal, even at 10@mol/L, was not significant. Fifty
To determine whether the effects of Thal and the IMiDs angercent inhibition of MM patient cells was observed at 10@ol/L
additive with conventional therapies, we next examined the effegligure 4A) and Jumol/L (Figure 4B) IMiD1, respectively (R< .001).

Effect of Dex and IL-6 on response of MM cells
to Thal and the ImiDs
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‘;1'5 §§é N §§ Dox-resistant Dox6 (A) and Dox 40 (B), Mit-resistant
= %Eé § %E% ) (MR20; C), and Mel-resistant (LR5; D) cells were cultured
10 %Eé \=I" §Eé with control media (0) or 1 pmoliL (), 10 pmoliL (&),
© §§% §§§ %Eg 100 wmol/L (M) of Thal, IMiD1, IMiD2, or IMID3. Values
§E¢ %Eé %Eé represent the mean (= SD) 3H-TdR (cpm) of triplicate
05 %E% | §§% %Eé cultures. (E) Dex-resistant MM.1R cells were cultured in
§E¢ §Eé §Eé control media (CJ) or with 0.1 pmol/L (), 1 pmol/L (E),
ol §§é §§é §§6 10 pmol/L (@), or 100 pmol/L (M) of Thal, IMiD1, IMiD2, or

Thal IMID1 IMiD2 IMiD3.
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Figure 3. Effect of Dex and IL-6 on response of MM cells to Thal and the IMiDs.

(A) MM.1S cells were cultured with 1.0 uM Thal, IMiD1, IMiD2, or IMiD3 in control
media alone ([J) or with 0.001 (N), 0.01 (§), and 0.1 wmol/L (M) Dex. (B) MM.1S cells
were cultured in control media alone and with 0.1 and 1.0 umol/L Thal, IMiD1, IMiD2,
or IMID3 either in the presence ([J) or absence (M) of IL-6 (50 ng/mL). In each case,
3H-TdR uptake was measured during the last 8 hours of 48-hour cultures. Values

THALIDOMIDE OVERCOMES DRUG RESISTANCE OF MM 2947

4% to 7%, respectively, under all culture conditions and was not
increased by Thal or the IMiDs.

Effect of Thal and analogs on p21 expression in MM cell lines
and patient cells

We next correlated these distinct biologic sequelae of Thal and the
IMiDs with p21 status in MM.1S versus Hs Sultan and patient MM
cells. As can be seen in Figure 6A, p21 expression was down-regulated
by the IMIDs, as well as by Dex, in MML1.S cells; and IL-6 overcomes
this inhibitory effect. In contrast, the IMiDs up-regulated p21 in Hs
Sultan cells and patient MM cells. Immunoblotting with anti-tubulin Ab
confirmed equivalent protein loading. Wt-p53 was recognized in
MM.1S cells, whereas both wt- and mt-p53 were recognized in Hs
Sultan cells and patient MM cells (Figure 6B). These studies further
support the observation that Thal and the IMiDs can induce either
apoptosis or G1 growth arrest in sensitive MM cells, and they are
consistent with Thal and IMiD p53-mediated down-regulation of p21
and susceptibility to p53-mediated apoptosis in MM.1S cells, in contrast
to induction of p21 and growth arrest in Hs Sultan cells and patient
MM cells, conferring protection from apoptosis.

Effect of Thal and analogs on growth and apoptotic signaling
in MM.1S and MM.1R cells

We have previously characterized signaling cascades mediating
MM cell growth and apoptosis, as well as the antiapoptotic effect of
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To further analyze the mechanism of Thal- and IMiD-induced oL = _ =

inhibition of DNA synthesis and to determine whether these drugs
induced apoptosis of MM cells, we first examined the cell cycle
profile of MM.1S, Hs Sultan cells, and patient MM cells cultured
with media alone, Thal (1@mol/L), or the IMiDs (1 wmol/L).
Cells were harvested from 72-hour cultures and stained with PI. As
shown in Figure 5A, all 3 IMiDs, and Thal to a lesser extent,
increased sub-G1 MM.1S cells. Induction of apoptosis occurred at
the dose-response curve noted for inhibition of proliferation.
Twelve-hour cultures with Dex (1f.mol/L) served as a positive
control for triggering increased sub-G1 cells. In contrast, no
increase in sub-G1 cells was observed in cultures of Hs Sultan cells
or of patient MM cells with Thal or the IMiDs. Importantly, Thal
and the IMiDs induced G1 growth arrest in both Hs Sultan cells and
in AS patient MM cells.

To confirm these results, we performed annexin V staining of
cells in these cultures. As can be seen in Figure 5B, the percentage
of annexin V—positive cells in cultures of MM.1S cells with Thal,
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IMiD1, IMiD2, and IMiD3 was 32%, 55%, 51%, and 43%, Figure 4. Effect of Thal and analogs on DNA synthesis of patient MM cells. MM
respectively. Forty-six percent of annexin V staining was observeelis from patient 1 (A) and patient 2 (B) were cultured with control media (CJ) or with
in cultures with Dex, whereas only 22% annexin V—positive celfs? #moliL (). 1.0 pmollL (), 10 wmol/L (@), and 100 umolL (W) Thal, IMD1,

. . . IMiD2, or IMID3. In each case, 3H-TdR uptake was measured during the last 8 hours
were present in cultures with media alone. The percentage g

-hour cultures. Values represent the mean (+ SD) 3H-TdR (cpm) of triplicate

annexin V—positive Hs Sultan cells and AS patient MM cells wagiltures.
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A Figure 5. Effect of Thal and analogs on cell cycle
MM.18S cell Hs Sultan cell MM Patient cell profile of MM cell lines and patient MM cells.  (A)
MM.1S cells, Hs Sultan cells, and patient MM cells were
3 % & cultured with 10 pmol/L of Thal or 1 umol/L of IMiD1,
GO 2.7% GO 8.1% GO 1.0% ; ; ; :
sub-G1 5.3% cub-G1 0.5% ub-G1 1.8% IMiD2, or IMID3 for 72 hpurs. Cultures in media control
2 Gt 52.7% 2 Gl  521% 2 Gl 381% alone served as a negative control and 18-hour cultures
[~ . .
control 2 ] 126% 5 221M 121;/; 3 S 245% with 10 wmol/L Dex as positive controls. Cells were then
9 : ) ) :
G2 26.9% il G2M 33.5% stained with PI, and cell cycle profile was determined by
° 03 °0 T flow cytometric analysis. (B) These MM.1S (M), Hs
y Y
Pl Pl Sultan (N), and patient MM ((J) cells were also stained
& GO 3.3% with annexin V as an additional assay for apoptosis.
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IL-6.192225Because we have shown that IL-6—induced prolifera The observation that IL-6 can overcome the effects of Thal, the
tion is mediated by the ras-dependent mitogen-activated protéiiDs, and Dex, coupled with our prior studies delineating
kinase (MAPK) cascad® we next examined the effect of Thal andsignaling cascades mediating Dex-induced apoptosis and the
the IMiDs on tyrosine phosphorylation of MAPK in IL-6— protective effects of IL-622325suggested that RAFTK activation
responsive MM.1S cells. Constitutive tyrosine phosphorylatiomay be induced during apoptosis triggered by Thal and IMiDs.
of MAPK in MM.1S cells was down-regulated by the MEK1MM.1S and MM.1R cells were, therefore, next cultured with 1
inhibitor PD98059 (5Q.mol/L), which served as a positive controlpmol/L Thal, IMiD1, IMiD2, or IMiD3 for 12 hours. Twelve-hour
(Figure 6A), and to a lesser extent by the IMiDsuhol/L; Figure cultures with Dex (10umol/L) served as a positive control for
7A) or Thal (10mol/L; data not shown). Treatment of MM.1Sactivation of RAFTK. Total cell lysates were subjected to immuno-
cells with IL-6 increased MAPK tyrosine phosphorylation, whictprecipitation with anti-RAFTK Ab and analyzed by immunoblot-
was partially blocked by PD98059 but was unaffected by théng with anti-P-Tyr Ab or anti-RAFTK Ab. As can be seen in
IMiDs (Figure 7A) or Thal (data not shown). Stripping the blotrigure 7B, Dex induced tyrosine phosphorylation of RAFTK in
and reprobing with anti-ERK2 Ab confirmed equivalent proMM.1S cells but not in MM.1R cells. Importantly, IMiD1 induced
tein loading. RAFTK tyrosine phosphorylation in both MM.1S and MM.1R
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cells, correlating with its effects on both Dex-sensitive and A IL-6
Dex-resistant MM cells. non-stimulated stimulated
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This study demonstrates for the first time a direct dose-depende! |B:phospho-MAPK s R — —'-“

effect of Thal and these analogs on tumor cells. Thal has )
demonstrated clinical anti-MM activity at the University of Arkan- IB:ERK2 W
sag and in this study, and Thal at high concentrations (16l/L)
resulted in a modest (20%) inhibition of in vitro DNA synthesis

of MM cells. SelCIDs also induced a dose-dependent inhibition ol g

i N B = g =
MM cells, but only 2 of 4 SelCIDs tested achieved 50% inhibition -E ¥ S % € % g
of proliferation, even at 10Qumol/L concentrations. Importantly, 8 o F = 8 o =

all 3 IMiDs tested achieved 50% inhibition of DNA synthesis at 1B: PY u—-.hvuu‘ [ )
concentrations (0.1-1,0mol/L) corresponding to serum levels that ) I 1 -
are readily achievable, both confirming their direct action on tumot IB:RAETK buuu ~.-
cells and suggesting their potential clinical utility. Moreover, the MM.1S cell MM.1R cell
IMiDs inhibited the proliferation of Dox-, Mit-, and Mel-resistant Figure 7. Effect of Thal and analogs on growth and apoptotic signaling in
MM cells by 20% to 35%, and of Dex-resistant MM cells by 509%MM.1S and MM.1R cells. (A) MM.1S cells were cultured in media, with 50 p.mol/L of

. . . .. . D98059 and with 10 pmol/L of IMiD1, IMiD2, or IMiD3 for 48 hours. Cells were then
These. In VItr.O eﬁeCtS. correlate Wlth. the observed clinical aCtIYIty (ﬁiggered with 50 ng/mL of IL-6 for 10 minutes, lysed, transferred to PVDF membrane,
Thal in patients with MM that is refractory to conventionaland biotted with anti-phospho MAPK Ab. Blots were stripped and reprobed with
therapies, both at the University of Arkansasd reported in this anti-ERK2 Ab. (B) MM.1S and MM.1R cells were treated with Thal (100 wM), IMiD1

R . T R 00 pmol/L), or Dex (10 wmol/L) and harvested at 12 hours. Total cell lysates were

StUdy' and suggest thelr clinical Utl|lty to overcome druQ reSIStand"]ﬁbjected to immunoprecipitation with anti-RAFTK Ab and analyzed by immunoblot-
Moreover, our studies further suggest that Dex can add to '[E‘;% with anti-P-Tyr Ab or anti-RAFTK Ab.
antiproliferative effect of Thal and the IMiDs in vitro, suggesting
the potential utility qf co_u_pllng these agc_ants therapeuticalltacts of 1L-6 on human MM cell&228 and we, therefore, next
Finally, our study also identified MM cells resistant to Thal and thgaotarmined the effect of exogenous IL-6 on drug activity. Our

analogs (U266 cells), which, therefore, can be used to study,jies showed that IL-6 can overcome the effect of Thal and the
mechanisms of Thal resistance. _ _IMiDs on MM cell lines and patient cells, suggesting that these
_ Our studies demonstrate that Thal and the IMiDs are acting,,e| 4rugs may, at least in part, be inhibiting IL-6 production. Our
directly on MM cells, in the absence of accessory BM or T Ce”fsqﬁrior studies have further demonstrated that IL-6—induced prolifera-
is also possible that these agents may be mediating their anti-MMy, o MM cells is mediated through the MAPK cascade and that
effect by cytokines, given their known inhibitory effects on TNF-ay 0 ade of this pathway with either MAPK antisense oligonucleo-
IL-1B, and IL-6> Our prior studies have characterized the growtflje or the MEK1 inhibitor PD98059 can abrogate this re-
sponsé?2L.24The present study showed constitutive MAPK phos
phorylation in MM cells that is inhibited by PD98059 and, to a

w
A _ %' h lesser extent, by the IMiDs. Importantly, IL-6—triggered MAPK
% = o 4a 8 © a x % tyrosine phosphorylation is also blocked by PD98059 but not by
8 £ 2 2 2 2 2 o g IMiDs. These studies, therefore, suggest that the IMiDs do not
IB:p21 S . e “.* - work only by directly inhibiting MAPK growth signaling and

1B:c-tubulin WA —— ” further support their potential activity in down-regulating IL-6

production. In MM, IL-6 production in tumor cells can either be

MM.1S cell constitutive or induced, mediating autocrine tumor cell gro%f.
e & In addition, IL-6 is also produced by BM stromal cells in MM, a
1B:o-tubulin process that is up-regulated by tumor cell adhesion to BM stromal
Hs Sultan cell cells, with related tumor cell growth in a paracrine mechariisth.
Our ongoing studies are, therefore, evaluating the effect of Thal and
B:p21 o - i - - these analogs on IL-6 production in the BM microenvironment.
15:0-tubulin Having shown the inhibitory effects of Thal and the IMiDs on
MM patient cell 3H-TdR uptake of tumor cells, we next examined their effect on
B MM cell cycle. Interestingly, these drugs had distinct functional
MM.1S Hs Sultan MM patient sequelae in MM cells. Specifically, the IMiDs, and to a lesser extent
P:p§53 wt mt wt mt wt mt Thal, induced apoptosis of MM.1S cells, evidenced both by
IB:p53 e S c— increased sub-G1 cells on PI staining and increased annexin

Fiure 6. Effect of Thal and anal , S— | V—positive cells. In these cells that have wt p53, these agents (and
igure 6. ect o al and analogs on p: expression Iin cell lines an HA . B
patient cells. (A) MM.1S cells were cultured with 10 pmol/L of Thal, IMiD1, IMiD2, Dex) down-re_g_ulate p21’ th_ereby, famhtatmg G1-to-S transition
and IMID3 for 48 hours. MM.LS cells were also cultured with IL-6 (50 ng/mL) alone ~ @Nnd susceptibility to apoptosis. This apoptotic effect may correlate
and with IMiD1, 10 pmol/L Dex, and Dex plus IL-6. Cells were lysed, subjected to  with the clinical observation that complete response to Thal is
SDS-PAGE, transferred to PVDF membrane, and blotted with anti-p21 Ab. The rare|y observed. IL-6 overcomes the down-regulation of p21
membrane was stripped and reprobed with anti-a-tubulin Ab. (B) MM.1S, Hs Sultan, . . . A .
and patient MM cells were lysed and immunoprecipitated with wt-p53 and mt-p53 induced by these agents, consistent with the increase in DNA
Abs, transferred to PVDF membrane, and blotted with anti-p53 Ab. synthesis triggered by IL-6 even in the presence of these drugs. In
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contrast, in Hs Sultan cells (wt and mt p53) and patient cells (wquired for Dex-induced apoptosis and abrogated by P£-6.
p53 and mt p53), the IMiDs and Thal induce p21 and related Glhe current studies show that IMiD1 acts similarly to Dex,
growth arrest, thereby conferring protection from apoptosis, as hascause it activates RAFTK and apoptosis in MM.1S cells,
been observed in other systeffid? In our prior study?® p21 was sequelae that are blocked by IL-6. Given our prior studies,
also constitutively expressed in the majority of MM cells and alsawhich demonstrate that apoptosis of MM cells induced by UV
inhibited proliferation in both p53-dependent and -independemtadiation, vy irradiation, and Fas ligation do not involve
mechanisms. Previous reports that cells overexpressing p21 pro®RRFTK,2?2 the current signaling studies, therefore, further
demonstrate chemoresistafffeirther support the protective effect support both the ability of the IMiDs to act through distinct
of G1 growth arrest induced by these agents in Hs Sultan MM cefiggnaling cascades to overcome drug resistance, as well as the
and patient MM cells. Conversely, the frequent regrowth afnhanced anti-tumor activity observed when Thal or the IMiDs
progressive MM noted clinically on discontinuation of Thalare coupled with Dex.
treatment may correlate with release of drug-related G1 growth In conclusion, the results of this study, therefore, demonstrate
arrest. An ongoing clinical trial is correlating response to Thal witevidence for direct activity of Thal and the IMiDs against human
laboratory parameters (ie, serum IL-6 or the surrogate markerMM cells. To confirm their in vivo mechanism of action, these
reactive protein) and will gain further insights into its mechanismsompounds and SelCIDs will be examined in an animal model.
of in vivo anti-tumor activity. Importantly, these studies provide the framework for the develop-
Finally, our prior studies have characterized apoptotic signahent and testing of a new biologically based treatment paradigm
ing cascades in MM, as well as the protective effect of IL-&hat uses these novel agents, either alone or together with conven-
especially against Dex-induced apopto®igd2531Specifically, tional therapies, to target both the tumor cell and its microenviron-
we have shown that Dex down-regulates growth kinases, suchmsnt, overcome classical drug resistance, and achieve improved
MAPK and p7®SK;23importantly, it activates RAFTK, which is outcome in this presently incurable disease.
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The Proteasome Inhibitor PS-341 Inhibits Growth, Induces Apoptosis, and
Overcomes Drug Resistance in Human Multiple Myeloma Celfs

Teru Hideshima, Paul Richardson, Dharminder Chauhan, Vito J. Palombella, Peter J. Elliott, Julian Adams, and
Kenneth C. Andersor?

Department of Adult Oncology, Dana-Farber Cancer Institute, and Department of Medicine, Harvard Medical School, Boston, Massachusetts 02115 [T. H., P.R., D. C., K. C. A];
and Millennium Pharmaceuticals, Inc. Cambridge, Massachusetts 02139 [V. J. P, P.J. E., J. A]

ABSTRACT produced additive growth delays with 5-fluorouracil, cisplatin, Taxol,

and Adriamycin against Lewis lung carcinoma (13); and demonstrated
antiangiogenic activity in an orthotopic pancreatic cancer model (14).
PS-341 is nearly completing Phase | testing in humans, with an

this study, we demonstrate that the proteasome inhibitor PS-341 directly acceptable toxicity profile, and will soon be evaluated for efficacy in

inhibits proliferation and induces apoptosis of human MM cell lines and ~hase I Cllnlgal trials. _ _ _

freshly isolated patient MM cells; inhibits mitogen-activated protein ki- MM is an incurable hematological malignancy, which affected
nase growth signaling in MM cells; induces apoptosis despite induction of 13,700 new individuals in the United States in 2000 (15), and novel
p21 and p27 in both p53 wild-type and p53 mutant MM cells; overcomes biologically based therapies are, therefore, urgently needed. There are
drug resistance; adds to the anti-MM activity of dexamethasone; and several characteristics of MM that suggest that it is an ideal candidate
overcomes the resistance to apoptosis in MM cells conferred by interleu- for proteasome inhibitor therapy. First, MM cells adhere to BMSCs,
kin-6. PS-341 also inhibits the paracrine growth of human MM cells by \yhich both localizes them in the BM millieu (16) and confers resist-
decreasing their adherence to bone marrow stromal cells (BMSCs) and ance to apoptosis (17). Proteasome inhibitors have been reported to
related nuclear factor kB-dependent induction of interleukin-6 secretion down-regulate cytokine-induced expression of VCAM-1 (18), a major

in BMSCs, as well as inhibiting proliferation and growth signaling of . .
residual adherent MM cells. These data, therefore, demonstrate that ligand on BMSCs for VLA-4 on MM cells (19), and thereby might

PS-341 both acts directly on MM cells and alters cellular interactions and '“h't?'t MM cell-BMSC binding and related prOteCt'on_aga'nSt apo-
cytokine secretion in the BM millieu to inhibit tumor cell growth, induce  Ptosis. Second, adherence of MM cells to BMSCs triggersiBF-
apoptosis, and overcome drug resistance. Given the acceptable animal anddependent transcription and secretion of IL-6 (19), a MM cell growth
human toxicity profile of PS-341, these studies provide the framework for and survival factor (20). By virtue of its inhibition of NkB activa-
clinical evaluation of PS-341 to improve outcome for patients with this tion (7-10), PS-341 can inhibit this synthesis of IL-6. Third, Dex is a

Human multiple myeloma (MM) is a presently incurable hematological
malignancy, and novel biologically based therapies are urgently needed.
Proteasome inhibitors represent a novel potential anticancer therapy. In

universally fatal hematological malignancy. major therapy for MM, and PS-341 synergizes with Dex (11). More-
over, resistance to Dex in MM cells is conferred by IL-6 (21-23), and
INTRODUCTION PS-341 may overcome Dex resistance by virtue of its effects on IL-6.

In addition, NF«xB has been shown to play a role in the rescue of MM

Proteasome inhibitors represent potential novel anticancer thera . .
(1, 2). These agents inhibit the degradation of mul'[iubiquitinatecp Is from Dex-lnduped apoptos_ls l:_)y_BcI-Z (24). a'.”d F.)S'34% may also
ercome Dex resistance by inhibiting NdB- activation. Finally,

L . . Vi
target proteinsi.e., cell cycle regulatory proteins such as cyclins ang ) . . .
cyclin-dependent kinase inhibitors, and regulate cell cycle progressfgsﬁreZﬁ‘e:S?%?}95;?;'3 'Itqr?)sarsgecr:'t:]yczlezr;tqe'tsc2?2?1 t'r;r"v”\g z'\:.é%)’
(3). Proteasome inhibitors induce apoptosis of tumor cells, despite Fheevxts S chlgsltlml'don\?de and 'tsl a{nalo 2’;3226 27)' Tgle gnt';n io-
accumulation of p21 and p27 and irrespective of the p53 wild-type ap u ! ! : gu ' ’ langi

mutant status (4, 5). Accumulation of Bax induced by proteasorﬁgmc eff_ect of PS'.?’41 (14, 28) therefore, represents another potential
mechanism of anti-MM activity.

inhibitors can overcome the survival effect of Bcl-2 and increase . )
cytochromec-dependent apoptosis (6). Importantly, proteasome if- In this study, we examined the effects of PS-341 on human MM cell
: ' ﬁnes, freshly isolated patient MM cells, as well as MM cells adherent

hibitors can also overcome NEB activation and related drug resist- . - .
A . to BMSCs. Given that PS-341 has a favorable toxicity profile, these
ance by inhibiting degradation ok and the P105 precursor of p50§tudies provide the framework for clinical evaluation of PS-341 in

subunit of NFxB (7—10). Moreover, proteasome inhibitors are syn-__. )
ergistic with Dex in an asthma model (11). Finally, the pro’[easomgatIents with MM.

inhibitor PS-341 demonstrated markiadvivo activity against human

prostate cancer (1) and Burkitt's lymphoma (12) in a murine modéfATERIALS AND METHODS

MM-derived Cell Lines and Patient MM Cells. Dex-sensitive (MM.1S)

Received 10/25/00; accepted 2/1/01. raci . . .
The costs of publication of this article were defrayed in part by the payment of pa gd Dex-resistant (MM.1R) human MM cell lines were kindly provided by Dr.

charges. This article must therefore be hereby magdartisemenin accordance with teyen Rosen (Northwestern University, Chicago, IL). DOX'_, Mit-, and Mel-
18 U.S.C. Section 1734 solely to indicate this fact. resistant (Dox40 cells, MR20 cells, and LR5 cells, respectively) RPMI8226
* Supported by NIH Grant PO-1 78378 and the Doris Duke Distinguished Cliniclyman MM cells were kindly provided by Dr. William Dalton (Moffitt Cancer

Research Scientist Award (to K. C. A.). R _ .
2To whom requests for reprints should be addressed, at Dana-Farber Cancer Instit%%r,]ter’ Tampa, FL). IM-9, U266, ARH-77, and Hs Sultan cells were obtained

44 Binney Street, Boston, MA 02115. Phone: (617) 632-2144; Fax: (617) 632-21460mM American Type Culture Collection (Rockville, MD). All of the MM cell
E-mail: kenneth_anderson@dfci.harvard.edu. lines were cultured in RPMI 1640 containing 10% fetal bovine serum (Sigma
®The g?;)é%lkgﬁnstusw|are|:| D\;?éAl'i\;léxlamethafone:I'I‘/”\gvhmu_“iple ﬁ;yemlmi‘i \B/'I\_AAZOOhemical Co., St. Louis, MO), X 10 3 m L-glutamine, 100 units/ml peni-

marrow; , stromal cell; -1, vascular cell adhesion molecule-1; -4y ; . ;

very late antigen-4; IL, interleukin; NkB, nuclear factorxB; Dox, doxorubicin; Mit, cillin (Pen)’ and 100Mg/ml _streptomypm (Strep, Life Tec_hnologles,_ Inc.,
mitoxantrone; Mel, melphalan; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetraso>rand Island, NY). Drug-resistant cell lines were cultured with Dox, Mit, Mel,
dium bromide; PI, propidium iodide; PMSF, phenylmethylsulfonyl fluoride; PVDFor Dex to confirm their lack of drug sensitivity. Patient MM cells (96% CD38
polyvinylidene difluoride; Ab, antibody; MAPK, mitogen-activated protein kinasepositive/CD45RA negative) were purified from patient BM samples, as de-
STATS3, signal transducing and transcription 3; ERK2, extracellular signal—regulatggribed previously (29)
kinase 2; TNF, tumor necrosis factor; EMSA, electrophoretic mobility shift analysis; . X i i i
PBMC, peripheral blood mononuclear cell; HUVEC, human umbilical vein endothelial BMSC Cultures. BM specimens were obtained from patients with MM.

cell. Mononuclear cells separated by Ficoll-Hipaque density sedimentation were
3071
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used to establish long-term BM cultures, as described previously (27). Whaerane was stripped and reprobed with anti-nucleolin Ab (Santa Cruz
an adherent cell monolayer had developed, cells were harvested in HBS6technology) to confirm equal loading of protein.

containing 0.25% trypsin and 0.02% EDTA and were washed and collected byEMSA. Nuclear extracts for EMSAs were carried out as in our previous
centrifugation. studies (19). Double-stranded NdB consensus oligonucleotide probe (5'-

Proteasome Inhibitor. PS-341 [pyrazylCONH(CHPhe)CONH(CHisobu- GGGGACTTTCCC-3’, Santa Cruz Biotechnology) was end-labeled with
tyl)B(OH),; Millennium Predictive Medicine Inc., Cambridge, MA) was dis-[y->P]JATP (50 uCi at 222 TBg/nv; NEN, Boston, MA). Binding reactions
solved in DMSO and stored at20°C until use. PS-341 was diluted in culturecontaining 1 ng of oligonucleotide andudy of nuclear protein were conducted
medium (0.0001-10< 103 m) immediately before use. PS-341 and controkt room temperature for 20 min in total volume of ADof binding buffer [10
media contained<0.1% DMSO. mm Tris-HCI (pH 7.5), 50 nm NaCl, 1 mv MgCl,, 0.5 mv EDTA, 0.5 mv

DNA Synthesis. Proliferation was measured as described previously (27DTT, 4% glycerol (v/v), and 0.g of poly (dI-dC) (Pharmacia, Peapack, NJ)].
MM cells (3 X 10* cells/well) were incubated in 96-well culture plates (CostarFor supershift analysis, g of anti-p65 NFxB Ab was added 5 min before
Cambridge, MA) in the presence of media, PS-341, and/or Dex or recombingime reaction mixtures, immediately after the addition of radiolabeled probe.
IL-6 (Genetics Institute, Cambridge, MA) for 48 h at 37°C. DNA synthesis wakhe samples were loaded onto a 4% polyacrylamide gel, transferred to What-
measured by®H]thymidine (NEN Products, Boston MA) uptake. Cells wereman paper (Whatman International, Maidstone, United Kingdom), and visu-
pulsed with PH]thymidine (0.5uCi/well) during the last 8 h of 48-h cultures. alized by autoradiography.

All of the experiments were performed in triplicate. Effect of PS-341 on Paracrine MM Cell Growth and Signaling in the

Growth Inhibition Assay. The inhibitory effect of PS-341 on MM and BM. Adhesion assays were performed as described previously (19). MM.1S
BMSC growth was assessed by measuring MTT dye absorbance of the cefdls were pretreated with PS-341 for 12 h, washed, and labeled with
Cells from 48-h cultures were pulsed with &of 5 mg/ml MTT to each well Na&,>’CrO, (NEN). Cells were then added to BMSC-coated 96-well plates and
for the last 4 h of 48-h cultures, followed by 1@0 of isopropanol containing incubated for 1 h. After incubation, each well was washed twice with media
0.04N HCI. Absorbance was measured at 570 nm using a spectrophotometed lysed with 0.5% NP40, and lysate radioactivity was counted on a gamma
(Molecular Devices Corp., Sunnyvale CA). counter.

Cell Cycle Analysis. MM cells and patient MM cells cultured for 0, 4, 6, To evaluate growth stimulation and signaling in MM cells adherent to
8, 12, and 16 h in PS-341 (0.04 10 ° m) or control media were harvested, BMSCs, 3 X 10* MM.1S cells were cultured in BMSC-coated 96-well
washed with PBS, fixed with 70% ethanol, and treated withu@iiml RNase plates for 48 h in the presence or absence of PS-341. DNA synthesis was
(Roche Diagnostics Corp., Indianapolis, IN). Cells were then stained with Pleasured as described above. To characterize the signaling in MM cells
(Sigma; 5ug/ml), and cell cycle profile was determined using the program Nhat is triggered by the adhesion to BMSCs, MM.1S cellsx(8.0°) were
software on an Epics flow cytometer (Coulter Immunology, Hialeah, FL), as #ultured in BMSC-coated 6-well plates for 4 h in the presence or absence
prior studies (27). of PS-341 (5x 10° m). MM.1S cells were harvested, washed with PBS,

Assays of Apoptosis.MM cells were cultured for 12 h at 37°C in the lysed, subjected to SDS-PAGE, transferred to PVDF membrane, and im-
presence of PS-341 (0.04 10~ ° m). To assay for apoptosis, genomic DNA, munoblotted with anti-phospho-MAPK and anti-phospho-STAT3 Abs. The
extracted using a genomic DNA purification kit (Promega, Madison, WI) wadguoset ELISA (R&D System) was used to measure IL-6 in supernatants of
electrophoresed on 2% agarose gel containingyfnl ethidium bromide and 48-h cultures of BMSCs with or without MM.1S cells, in the presence or
was analyzed under UV light for DNA fragmentation, as in prior studies (27absence of PS-341.

Additional assays of apoptosis included Pl staining for the percentage ofStatistical Analysis. Statistical significance of differences observed in
sub-G/G, phase cells and caspase-3 cleavage, as in our prior studies (27jlrug-treatedzersuscontrol cultures was determined using Studentést. The

Immunoblotting. MM cells were cultured with PS-341 and were har-minimal level of significance waP < 0.05.
vested, washed, and lysed using lysis buffer {5003 m Tris-HCI (pH 7.4),

150 X 103 m NaCl, 1% NP40, 5x 10 3 m EDTA, 5 X 10 * m NaF,
2 % 107 M NaVO,, 1 X 102 m PMSF, 5ug/ml leupeptine, and mg/ml  RESULTS

aprotinin]. For detection of p21, p27, Bcl-2, Bax, caspase-3, phospho-MAPK, .
phospho-STAT3, ERK2, or-tubulin, cell lysates were subjected to SDS- Effect of PS-341 on Growth of MM Cell Lines and MM Pa-

PAGE, transferred to PVDF membrane (Bio-Rad Laboratories, Hercules, CREmS' Ce."S' We first determined the effect of PS-341 on grOW.th of
and immunoblotted with anti-p21, anti-p27, anti-Bcl-2, anti-Bax, anti-ERK2VIM cell lines (U266, IM-9, and Hs Sultan) cultured for 48 h, either
anti-caspase-3 (Santa Cruz Biotechnology), or arttibulin (Sigma) Abs. To in the presence or absence of PS-341, using MTT assay. As shown in
characterize the inhibition of growth signaling by PS-341, immunoblotting wasig. 1A, the growth of these MM cell lines was completely inhibited
also done with anti-phospho-specific MAPK or anti-phospho-specific STATBy PS-341 (0.1x 10 © wm). Fifty % growth inhibition (1G,o) in U266,

Abs (New England Biolabs, Beverly, MA). IM-9, and Hs Sultan cells was noted at concentrations of 0.003, 0.006,
Assays of NFxB Activation. To analyze the effect of PS-341 on degra-or 0.02 X 1076 M, respectlvely To examine whether there was
dation of kB induced by TNk (R&D Systems) in MM.1S cells, MM.lS6 cells ~ross-resistance between PS-341 and conventional therapies,

were pretreated with control media (0.05% DMSO) or PS-34X (50 ° m) : :
for 2 h. TNFx (5 ng/ml) was then added for the times indicated, and the ceIFsFWII8226 MM cells resistant to DO).( (DOX/4O. cells), Mlt (MR20
ells), and Mel (LR5 cells) were similarly studied. Proliferation of

were washed with PBS. Whole-cell extracts were prepared and analyzed . .
Western blotting using antikBa Ab (Santa Cruz Biotechnology). The anti- DgXA'O' _MRZO’ and LR5_ MM _Ce”S was unajffcted by culturlpg with
gen-Ab complexes were visualized by ECL. 400 nwm/liter Dox, 20 mv/liter Mit, and 5 10™° m Mel, respectively

To assay for NF«B activation in BMSCs, BMSCs were preincubated(data not shown). Importantly, cell growth of Dox40, MR20, and LR5
with PS-341 (5x 10~® m for 1 h) before stimulation with TN& (10 ng/ml) MM cells was completely inhibited by PS-341 (0 10 ° m; Fig.
for 10, 20, or 30 min. Cells were then pelleted, resuspended inid@d  1B). IC;,0of PS-341 in RPMI8226, Dox40, MR20, and LR5 was 0.03,
hypotonic lysis buffer A [20< 103w HEPES (pH 7.9), 10< 10 *m KCI,  0.04, 0.02, and 0.0% 10~° m, respectively. Dex-sensitive (MM.1S)
1x10°m EETA- 0.2% Triton X-100, 1X 10~*m NagVO,, 5 X 107°M  and -resistant (MM.1R) MM cell lines were similarly examined. As
l’:‘:piyoln Tciof;r ZOF;nMnSiftseligggltrliugz?g:(iz% O%ngpolr%pﬁtr"r)“gzvﬁgd can be seen in Fig. 1C, growth of both cell lines was completely

in. ifugati s i y il —6 ;
the nuclear pellet was extracted with 100 of hypertonic lysis buffer B Il\r/llrlz/llb::_tlgdcz)lllspvs\/;a?:% E)%;?? aln% o'\g))dglcfggg 53;2:;(;;1,\\,/'3)}1%2(;
3 L " . . . , .
[122<X1c1)93 MM,:fal:Cgf (5;)}171%)7,3430:\16112’ 1MXNla§|é tXPﬁSF%EMDJ/—Q’l data d_emonstrate that PS-341 effectiyely inhib_its the growth of che-
leupeptin, and Sug/ml aprotinin) on ice for 20 min. After centrifugation Moresistant MM cells at pharmacologically achievable doses and can
(14000% g for 5 min) at 4°C, the supernatant was diluted to 200L0~3 Overcome resistance to Dox, Mit, Mel, and Dex. As was true for MM
M NaCl and subjected to SDS-PAGE. Nuclear extracts were immunoblottggll lines, cell growth of four patients’ MM cells (MM1-4) was also
with anti-p65 NFxB Ab (Santa Cruz Biotechnology). The PVDF mem-inhibited by PS-341 in a dose-dependent fashion (A, With 1C5,
3072
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A 120 E 20 increase in MM.1S cell growth in cultures with media alone, PS-341
inhibited this response in a dose-dependent fashion (F&j. This
result showed that IL-6 does not overcome the inhibitory effect of
PS-341 on MM cell growth.
PS-341 Induces Apoptosis andiBa Degradation and Inhibits
p44/42 MAPK Activation in MM Cells. To further analyze the
i mechanism of PS-341-induced inhibition of DNA synthesis and to
2 st ooy F o1z PS-341 (10°M) determine whether PS-341 induced apoptosis of MM cells, we exam-
ined the cell cycle profile of U266 and patient MM cells cultured with
media or PS-341 (0.0 10~ ° m) for 0, 4, 6, 8, 12, and 16 h. After
incubation, cells were harvested and stained with PI. As shown in Fig.
2A, PS-341 induced a progressive increase in syll-Ghase cells in
a time-dependent manner; similar results were observed for
A RPMI8226 and MM.1S cells (data not shown). To confirm these
M o "™ results, we performed agarose gel electrophoresis using genomic
DNA purified from MM cell lines and patient MM cells treated with
PS-341 (0.01x 10 ® m) for 12 h. Apoptosis, evidenced by DNA
fragmentation, was induced by PS-341 (Fig)2
Apoptosis triggered by PS-341 was further confirmed by cleavage
of caspase-3 in U266 cells (Fig. 2C) as well as RPMI8226, MM.1S,
and patient MM cells (data not shown). Apoptosis occurred despite
o om0t b0t o oo 01 o owmr oot oo oot o1 1 1 up-regulation of p21 and p27 in U266, IM9, ARH77, and RPMI8226
Pe-241(10%) PS-341 (10 cells (Fig. 2C). No changes in Bcl-2 or Bax expression were induced
by PS-341. These cell lines contain either wild-type p53 or mutant p53
phenotype, and these results confirm prior reports that proteasome
inhibitors can induce apoptosis in both settings (1, 4, 5).
To determine whether the apoptotic effect of PS-341 is reversible,
RPMI8226 cells were treated with 0.04 10 ® m PS-341 for 0, 2, 4,
6, 8, 12, or 24 h. Cells were then washed and cultured in PS-341-free
s ooy media for 24 h. Cell viability and percentage of apoptotic cells were
Fig. 1. Effect of PS-341 on growth of MM cell lines and patient MM cefs.U266 assessed by trypan blue and Pl staining, respectively. Eigle®n-
(W), Hs Sultan (A), and IM-9 (@) MM cellsB, drug-sensitive RPMI (#), Dox-resistant onstrates an irreversible progressive drug exposure time-dependent
(Doxad: .,\)A'M'\_"fsrif)sz":é (:\gzi?a:t)MaMndlg'?'.;e;its‘a”;ééf;:}wll'\(".gegs')c3D(i’)‘ effect of PS-341 on RPMI 8226 cells:50% growth inhibition was
and 4 W) MM cells were cultured with PS-341 (0.00001-%010 ® m). E, PBMCs from  Observed in cultures with PS-341 fat6 h, with complete abrogation

normal volunteers were cultured with PS-341 (0.0001<1Q0 ® m). F, MM.1S cells of growth at exposure times of12 h.

were cultured with 0.001-0.62% 107 m Dex in control media ((J) and with PS-341 s . R .
0.0025 (N) or 0.005 (M) 10 ®m. G, MM.1S cells were cultured in control media alone Because PS-341 inhibits ThFstimulated activation of NFB in

or with PS-341 (0.00001-1& 10~° w) in the presence (M) or absence (®) of IL-6 (50 primary HUVECs by blocking the degradation of the inhibiteBk
?E/ 'gg) 'Qf‘iﬁgnc‘ft‘:ec'uclfd'rgg""‘"h was assessed by MTT assay. Values represent the ¢ \ye next examined whether PS-341 also inhibited degradation of
N ' IkBa in TNFa-treated MM cells. Specifically, MM.1S cells were
treated with 5x 10~ ® m PS-341 or control media for 1 h and were
of PS-341 at 0.0035, 0.005, 0.03, and 0.00230 © , respectively. SUbsequently stimulated by TNRS ng/ml). As can be seen in Fig,
PS-341 similarly inhibited the proliferation of these MM cell lines andF» !kBa decreased after stimulation of TNFn DMSO control
patient MM cells, as assessed ByiJthymidine uptake in 48-h cul- medla-treateq M_M.lS cells, but not in PS-341-tr_eated cells. Inhibition
tures (data not shown). PBMCs from three normal volunteers we?ENF-«B activation by PS-341 was further confirmed by EMSA. As
also examined for their susceptibility to PS-341. As can be seenGAn be seen in Fig. 2G, activation of M by TNFa was inhibited
Fig. 1E, IG, of PS-341 in these PBMCs 0.1 X 10 ® m. These by pretreatment with PS-341 (% 10°° m for 1 h). These data
findings are consistent with the reported increased sensitivity Hflicated that PS-341 inhibits NkB activation in MM cells by
proteasome inhibitors of B chronic lymphocytic leukemia cells rel&fabilizing kBa.
tive to normal B lymphocytes (30). Because we have shown that proliferation of MM cells induced by

To determine whether PS-341 is additive with conventional therB-6 is mediated via the Ras-Raf MAPK cascade (31), we also
pies, we next examined the effect of Dex together with PS-341 @iﬁ!termined whether PS-341 inhibits the activation of p42/44 MAPK
proliferation of Dex-sensitive MM.1S cells. As can be seen in Fig. 1 that is triggered by IL-6. As can be seen Fig. 2H, tyrosine phospho-
MTT assay at 48 h revealed that PS-341 alone (0.0025 apdation of p42/44 MAPK that was triggered by IL-6 was inhibited
0.005 X 10 ° m) and Dex alone (0.001 to 0.628 10 °® m) each completely by PS-341 pretreatment of MM.1S cells for 2 h, whereas
significantly inhibited MM.1S cell growth in a dose-dependent fastihe activation of STAT3 was unaffected. This result demonstrates that
ion and, furthermore, showed that their growth inhibitory effects afeS-341 selectively inhibits the tyrosine phosphorylation of MAPK
additive. that is triggered by IL-6 in MM.1S cells.

Given the additive effect of PS-341 and Dex (11), as well as the Effect of PS-341 on Paracrine MM Cell Growth and Signaling
known role of IL-6 as a growth factor (31) and an inhibitor ofin the BM Microenvironment. We next examined the effect of
Dex-induced apoptosis (32—34), we next examined whether exo@s-341 on paracrine MM cell growth and signaling in the BM. As
nous IL-6 could overcome the growth inhibitory effect that is trigshown in Fig. 3A, PS-341 inhibited the proliferation of two MM
gered by PS-341. Although IL-6 (50 ng/ml) triggered a 1.3-folghatients’ BMSCs in a dose-dependent fashion, with,I6f 5 and
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Fig. 2. Effect of PS-341 on cell cycle profile, ~ 5 2 : *j
apoptosis, and signaling cascades triggered by IL-6 & = 114.7% | | 19.3% | | 19.7% D 40 8074
in MM cell lines and patient MM cellsA, U266 and e J\ ’ b ‘ ! 5 ‘ O 8h ~
patient MM cells were treated with PS-341 = o Al | 20 g )
(0.01x 10~ m) for the time intervals indicated. Cell E control 6'h 12h4&8 4
cycle profile was evaluated by Pl staining using flow s J
cytometry. % on each panel, percentage of sub- 20. 5% 48.8% 49.1% 0 5
Gy/G; cells. B, genomic DNA was extracted from 24h
MM.1S, MM.1R, IM-9, RPMI8226, and patient MM L -
cells treated with either DMSO control (=) or PS- 12'h F
341 (+; 0.01x 10~°m for 12 h), and subjected to TNFo stimulation (min)
2% agarose gel electrophoress. U266 cells were MM.1S MM.1R IM-9 RPMI Pat
incubated with PS-341 (0.0K 10°° m), and cell  p§.341 -+ - ¥ - T - I BNISO treated ol dested
lysates were immunoblotted with anti-caspase-3 Ab. R e 0 10 1530 0 10 15 30
D, lysates from U266, IM-9, ARH77, and RPMI8226 by (icB o i e s
MM cells treated with control DMSO (—) or PS-341
(+; 0.01 X 10" ® m for 12 h) were immunoblotted iy

with anti-p21, p27, Bcl-2, Bax, ang-tubulin Abs.E,
RPMI8226 cells were cultured with control media
(®)or 0.1 X10 ®wm PS-341 for 2 (W), 44), 6 (@),

8 (), 12 (O), and 24 (A) h. Cells were washed,
resuspended in PS-341-free media, and then stained = ¢
with trypan blue and PI to assess cell viability and
apoptosisF, MM.1S cells were pretreated with ei-

ther DMSO control or PS-341 (% 107 % wm for 1 h)

prior to stimulation with TN (5 ng/ml) for indi-

cated times. Whole-cell lysates were immunoblotted

with anti-lkBa Ab to assess degradation eéBa. G,

MM.1S cells were pretreated with either DMSO con-

trol or PS-341 (5X 10 ¢ wm for 1 h) prior to stimu-

lation with TNFe (5 ng/ml) for indicated time inter-

vals. EMSA using nuclear extract was performed as

u' o -tubulin s,

TNFa stimulation (min)

p65 Ab
DMSO PS-341 DMSO

01015 30 0 10 1530 0 10 15 30

il e <« p65 supershift

PS-341 treatment
Sy e s ——— <4 NF-«B

= K=
£ £ <
(= o~

described in “Materials in MethodsH, MM.1S cells Caspase3
were pretreated with either DMSO control or PS-341 .
(5% 10~ for 1 h) before stimulation with IL-6 (50 P32 S
ng/ml). Whole-cell lysates were immunoblotted with p17 - -
anti-phospho-STAT3, -phospho-MAPK, or -ERK2
Abs. &
E ~ s H pre-treatment
D & 2 & & _DMSO_ _PS-341
= i = = ILe - + - +
PS-341 = + - + - + - + PY-STAT3 s s
p21 I R " STATS “ e e @nes
p27 A A et i PY-MAPK e
Bol2) e o e =R e ERK? s aues s
Bax e eomm Gl SRR e G g €0
Q-tUDUlIN e — . S A — . S

10 X 10~® wm, respectively. This IG, was more than 170-fold higher BMSCs triggers NF<B-dependent transcription and secretion of IL-6
than for MM cell lines and patient MM cells. in BMSCs, we next examined the effect of PS-341 on fB-activa-
Adhesion molecules on MM cells mediate their binding to BMSCsion in BMSCs, assessed by p65 MB-nuclear translocation. As can
via VLA-4 on the MM surface binding to VCAM-1 on BMSCs, be seen in Fig. 3E, TNk (10 ng/ml for 15 min) induced nuclear p65
localizing them in the BM millieu (19). Given that PS-341 inhibitdNF-«B in BMSCs, and PS-341 blocked this response. Finally, PS-341
transcription of VCAM-1 and expression of VCAM-1 on HUVECsalso blocked the activation of MAPK, but not of STAT3, in MM cells
(18), we next determined whether PS-341 altered the adhesion of Midherent to BMSCs for 4 h (Fig. 3F), consistent with its effect of
cells to BMSCs. Treatment with PS-341 decreased MM cell to BMSi@hibiting tumor cell growth and proliferation.
binding by 50% (Fig. 3B). Binding of MM cells to BMSCs triggers
NF-kB-dependent transcription and the secretion of IL-6 in BMSGCs|scussion
(19), which mediates paracrine growth and survival of tumor cells. As
shown in Fig. 3C, the adhesion of MM.1S cells to BMSCs induced a Recent studies have shown that proteasome inhibitors represent
>3-fold increase in IL-6 secretion, which was inhibited to baselingotential novel anticancer therapy (1, 2.). These agents inhibit the
levels by PS-341 (0.01 and 0:4 10~ ® m). The binding of MM cells degradation of multiubiquitinated target proteins,, cell cycle reg-
to BMSCs also triggered a 2-fold increase in DNA synthesis aflatory proteins such as cyclins and cyclin-dependent kinase inhibi-
MM.1S cells, which was completely abrogated by PS-34tbrs, and regulate cell cycle progression (3). In this study, we dem-
(0.001 X 10~° m; Fig. 3D). onstrate that the proteasome inhibitor PS-341 not only inhibits growth
Given our prior studies, which showed that MM-cell binding tand induces apoptosis of MM cell lines and patient MM cells resistant
3074
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A D - anti-MM activity of PS-341; and conversely, whether exogenous IL-6
120 o m could abrogate its antitumor effects. Importantly, Dex enhanced the

:—gmo o inhibitory effects of PS-341 on MM growth, evidenced by MTT

g W ) A assay; moreover, IL-6 cannot protect MM cells against PS-341. These

o ; ) 4 studies suggest the potential therapeutic advantage of combined Dex

= S and PS-341 in treatment protocols for MM.

& : Our studies further confirmed that PS-341 induced apoptosis of
20 { MM cells, evidenced by cell cycle analysis, DNA fragmentation, and
e i G R oo caspase 3 cleavage. Apoptosis occurred despite the induction of p21

PS-341 (10°M) PS-341 (10°M) and p27, and without associated changes in Bcl-2 or Bax expression.

B E Importantly, it occurred in MM cell lines containing either wild-type
s Bike T p53 or mutant p53, confirming prior reports that proteasome inhibitors
: $§—F341 o+ can induce apoptosis in both settings (1, 4, 5). Moreover, the apoptotic
12 ¢« __r * effect of PS-341 was irreversible at all of the intervals examined

2 i e (2—24 h), further suggesting its potential clinical utility.

E A In this study, PS-341 inhibited IL-6-triggered activation of p42/44

£ - MAPK, known to mediate proliferation (31), as well as TMF-

4 F § (o',’? induced activation of NRkeB, known to mediate drug resistance (24).
2 & & Incontrast, the IL-6 induced activation of STAT3 in MM cells was
S & oor?“’ é}? unaffected by PS-341, demonstrating differential susceptibility of
. PS-341 (10°M) ,00'" s & protein kinases in the Raf/MEK/MAPKersusJAK/STAT3 signaling
20 $§& & pathways to PS-341.

24 L DV.GTATS e v Our study demonstrates the importance of studying the effects of

gj | ke BARANER novel agents such as proteasome inhibitors not only on the tumor cells

g2 ‘ : Ry rnp— directly, but also within the BM microenvironment. Importantly, these

E 1005 | studies show that PS-341 also inhibited paracrine growth of MM cells

? 06 | within the BM millieu. First, adhesion of MM cells to BMSCs confers

K 04 F& \ ‘ protection against apoptosis (17), and PS-341 inhibits tumor cell

e o N binding. Second, PS-341 inhibited MAPK growth signaling (31), even

BMSC MM.AS - BMSCMM1S in those MM cells adhering to BMSCs, overcoming the growth-

Fig. 3. Effect of PS-341 on paracrine MM.1S and patient MM cell growth an i i H _
signaling in the BM microenvironmenA, growth of MM patient 1 (@) and 2K) BMSCs ?)romotlng effects of BMSC binding. Third, PS-341 abrogates the

in 48-h cultures with PS-341 (0.00001-3010® m) was measured by MTT assa§, NF-«kB-dependent up-regulation of IL-6 triggered by tumor to BMSC
S1Cr-labeled MM.1S cells were cultured with either BMSC-coated (M) or noncoate[ginding (19), which is of central importance given that IL-6 is the

control ((J) plates, and percentage of adhesion was assessed@f BMSCs or MM.1S . . .
cells were cultured alone or together in the absence () or presence of 0.01 ()”BF"Jor growth and survival factor for MM cells (20). In previous

0.1 X 10°% m (M) PS-341; IL-6 was measured in supernatants of 48 h cultures Istudies, NF«xB activation conferred protection of tumor cells against

ELISA. D, BMSCs ([]), MM.1S cells with BMSCs (M), MM.1S cells with 1% paraform- gyoptosis by modulating transcription targets of the Bcl-2 homologue
aldehyde fixed BMSCs (I), or MM.1S cells alone (N) were cultured in the absence P P y 9 P 9 9

presence of PS-341 (0.0001 and 0.001.0~® ). [3H]Thymidine uptake was measured gfl/Al, the immediate-early response geliex-1 L, the inhibitors of
during the last 8 h of 48-h cultureE, BMSCs were pretreated with PS-341%510"°  apoptosis c-IAP1 and c-IAP2, and TNF receptor-associated factors 1

m for 1 h) and stimulated with TNd (5 ng/ml). Nuclear translocation of p65-NeB was ; ; ; ;
detected by the immunoblotting of nuclear extracts. PVDF membrane was stripped Er!?:d 2 (8’ 34, 35)' These studies, COUpled with our prior studies

reprobed with nucleolinF, MM.1S cells were incubated in BMSC-coated plates for 4 hdemonstrating that IL-6 can block Dex-induced apoptosis and confer

either in the presence or absence of PS-34 (50 © m). MM.1S cells were harvested, drug resistance in MM cells (21, 23, 32), further suggest that the
lysed, electrophoresed, and immunoblotted with phospho-STAT3, phospho-MAPK, anch. - . o ’ .
ERK ADS. inhibition of NF-«xB activation by PS-341 can overcome drug resist-

ance.
These studies, therefore, demonstrate that the proteasome inhibitor

to conventional therapies but also inhibits binding of MM cells tc'?s'341 both directly induces apoptosis of human MM cells and

BMSCs with related up-regulation of IL-6 secretion and paracrinaebroQ’JateS paracrine growth of MM cells iin the BM via altering

MM cell growth. Given the favorable toxicity profile of PS-341, thesé:ellular interactions and cytokine secretion in the BM millieu. They

studies provide the framework for clinical trials of PS-341 in MM provide the framework for the clinical investigation of these novel

In this study, we first showed that PS-341 acts directly to inhibit th%gents to improve outcome for patients with this presently incurable

growth of MM cell lines and patient MM cells, assessed both by MT Isease.
assay and DNA synthesis. Growth inhibition of MM cell lines that
were sensitive and resistant to Mel, Dox, and Dex was observed at an
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