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Figure 1 The IRF7 and p21WAFV¥ were upregulated and IRF4 was downregulated in U266V cells after PU.1 induction. Western
blotting analyses of cell cycle-related genes, IRFs, STATs and transcription factor essential for hematopoiesis were performed on cell
extracts of U266°*Y! cells before (lane 1) and at day 2 (lane 2) and day 3 (lane 3) after PU.1 induction by removal of tetracycline. Right
panels are based on the densitometry of the left panel. Each expression level of day 0 is set as 1, and relative expression levels at day 2
and 3 were shown in each right panel.
expressing PU.1, PU.1 also bound to the TRAJIL  nucleotides and nuclear extracts of KMSI2PE*U!
promoter (Figure 4b). Therefore, we evaluated the  cells expressing PU.1 (Figure 5¢). In addition, in vitro-
TRAIL promoter to search for transcription-binding  translated PU.1 protein bound to the same oligonucleo-
sites and found one potential PU.1-binding site located tides and CDI11b oligonucleotides and the anti-PU.1
in 30-bp 3'-downstream of the transcription start site  antibody eliminated the binding (Figure 5d, lanes 1--5),
(Figure 5a). We performed electromobility shift assays  indicating that PU.1 binds to the oligonucleotides. Next
using oligonucleotides harboring the potential PU.1-  we introduced mutations into the PU.l-binding site
binding site and nuclear extracts of U266*“*Y! cells and  (GAGA to TCGC) in the oligonucleotides and per-
identified several bands for protein binding (Figure 5b). formed electromobility shift assays. We detected two
Competition with CDI1b promoter oligonucleotides  major shifted bands, but these did not disappear after
including the PU.1-binding site and addition of the anti-  competition with the CD11b oligonucleotides or addi-
PU.1 antibody eliminated one band for protein binding  tion of the anti-PU.1 antibody (Figure 5d, lanes
(Figure 5b, lanes 4 and 5) of the oligonucleotides for the 6-10), indicating that the mutations in the PU.1-binding
30-bp 3'-downstream region of the transcription start  motif completely abolished PU.1 binding to the TRAIL
site (Figure 5a), indicating that the binding to the  promoter region. Therefore, these data indicate that
oligonucleotides was PU.1 specific. We also identified  PU.1 binds to the 30-bp 3’-downstream region of the
the same PU.1-binding complex with the same oligo- transcription start site of the TRAIL promoter.
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Figure 2 Growth arrest of U266“*V-! cells expressing PU.1 may be partially induced by upregulated p21. (a) The protein levels of p21
were strongly suppressed by stably expressed small interference RNA (siRNA) for p21. Western blot analysis of p21 at day 2 after PU.1
induction in U266V derivative cell lines expressing siRNA for p21 or its scramble was shown. (b) Growth curve of two U266**Y
derivative cell lines expressing siRNA for p21 with (open triangle and open square) or without tetracycline (closed triangle and closed
square) and one U266V derivative cell line expressing scrambled siRNA with (open circle) or without tetracycline (closed circle).
Error bars represent the s.d. derived from three independent experiments.

PU.1 directly transactivates the TRAIL promoter in
U266*7Y and KMS12PE™“*"! cells

To evaluate whether the binding of PU.1 can directly
transactivate the TRAIL promoter, we performed lucifer-

ase reporter assays with a construct comprised of the

TRAIL promoter and a luciferase reporter gene in
U266V and KMSI2PE“FY! cells before and after
PU.1 induction (Figure 6a). With the wild-type TRAIL
promoter, the expression level was upregulated by 70-fold
in U266<*Y1 cells and 26-fold in KMSI2PE=*Y! cells
compared with that of pGL4.26 alone when tetracycline
was not removed (without PU.1 expression) (Figures 6b
and c). In addition, when PU.1 was upregulated, reporter
gene expression was highly upregulated by 4.6-fold
compared with that with no PU.1 expression in U266
cells, and 6.6-fold in KMSI2PE®"V! cells. We further
examined whether the upregulated reporter gene expression
was dependent on PU.1 binding to the TRA/L promoter.
To achieve this, we introduced the same mutations (GAGA
to TCGC) into the PU.l-binding site in the 30-bp
3'.downstream region of the transcription start site of the
TRAIL promoter construct that were shown to abolish
PU.I binding in electromobility shift assays (Figure 5d),
and found that these mutations completely eliminated
the upregulation of reporter gene expression relative to
the control plasmid (pGL4.26) in both U266“"Y! and
KMSI12PE®PY cells regardless of whether or not PU.1 was
induced (Figures 6b and c). Taken together, these data
suggest that TRAIL expression in both U266“*Y! and
KMSI12PE®™V! cells expressing PU.1 is highly dependent
on direct binding of PU.1 to the TRAIL promoter.

Discussion

We earlier reported that downregulation of PU.1 in
myeloma cells is necessary for their growth and survival,
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and that conditional expression of PU.1 in myeloma
cells induced growth arrest and apoptosis (Tatetsu et al.,
2007). In this study, we analysed the genes involved in
the growth arrest and apoptosis of U266 myeloma cells
by performing DNA microarray analyses and compar-
ing the gene expressions before and after PU.1 induc-
tion. We found that among cell cycle-related genes,
p21 was upregulated and cyclin A2, cyclin B1, CDK2
and CDK4 were downregulated after PU.1 induction.
Among apoptosis-related genes, TRAIL was directly
transactivated by PU.1 and induced apoptosis in both
U266**U-t and KMS12PE®*U! cells expressing PU.1.
After PU.1 induction, many cyclins and CDKs were
downregulated, and these findings are compatible with
the growth arrest of U266 cells. In contrast, among
tumor suppressor genes, only p21 was upregulated after
PU.1 induction, and this was confirmed at the protein
level. Given the fact that knockdown of p21 by siRNA
partially rescue the PU.l-induced growth arrest of
U266V cells, p21 may partially mediate the induction
of growth arrest of myeloma cells by PU.1. The
mechanism of the upregulation of p2l1 after PU.1
induction in U266 cells is now being elucidated. It
was reported that IRF1 directly transactivates p21 gene
expression by binding to the p21 gene promoter (Coccia
et al., 1999). Among the IRF family members, IRF7 and
IRF9 were highly upregulated at 24.8-fold and 3.9-fold
in mRNA levels, respectively. It is reasonable that these
IRFs may induce p21 expression after PU.1 induction.
We also evaluated the gene expression levels of
apoptosis-related genes in U266 cells expressing PU.1
and found that TRAIL was highly upregulated after
PU.1 induction and stably expressed siRNAs for
TRAIL suppressed the apoptosis of not only U266V
but also KMSI2PE“"YU! cells expressing PU.1. It is
likely that TRAIL is a key molecule for inducing
apoptosis in U266“*Y! and KMSI2PE*“"Y! cells after
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Figure 3 Apoptosis of U266V and KMSI2PE“*Y! cells expressing PU.1 may be highly induced by upregulated tumor necrosis

factor (TNF)-related apoptosis inducing ligand (TRAIL). (a) TRAIL is upregulated in U266**"Y"! (upper panel) and KMS12PE"=*Y!

cells (lower panel) after PU.1 induction. Real-time PCR of TRAIL was performed for U266“*V! and KMSI2PE**Y! cells and their

transformants stably expressing small interference RNAs (siRNAs) for TRAIL or its scrambled sequences. Bar graphs represent the

mean and s.d. of three experiments. (b) The siRNAs for TRAIL inhibit apoptosis of U266*"™Y! and KMS12PE*“*Y! cells expressing

PU.1. After conditional expression of PU.1, Annexin V-positive cells of U266“*V! and KMSI12PE**Y! cells stably expressing siRNA

for TRAIL or its scrambles were determined as apoptotic cells. (¢) Suppression of apoptosis by siRNA for TRAIL is statistically

significant. On the basis of the results of Annexin V staining as shown in Figure 3b, percentage of increases of apoptotic cells in

U266“*Y" and KMSI2PE“"Y! cells stably expressing siRNA for TRAIL or its scrambles after PU.1 induction are shown compared

with those before PU.1 induction (set as 100%). Means £s.d. for three independent clones expressing siRNA for TRAIL or its

scrambled siRNA are shown.
PU.1 expression, because it was found to effectively  for generation of plasma cells, because transgenic mice
induce apoptosis in multiple myeloma cells in vitro  with a conditional knockout of Irf4 in germinal center B
(Mariani et al., 1997; Gazitt, 1999; Mitsiades et al., cells were unable to differentiate memory B cells into
2001, 2002). We further found that PU.1 itself directly  plasma cells (Klein ef al., 2006). In addition, it was
transactivates the TRAIL promoter in both myeloma  reported that knockdown of IRF4-induced apoptosis in
cell lines. This is a first report to show that PU.1 is a  many genetic types of myeloma cells (Shaffer et al,
direct transactivator of TRAIL gene expression. From  2008). Therefore, because protein levels of IRF4 were
this aspect, PU.l may be a regulator of unlimited strongly downregulated to 0.02-fold at 2 days and 0.18-
proliferation of hematopoietic cells including plasma  fold 3 days after PU.1 induction (Figure 1), it is possible
cells through upregulation of the cell death inducer  that this downregulation of IRF4 may also induce
TRAIL. apoptosis in myeloma cells after PU.1 expression.

As shown in Figures 3b and c, siRNA for TRAIL In this study, we found that PU.1 can directly
may not completely suppress apoptosis of U266V transactivate TRAIL gene expression in myeloma cells.
and KMSI12PE®**"" cells after PU.1 expression, suggest-  This finding may be universal for all hematopoietic cells,
ing that other factors may be involved in the apoptosis  although we still need to analyse whether PU.1 also
of these cells. IRF4 is an essential transcription factor  induces TRAIL gene expression in other hematopoietic
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Figure 4 The PU.I binds to the TRAIL promoter region in both
U266*Y! and KMSI12PE«“*Y! cells in vivo. (a) and (b) Chromatin
immunoprecipitation (ChIP) assays reveal that PU.1, but not
IRF7, binds to the TRAIL promoter region. ChIP assays were
performed on U266“*V (a) and KMSI2PE“"Y! cells (b) at 1 day
after PU.1 induction. Chromatin DNA was immunoprecipitated
with anti-IRF7 or anti-PU.1 antibodies, or rabbit IgG as a control.
After extraction of genomic DNA, PCR amplification of the
TRAIL promoter and exon 1 region was performed using water
(lane 1), input chromatin DNA (lane 2) or genomic DNA
immunoprecipitated by rabbit 1gG (lane 3), anti-IRF7 antibody
(lane 4) or anti-PU.1 antibody (lane 5).

lineages. If this proves to be the case, upregulation of
PU.1 may be a universal therapeutic molecular target
for hematopoietic malignancies. Indeed, upregulation
of TRAIL may represent a major target for HDAC
inhibitors (Insinga et al., 2005; Nebbioso et al., 2005),
and this could be mediated by upregulation of PU.I.
The PU.1 also induced downregulation of IRF4 that
may result in apoptosis of myeloma cells (Shaffer er al.,
2008). Therefore, upregulation of PU.l may represent
a possible treatment of multiple myeloma by inducing
the combination of upregulation of TRAIL and down-
regulation of IRF4.

Materials and methods

DNA microarray analysis

We earlier generated U266V and KMSI2PE“*Y! cells that
express PU.1 by tet-off system (Tatetsu ez al., 2007). At first,
RNA was extracted from U266V cells at three different time
points, before, and 1 or 3 days after tetracycline removal. To
compare gene expression differences between before and after
tetracycline removal, the microarray analysis was performed
using Hlumina:Sentrix Human-6 Expression BeadChip as
recommended by the manufacturer. Expression levels of genes
were analysed by GeneSpring 7.2 software.

Cell culture

Human myeloma cell line U266V and KMSI12PE*“*Y! cells,
and their derivatives were grown in RPMI 1640 containing
10% fetal bovine serum at 37 °C.

Western blot analysis
The cell lysates were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred onto
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nitrocellulose membranes. The membranes were incubated with
anti-PU.1, anti-p21 VAP anti-cyclin A2, anti-cyclin B2, anti-
CDK2, anti-CDK4, anti-IRF1, anti-IRF4, anti-IRF7, anti-
STATI, anti-STAT?2, anti-RUNXI, anti-C/EBPu, anti-GATAI,
anti-GATA?2, anti-Actin primary antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) or anti-cyclin Bl (Abcam,
Cambridge, MA, USA) for 3—16 h. Finally, the membranes were
incubated with peroxidase-labeled secondary antibodies for 1h,
and developed using an enhanced chemiluminescence system
(Amersham Life Science Inc., Arlington Heights, IL, USA).

Generation of U266V and KMSI2PE*“*Y! cells stably
expressing siRNA for TRAIL or p21 and those scrambled
SIRNAs

The siRNA expression vectors were generated by insertion of
annealed oligonucleotides for TRAIL or p2! and those scrambled
siRNAs into from BamH] to Hindlll site of pPRNA-UG6.1/Zeo or
pRNA-U6.1/Hygro (GenScript, Piscataway, NJ, USA) (Supple-
mentary Information). These siRNA expression vectors were
transfected to U266“*V! or KMS12PE“*Y! cells by elecrotopora-
tion and stable transformants were obtained by zeocin or
hygromycin selection.

Real-time PCR

Quantitative Tagman PCR was performed using commercially
available assay on demand probe primer sets for TRAIL and
B-actin (Applied Biosystems, Foster City, CA, USA) and
Tagman Universal PCR Master Mix reagent using an ABI
Prism 7700 Sequence Detection System (Applied Biosystems).
The expression levels of B-actin were used to standardize the
relative expression levels of TRAIL. The expression level of
TRAIL in U266*"Y! and KMSI12PE*“*Y! cells before tetra-
cycline removal was set as 100.

Detection of apoptosis

To detect apoptosis of myeloma cells, the cells were stained
with an Annexin V Phycoerythrin Apoptosis Detection kit
(Medical and Biological Laboratories, Nagoya, Japan) and
analysed for Annexin V expression with FACS caliber (Becton
Dickinson, San Jose, CA, USA).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assays were performed as
described earlier (Okuno et al, 2005). Briefly, 1 x 10’ of
U266V or KMSI2PE*“PY! cells 1 day after tetracycline
removal were treated with 0.5% formaldehyde and genomic
DNA was extracted and sonicated. Small amount of genomic
DNA was saved as input DNA. The total input sample was
diluted 1/100 before being used as a template for PCR. Soluble
chromatin was treated with anti-PU.l antibody, anti-IRF7
antibody and rabbit IgG, and immunoprecipitated by protein
A agarose beads (Santa Cruz Biotechnology). Each precipi-
tated DNA was eluted and extracted as described earlier and
subjected for PCR. PCR was performed using TRAIL
promoter sense primers, 5-TGAGGATATGTTAGG
GAAAAGCA-3' located 284-bp upstream of transcription
start site, and TRAIL exon 1 antisense primer 5-GATCAC
GATCAGCACGCAGGTCT-3 located 140-bp downstream
of transcription start site.

Electromobility shift assay

Nuclear extracts of 5x 10° U266**V! or KMSI2PE*<*!
cells 1 day after removal of tetracycline were prepared with
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce, Rockford, IL, USA). The PU.l1 ¢cDNA was subcloned
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Figure 5 The PU.1 binds to a 30-bp 3’-downstream region of the transcription start site of the TRAJL gene. (a) A potential PU.1-
binding site is located in a 30-bp 3’-downstream region of the transcription start site of the TRAIL gene. The sequence of the TRAIL
promoter region and 180bp of exon 1 is shown. The potential PU.1-binding site is located in a 30-bp 3'-downstream region of the
transcription start site in the 5'-non-coding region of exon 1. The sequence for oligonucleotides used for electromobility shift assay
(EMSA) in Figures 5b—d is underlined (wild-type). A earlier described binding site for IRF3 is also shown (Kirshner ez al., 2005).
(b, ¢) PU.1 binds to the 30-bp 3’-downstream region of the transcription start site. An EMSA was performed using nuclear extracts of
U266V (b) and KMSI2PE*“*V! cells (c) at day 1 after PU.1 induction and the oligonucleotides shown in Figure 4a (wild-type). ‘Self’
refers to competition with itself. ‘CD11b’ refers to competition with oligonucleotides complementary to the CD11b promoter region
including the PU.1-binding site (CD11b oligonucleotides). The relative position of the PU.1 complex is shown on the left side of the
panels (arrow). The PU.1, IRF7 and IRF4 refer to antibodies used for supershift assays. The anti-PU.1 antibody does not create a
supershift but instead eliminates the PU.1 complex (lane 5). In vitro-translated PU.1 generated PU.1-specific band as a positive control
as shown in (d) (b, lanes 8-11). (d) In vitro-translated PU.1 protein specifically binds to the 30-bp 3'-downstream region of the
transcription start site. EMSAs were performed using in vitro-translated PU.1 and wild-type oligonucleotides or mutant
oligonucleotides of the PU.1-binding site (GAGA to TCGC). The relative position of the PU.1 complex is shown on the left side
of the panels (arrow). The CD11b oligonucleotides and anti-PU.1 antibody eliminate the PU.1 complex (lanes 4 and 5). In contrast to
the PU.1 complex with the wild-type oligonucleotides, there is no PU.1 complex with the mutant oligonucleotides that can be
diminished by competition with the CD11b oligonucleotides or anti-PU.1 antibody (lanes 7-10).
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into pTyT Vector (Promega, Madison, WI, USA) and
subjected to TnT Quick Coupled Transcription/Translation
Systems (Promega) to prepare in vitro-translated PU.1 protein.
Oligonucleotides, 5-ACTATAAAAGAATAGAGAAGGAA
GGGCTTC-3' and 5-GAAGCCCTTCCTTCTCTATTCTT
TTATAGT-3', were annealed and subjected to electromobility
shift assay for PU.1-binding site in a 30-bp 3’-downstream
region of the transcription start site of the TRAIL gene,
whereas oligonucleotides, 5-ACTATAAAAGAATATCGC
AGGAAGGGCTTC-3 and 5-GAAGCCCTTCCTGCGAT
ATTCTTTTATAGT-3' were annealed and used as mutant oligo-
nucleotides for the PU.1-binding site of the TRAIL promoter.
Annealed oligonucleotides were labeled with [y-P*JATP using T4
polynucleotide kinase and incubated with nuclear extracts or
in vitro-translated PU.1 protein in 10mm HEPES (pH 7.8),
50mMm KCI, 1 mm dithiothreitol, 1 mM EDTA, and 5% glycerol

for 15min at 0°C. Reaction mixtures were separated with 6%
polyacrylamide gels in 0.5 x TBE buffer at 4 °C. Gels were dried
before autoradiography. Anti-PU.1, anti-IRF4 and anti-IRF7
antibodies (Santa Cruz) were used for supershift assays. The
CDI11b promoter oligonucleotides harboring PU.1-binding site
5-CTACTTCTCCTTTTCTGCCCTTCTTTG-3' and 5-CAAA
GAAGGGCAGAAAAGGAGAAGTAG-3, which have been
described earlier (Pahl ef al., 1993), were annealed and used for
competition assays.

Luciferase assay

In total, 1.5kb DNA fragment consists of the 1480-bp human
TRAIL promoter and 55-bp of exon 1 5 non-coding region
was amplified with primers 5-TATACTCGAGGATAG
AAGGCAAGGGCAGGAAGT-3 and 5-ATATAAGCTT
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Figure 6 The PU.1 directly transactivates the TRAIL promoter in luciferase reporter assays. (a) U266V and KMSI2PE“"V! cells
were transfected with (1) pGL4.26, (2) pGL4.26 with the TRAIL promoter and exon 1 5'-non-coding region, or (3) pGL4.26 with the
TRAIL promoter and exon 1 5'-non-coding region containing mutations in the PU.1-binding site in the 30-bp 3'-downstream of the
transcription start site. pRL-TK was co-transfected to express Renilla activity for standardization of the transfection efficiency.
(b, ¢) The TRAIL promoter activity is dependent on the PU.1-binding site. The Firefly/ Renilla ratio of U266'""! (b) or KMSI2PE**V!
cells (¢) before PU.1 induction transfected with pGL4.26 was set as 1 and the transactivation activities are shown as the fold expression.
Three independent pools for each plasmid transfection with or without tetracycline were prepared for reporter assays and the mean and
the standard deviation for each pool are shown.
CCGGTCACTGAAGCCCTTCCTTC-3/, then subcloned with Dual-Glo Luciferase Assay System (Promega). Luciferase
into from Xhol site to HindIl site of pGL4.26 (luc2/minP/ activity was standardized with dividing by Renilla activity.
Hygro) (Promega). Subsequently, to introduce mutations into
the PU.1-binding site in the 30-bp downstream of TRAIL
transcription start site in the obtained plasmid, self-amplifica- Conflict of interest
tion was performed using primers 5-CACTGACTATAAAA
GAATATCGCAGGAAGGGCTTCAGTGA-3, and 5-TCAC The authors declare no conflict of interest.
TGAAGCCCTTCCTGCGATATTCTTTTATAGTCAGTG-3
that are located on the almost same region but have opposite
directions. In all, 8pg of these plasmids were transfected Acknowledgements
with 0.8ug of pRL-TK plasmid to 8x 10° of U266<*Y!
or KMSI2PE“PY! cells with Lipofectamine LTX Reagent This work was supported by The Award in Aki’s Memory
(Invitrogen, Carlsbad, CA, USA). Three independent pools from The International Myeloma Foundation Japan (YO)
for each plasmid were prepared for cultures with or without and grants from the Ministry of Education, Culture, Sports,
tetracycline. After 24-h culture, luciferase activity was quantified Science and Technology of Japan.
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Abstract To obtain approval from the Ministry of
Health, Labor and Welfare of Japan, a phase II study was
conducted to assess the pharmacokinetics and pharmaco-
dynamics of thalidomide along with its efficacy and safety
in Japanese patients with multiple myeloma. Between 2005
and 2006, 42 patients were enrolled, and 37 patients met
eligibility criteria. Of the 37 patients, 3 were excluded from
efficacy analysis because of short duration of thalidomide
administration (<4 weeks). The overall response rate was
35.3% (12/34), including partial response of 14.7% (5/34)
and minimal response of 20.6% (7/34). The adverse events
observed in high frequency (>40%) were leukopenia,
neutropenia, drowsiness, dry mouth, and constipation.
Grade 3 neutropenia was observed in nine cases. Peripheral
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neuropathy and eruption were observed in about one-
quarter of the patients. Deep vein thrombosis was not
observed. At a single oral dose of thalidomide (100 mg),
the Cpax was 1.68 + 0.41 pg/ml, Ty, was 4.54 £ 1.71 h,
Ty, was 4.86 + 0.44 h, and AUC was 15.87 &+ 3.05 pg h/ml.
Low-dose thalidomide was an effective and tolerable
treatment for Japanese patients with relapsed/refractory
myeloma. Leukopenia and neutropenia were the most
serious adverse events. The pharmacokinetics was similar
to those observed in Caucasian patients.
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1 Introduction

Multiple myeloma is a clonal disorder of plasma cells that
accounts for 10% of hematological malignancies. The
median overall survival has been improved by high-dose
chemotherapy with autologous stem cell transplantation
(ASCT) [1], as well as by the emergence of novel thera-
pies, which improved post-relapse survival and overall
survival as well [Z].

One of the novel agents, thalidomide was introduced to
the market in the 1950s as a sedative. However, in 1961,
Lenz reported a close relationship between the adminis-
tration of thalidomide to pregnant women and the devel-
opment of a deformity in their babies [3]. In Japan the
withdrawal of thalidomide was incomplete and late, and
over 1,000 babies suffered on account of thalidomide.
After that thalidomide disappeared from the Japanese drug
market. In 1994, D’ Amato et al. [4] showed that thalido-
mide inhibited angiogenesis in rabbits and suggested tha-
lidomide as a therapeutic agent for diseases that involve
angiogenesis, particularly those of malignant tumors. Fur-
thermore, in 1994, Vacca et al. [5] reported that the bone
marrow of patients with myeloma was rich in microvessels
and that there was a positive relationship between the
disease activity of multiple myeloma and the density of
bone marrow microvasculatures. Based on these data, a
clinical trial with thalidomide was initiated in many
countries to investigate the potential of thalidomide as a
new therapeutic agent for patients with relapsed/refractory
myeloma. Singhal et al. [¢] reported the efficacy of tha-
lidomide as single agent in patients with refractory mye-
loma. In their study, thalidomide was administered nightly
at a dose of 200 mg/day. The dose was increased by
200 mg every 2 weeks up to 800 mg/day. An overall
response rate of 32% and a 1-year survival rate of 58%
were reported involving 84 patients with refractory mye-
loma. In addition, they showed that the response rate and
survival were improved by escalating the doses of thalid-
omide. Most adverse events were grade 1 and 2. Consti-
pation, weakness and fatigue, and somnolence occurred in
one-third or more of the patients. In recent years, low-dose
thalidomide therapy has been tested in many countries
whether it reduces the risk of such adverse events without
jeopardizing its efficacy. According to these reports, tha-
lidomide may be effective in Japanese patients with
relapsed/refractory multiple myeloma like Caucasian
patients.

The present phase II study was designed to assess the
efficacy and toxicity of the thalidomide treatment in
Japanese patients with relapsed/refractory myeloma. The
primary endpoint of this study was response rate. The
secondary endpoint was toxicity.

@ Springer

2 Patients and methods

Only patients with the diagnosis of multiple myeloma
according to the South-West Oncology Group criteria,
those who have relapsed after high-dose chemotherapy
with ASCT, those who have progressed after the maximum
of three previous standard chemotherapies, and those who
were >20 years of age and Eastern Cooperative Oncology
Group (ECOG) performance status <3 were eligible for the
study. The following patients were excluded from the
study: pregnant women and female patients with the pos-
sibility of conception; patients with non-secretory mye-
loma, plasma cell leukemia, or plasmacytoma; those
previously treated with thalidomide; those with abnormal
renal function (serum creatinine >3.0 mg/dl); those with
low white blood cell count (<2 x 10%ml); those with
abnormal liver function (aspartate aminotransferase and
alanine aminotransferase levels >3 times the upper limit of
institutional normal range); those with a past medical his-
tory of deep vein thrombosis; and those with high serum
FDP. This study was approved by the institutional review
board of each participating hospital. All patients gave a
written informed consent and the study was conducted in
accordance with the Good Clinical Practice for Trials of
Drugs and the Declaration of Helsinki.

With type I error of 0.05, 24 patients were required for
the study to have 80% power to reject the null hypothesis
of response rate of 7% against the alternative hypothesis of
response rate 42%.

Thalidomide, supplied by Fujimoto Pharmaceutical
Corporation (Osaka, Japan), was administered orally at a
dosage of 100 mg/day before sleep for the first 4 weeks
with an increase in dosage to 200 mg/day between weeks 5
and 8, an increase to 300 mg/day between weeks 9 and 12,
and finally to the maximum dose of 400 mg/day from the
week 13, only if a patient did not experience non-hema-
tological toxicities greater than grade 2 and/or hemato-
logical toxicities greater than grade 3 according to the
National Cancer Institute Common Toxicity Criteria (NCI-
CTC), version 2.0 criteria. If minimal, partial, or complete
response was obtained with the treatment, thalidomide was
maintained at the final dose. Anti-thrombotic prophylaxis
was not instituted in this study.

Patients were monitored for response by quantitating
serum and/or urine paraprotein with electrophoresis every
2 weeks and at the time of protocol discontinuation.
Response was determined according to the EBMT criteria:
complete response, disappearance of paraprotein at least
4 weeks apart; partial response, >50% decrease from the
baseline paraprotein levels at least 4 weeks apart; minimal
response, >25% decrease; no change, <25% decrease;
progressive disease, >25% increase from the baseline
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paraprotein levels. Adverse events were assessed and gra-
ded according to the NCI-CTC, version 2.0 criteria.

2.1 Pharmacokinetic analysis

Plasma thalidomide concentration was measured as the
phase 1 study. Blood samples were collected before the
administration of 100 mg thalidomide and at 1, 2, 3, 4, 6, 8,
12, and 24 h on the first day. Thalidomide concentration in
the plasma was determined with the use of high-perfor-
mance liquid chromatography (HPLC), by a modified
version of the methods of Figgs et al. [7] and Simmons
et al. [8].

3 Results
3.1 Patients and dose escalation

The study was conducted between July 2005 and June
2006, and comprised 42 patients. Of these, 37 patients met
the eligibility criteria; another 4 patients were not treated
with thalidomide because of disease progression and the
remaining 1 patient was excluded from the study protocol
because of high serum FDP. The characteristics of the 37
eligible patients are shown in Table {. The male/female
ratio was 0.6 (14/23) and the median age was 63 years
(range 42-81 years). The immunoglobulin subtypes were
IgG, 22 patients; IgA, 12 patients; and light chain only, 3
patients. The median time to treatment start since diagnosis
was 4.1 years (range 0.2-17 years). Performance statuses
were 0, 21 patients; 1, 15 patients; and 2, 1 patient. Sixteen
patients had recurrence after ASCT and the remaining 21
patients were refractory to or relapsed from prior conven-
tional chemotherapies.

Table 1 Patients’ characteristics

No. of patients 37
Male/female 14/23
Age

Median 63
Range 42-81
Time since diagnosis

Median 4.1
Range 0.2-17
PS 0/1/2 21/15/1
Ig subtype (IgG/IgA/BJP) 22/12/3
Prior therapy

Chemotherapy 21
ASCT 16

The mean dose of thalidomide was 100 mg/day at the
4th week, 177.8 mg/day at the 6th week, 166.7 mg/day at
the 8th week, and 200 mg/day throughout weeks 10 to 16

(Fig. 1).
3.2 Efficacy (Table 2)

Of the 37 patients, 3 with short duration of thalidomide
administration (<4 weeks) were excluded from the effi-
cacy analysis because Singhal et al. [6] reported that the
median time to a reduction in the serum or urine parapro-
tein level of at least 25, 50, 75, and 90% were 1, 2, 4, and 4
months, respectively. Of the remaining 34 patients, no
patient achieved a complete response, 5 (14.7%) achieved a
partial response and 7 (20.6%) achieved a minimal
response. The overall response rate of the present study
(partial response + minimal response) was 35.3%. In
another 12 patients (35.3%), there was no change in the
M-protein levels; in another 6 patients, progressive disease
was observed; in the remaining 4 patients, the effect of
treatment was not evaluated because the observation period
of response was shorter than 4 weeks. The response rate at
a dose of 100 mg/day was 45.0% that at 200 mg/day was
28.6%, that at 300 mg/day was 50.0%, and that at 400 mg/
day was 0%. The overall response rate decreased as patient
age increased (4049 years, 75.0%; 50-59 years, 40.0%;
60-69 years, 33.3%; and >70 years, 18.2%). The pro-
gression-free survival at 2 year was 44.0% (Fig. 2).

3.3 Adverse events

The safety analysis data set consisted of 37 patients who
actually received thalidomide therapy. Adverse events
observed in >15% of patients are shown in Table 3.
Adverse events observed at higher frequency (>40%) were
leukopenia, neutropenia, drowsiness, dry mouth, and con-
stipation. Non-hematological adverse events over grade 2
were observed in only two cases; those events were

400

300

100

Mean dose of thalidomide (mg/day)

0 2 4 6 8 10 12 14 16 18
(Week)

Fig. 1 The mean dose of thalidomide was 100 mg/day at week 4,

177.8 mg/day at week 6, 166.7 mg/day at week 8, and 200 mg/day
between week 10 and week 16
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Table 2 Response to thalidomide treatment

Complete Partial Minimal No Progressive Not Overall
response response response change disease evaluated response
100 mg/day (20 cases) 0 (0%) 5 (25.0%) 4 (20.0%) (25.0%) 4 (20.0%) 2 (10.0%) 9 (45.0%)
200 mg/day (7 cases) 0 (0%) 0 (0%) 2 (28.6%) 2 (28.6%) 1 (14.3%) 2 (28.6%) 2 (28.6%)
300 mg/day (2 cases) 0 (0%) 0 (0%) 1 (50%) 0 (0%) 1 (50%) 0 (0%) 1 (50%)
400 mg/day (5 cases) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0 (0%) 0 (0%) 0 (0%)
All dosages (34 cases) 0 (0%) 5 (14.7%) 7 (20.6%) 12 (35.3%) 6 (17.6%) 4 (11.8%) 12 (35.3%)
(%) survival than others who were administered smaller cumu-
100 lative doses of thalidomide, in high-risk patients as well as in
low-risk patients. On the other hand, Durie et al. [10]
75 reported that with a thalidomide dose of only 200 mg/day, an
overall response > minimal response was obtained in 44%
50 and the survival rate at 2 years was 22%. Johnston et al. [11]
also reported that partial response was obtained in 42% of
05 patients with resistant/refractory myeloma by low-dose
thalidomide therapy (median 175 mg/day) with a lower
incidence of adverse events. In our study, the overall
0L y T y T T response rate was 35.5%, comparable to those of other
0 20 40 60 80 m O;glos reports. The median dose of thalidomide was about 200 mg/

Fig. 2 The progression-free survival at 2 years was 44.0%

ischemic heart disease and perforation of the intestine. Of
the hematological adverse events greater than grade 2,
leukopenia was seen in five cases, neutropenia in nine
cases, and lymphopenia in three cases. Therapy-related
mortality was not observed in this study.

3.4 Pharmacokinetics

The mean plasma thalidomide concentration-time profile
at 0, 1, 2, 3, 4, 6, 8, 12, and 24 h in 12 patients who
received 100 mg of thalidomide is shown in Fig. 3. Phar-
macokinetic parameters obtained using non-compartmental
analysis are shown in Table 4. The Cy,x was
1.68 £ 0.41 pg/ml, Ty.x was 4.54 £ 1.71h, Ty, was
486 £ 044 h, and AUC was 15.87 £ 3.05 pg h/ml,
respectively.

4 Discussion

The response rate of thalidomide used as a single agent in
patients with relapsed/refractory multiple myeloma has been
reported as 30-40%. Barlogie et al. [9] analyzed the efficacy
according to various doses of thalidomide in a phase-II
study. They found that patients who were administered more
than 42 g of a cumulative dose of thalidomide in a 3-month
period had a greater M-protein reduction rate and a longer
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day after 6 months. According to these data, low-dose tha-
lidomide is considered effective in Japanese patients as well.
Regarding hematological adverse events, neutropenia
was observed in about half of the patients and neutropenia
over grade 2 occurred in 24.3%. This adverse event has
been rarely reported in Caucasian individuals, but was
reported in a significantly higher incidence in Japanese
individuals [12, 13]. Thus, the risk of neutropenia has to be
kept in mind in Japanese patients with multiple myeloma
treated with thalidomide. In non-hematological adverse
events, drowsiness was seen in 54.1%, dry mouth in 43.2%,
and constipation in 62.2%. All of these adverse events were
less than grade 3 in severity. Peripheral neuropathy and
eruption were observed in about one-quarter of the patients
and the incidence was comparable to that observed in the
USA and Europe [14]. Deep vein thrombosis was not
observed in this study, unlike the relatively higher inci-
dence reported from USA and Europe [!4, 15]. The reason
for the contradictory finding in the incidence of deep vein
thrombosis in Japanese patients is unclear, but aside from
the small number of patients studied, ethnic differences
may have contributed. In addition, the lower dose of tha-
lidomide administered may have resulted in this. The
incidence of deep vein thrombosis has been reported to
increase when dexamethasone and/or anticancer drugs such
as doxorubicin were combined with thalidomide [i4];
however, this was not the case in this study.
Noormohamed et al. [16] reported that Cp,, was
1.15 pg/ml and AUC was 9.8 pug h/ml when thalidomide
was administered at a single dose of 100 mg. In our study,
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Table 3 All adverse events

occurring in at least 15% of Adverse event NCI-CTC grade Total
patients (n = 37) 1 2 3 4
Hematological
Leukopenia 4 (10.8%) 6 (16.2%) 5 (13.5%) 0 15 (40.5%)
Neutropenia 3 (8.1%) 5 (13.5%) 9 (24.3%) 0 17 (49.5%)
Lymphopenia 2 (5.4%) 2 (5.4%) 3 (8.1%) 0 7 (18.9%)
Thrombocytopenia 6 (16.2%) 1 (2.7%) 0 0 7 (18.9%)
Non-hematological
Eruption 8 (21.6%) 2 (5.4%) 0 0 10 (27.0%)
Trembling 10 (27.0%) 0 0 0 10 (27.0%)
Dizziness 7 (18.9%) 0 0 0 7 (18.9%)
Numbness of extremities 8 (21.6%) 1 (2.7%) 0 0 9 (24.3%)
Numbness of lip 8 (21.6%) 0 0 0 8 (21.6%)
Gustatory disturbance 8 (21.6%) 0 0 0 8 (21.6%)
Drowsiness 20 (54.1%) 0 0 0 20 (54.1%)
Dry mouth 16 (43.2%) 0 0 0 16 (43.2%)
Constipation 22 (59.5%) 1 (2.7%) 0 0 23 (62.2%)
Nausea 7 (18.9%) 0 0 0 7 (18.9%)
Abdominal distention 6 (16.2%) 0 0 0 6 (16.2%)
Fatigue 10 (27.0%) 1 (2.7%) 0 0 11 (29.7%)
Edema 6 (16.2%) 0 0 0 6 (16.2%)
iy Table 4 Pharmacokinetic parameter
vs Parameter
= Crnax 1.68 + 0.41 pe/mL
;3; 10 Tinax 454 £ 1.71 h
2 Tin 4.86 % 0.44 h
Y s AUC 15.87 + 3.05 pg h/ml
5 e Cl 6507 £ 1172 ml/h
Y S I 45336 % 7454 ml
g 4 & 12 (e 0 24 kel 0.144 = 0.012 1/h
Time e MRT 9.06 & 1.07 h
Fig. 3 The mean plasma thalidomide concentration—-time profile at 0, AUMC 145.08 + 40.20 h x h x pg/ml

1,2,3,4,6,8,12, and 24 h in 12 patients who received 100 mg of
thalidomide

Conax Was 1.68 pg/ml and AUC was 15.9 pg h/ml, both of
which were higher than the data of Noormohamed et al.
The Japanese patients had lower body weight; the Cpux
became 1.28 pg/ml and AUC 12.2 pg h/ml when adjusted
for body weight, both of the adjusted data turned out to be
similar to Noormohamed’s data. According to these data,
thalidomide was considered to be well absorbed when
administered orally in Japanese patients.

5 Conclusions

Low-dose thalidomide treatment was effective and tolera-
ble in Japanese patients with relapsed/refractory multiple

Cmax maximum drug concentration, Ty,,x maximum drug concen-
tration time, T, half-life period, AUC area under the concentration—
time curve from O to infinity, CI clearance, Vd distribution volume,
kel k (elimination rate constant), MRT mean resident time, AUMC
area under the moment curve

myeloma. The pharmacokinetics was similar to those
observed in Caucasian patients. In addition to the authors,
the following investigators participated in this study.
Sadao Ishida, Toshiaki Hayashi (Sapporo Medical
University), Norifumi Tsukamoto, Hiroshi Handa,
Takayuki Saitoh, Arito Yamane (Gunma University),
Akihiro Ishii (Chiba Cancer Center), Shinichiro Okamoto,
Yutaka Hattori (Keio University), Akiyoshi Miwa,
Mutsumi Matsumaru, Kimito Kawahata (International
Medical Center of Japan, Toyama Hospital), Masatsugu
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Ohta (Tokyou Metropolitan Geriatric Medical Center),
Masaaki Yuge (Ogaki Municipal Hospital), Shinsuke lida,
Shigeru Kusumoto (Nagoya City University), Yutaka
Kobayashi, Kenichi Nomura, Kazuho Shimura (Kyoto
Prefectural University), Takayuki Ishikawa, Norimitsu
Kadowaki (Kyoto University), Hitoshi Nakagawa, Toshiki
Iwai (Red Cross Kyoto Daiichi Hospital), Yuzuru
Kanakura, Jun Ishikawa, Masao Mizuki (Osaka Univer-
sity), Takashi Sonoki (Wakayama Medical University),
Kazuki Sunami (Okayama Medical Center), Hideki
Asaoku (Hiroshima Red Cross Hospital & Atomic-bomb
Survivors Hospital), Akira Sakai (Hiroshima University),
Hiroatsu Ago, Toshio Wakayama (Shimane Prefectural
Central Hospital), Shuji Ozaki (Tokushima University),
Hiroyuki Hata (Kumamoto University).
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Galectin-9 exhibits anti-myeloma activity through JNK and p38 MAP kinase pathways
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Galectins constitute a family of lectins that specifically exhibit
the affinity for p-galactosides and modulate various biological
events. Galectin-9 is a tandem-repeat type galectin with two
carbohydrate recognition domains and has recently been
shown to have an anti-proliferative effect on cancer cells. We
investigated the effect of recombinant protease-resistant
galectin-9 (hGal9) on multiple myeloma (MM). In vitro, hGal9
inhibited the cell proliferation of five myeloma cell lines
examined, including a bortezomib-resistant subcell line, with
ICsp between 75.1 and 280.0 nM, and this effect was mediated by
the induction of apoptosis with the activation of caspase-8, -9,
and -3. hGal9-activated Jun NH-terminal kinase (JNK) and p38
MAPK signaling pathways followed by H2AX phosphorylation.
Importantly, the inhibition of either JNK or p38 MAPK partly
inhibited the anti-proliferative effect of hGal9, indicating the
crucial role of these pathways in the anti-MM effect of hGal9.
hGal9 also induced cell death in patient-derived myeloma cells,
some with poor-risk factors, such as chromosomal deletion of
13q or translocation t(4;14)(p16;432). Finally, hGal9 potently
inhibited the growth of human myeloma cells xenografted in
nude mice. These suggest that hGal9 is a new therapeutic
target for MM that may overcome resistance to conventional
chemotherapy.

Leukemia advance online publication, 4 March 2010;
doi:10.1038/leu.2010.25
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Introduction

Galectins constitute a family of animal lectins that show affinity
for B-galactosides and share conserved amino-acid sequences in
their carbohydrate recognition domains."? Fourteen mamma-
lian galectins, galectin-1 to -14, are classified into three subtypes
according to their structure, that is, prototype, chimera, and
tandem-repeat type. The tandem-repeat type galectins with two
carbohydrate recognition domains that recognize different sugar
binding target molecules are capable of cross-linking with a
wider variety of glycoconjugates than other subtypes.® Galectin-9
is a tandem-repeat type galectin, and has been shown to be
involved in a variety of cellular functions, such as cell adhesion,
proliferation, and apoptosis.*' Moreover, recent studies have
indentified anti-cancer properties of galectin-9 against several
cancers."™"% In this study, we show the anti-multiple myeloma
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(MM) activity of a recombinant mutant form of human galectin-9
(hGal9) through the activation of c-Jun NHs-terminal kinase
(NK) and p38 mitogen-activated protein kinase (MAPK)
signaling pathways, those share crucial roles in the survival
and death of myeloma cells.'®

Materials and methods

Cell lines and reagents

MM cell lines IM9, KMS-12-BM, AMO-1, NCI-H929, and
RPMI8226 were maintained as described earlier.'”” The IM9
subline with lower sensitivity to bortezomib (Bor) (IM9-Bor),
established by Dr Terui Y, was maintained with 20 nm Bor. The
recombinant hGal9, which is highly stable against proteolysis,
was synthesized by Galpharma (Kagawa, Japan).'® JNK-inhibitor
VIll, SB203580, an inhibitor for p38 MAPK, Z-VAD-FMK,
Z-IETD-FMK, and Z-LEHD-FMK were purchased from Calbio-
chem (San Diego, CA, USA) and lactose was purchased from
Sigma (St Louis, MO, USA).

Primary human myeloma samples

Studies with patient samples were approved by the Ethics Board
of our institute. Bone marrow (BM) mononuclear cells were
labeled with anti-CD138 MicroBeads and were positively
isolated with the MiniMACS separator (Miltenyi Biotec KK,
Tokyo, Japan). More than 98% of the cells isolated were
morphologically confirmed as plasma cells after Wright-Giemsa
staining, and were cultured with 20 ng/ml interleukin-6.

Cell surface binding affinity of hGal9

Cells were incubated with biotinylated human Gal-9 NC
(hGal9NC) (Galpharma) in 2.0% FCS-containing PBS buffer
supplemented with 2 pg/ml Streptavidin-FITC. For negative
control, cells were incubated only with Streptavidin-FITC. Cells
were washed twice and subjected to flow cytometric analyses.

Assays for growth inhibition and apoptosis

Growth-inhibitory effect of hGal9 was analyzed with a modified
MTT assay using Cell Counting Kit-8 (Dojindo, Japan) or by
direct counting of cell number. Data represent the results of
means + standard errors of three independent experiments. To
determine apoptosis, cells were counterstained with propidium
jodide and Annexin V-FITC. Mitochondrial outer membrane
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(M%)

potential (MOMP) was assayed using MitoScreen (JC-1) Kit
(Beckton Dickinson, San Diego, CA, USA).

Microarray analysis

IM9 and KMS-12-BM were treated with or without 100 nm
hGal9 for 6 h, and total RNA was isolated. Gene expression was
analyzed with Affymetrix Gene Chip arrays and GeneChip
Scanner 3000 (Affymetrix, Santa Clara, CA, USA), and array data
analysis was carried out with Affymetrix GeneChip operating
software version 1.0. Genes showing at least a 2.0-fold
difference in expression levels between control and hGal9-
treated cells were considered to be modulated by hGal9. Data
were also analyzed with the Ingenuity pathway analysis
software (Ingenuity Systems, Mountain View, CA, USA).

Quantitative RT-PCR (RQ-PCR)

RQ-PCR was performed as was described earlier.'® Primers used
were as follows: c-jun 5'-tgactgcaaagatggaaacg-3’ and
5’-ccgitgctggactggattat-3/,  jun-D  5'-ctcaaggacgagccacagac-3’
and 5'-tggctgaggactttctgett-3'.

Western blotting

Western blotting was performed as was described else-
where.'??9 Primary antibodies (Abs) used were those against
JNK, p38 MAPK, phosphorylated p38 MAPK, caspase-3,
caspase-8, caspase-9 (Cell Signaling Technologies, Beverly,
MA, USA), H2AX, phosphorylated H2AX (Upstate Biotechnology,
Inc., Lake Placid, NY, USA), phosphorylated JNK, c-Jun, Jun-D
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
B-tubulin (Sigma).

In vivo anti-myeloma activity of hGal9

Animal studies were performed according to the guidelines of
the institutional review board. In all, 5 x 10° IM9 cells were
subcutaneously injected into the right hind flank of ten 6-week-
old nude mice, which had been whole-body irradiated with
2Gy 24h before tumor implantation. Tumor volume was
calculated with the formula V=0.5a x b%, where a is the long
and b is the short diameter of the tumor. Mice were randomized
into two groups, five mice for hGal9 treated and five mice for
control, when the mean tumor volume reached 400 mm?®. In all,
100 pg/body/day of hGal9 or PBS was administered to the
respective groups for 14 consecutive days through intrapenito-
neal injection. Volume of tumors of hGal9-treated mice was
compared with that of vehicle-treated controls with the Mann-
Whitney U-test. A P-value of <0.05 was considered statistically
significant.

Results

Anti-myeloma effect of hGal9 through induction of
apoptosis in vitro

hGal9 displays a growth-inhibitory effect on IM9, KMS-12-BM,
AMO-1, and NCI-H929, in a time- and concentration-
dependent manner at ICsqs of 75. 1, 77.2, 84.1, and 280.0nM,
respectively (Figure Ta; Supplementary Figure 1). The only
exception was RPMI8226, against which >1 um hGal9 did not
have any anti-proliferative effect. As was shown by the
increased number of Annexin V-positive cells in hGal9-treated
cells (Figure 1b), the anti-myeloma effect of hGal9 involved
the induction of apoptosis. The apoptotic induction by hGal9
was accompanied by the loss of MOMP and the processing of

Leukemia

-7 -

caspase-3, -8, and -9 (Figures 1c and d). The blockade of
caspase activation by the pretreatment with either Z-VAD-FMK,
a pan-caspase inhibitor, or Z-IETD-FMK, an inhibitor for
caspase-8, partly prevented the cell death induction by hGal9,
whereas the pretreatment with Z-LEHD-FMK, an inhibitor for
caspase-9, did not protect cells from hGal9-induced cell death
in KMS-12-BM and IM9 (Figure 1e and data not shown).

Cell surface binding is the prerequisite for the anti-MM
activity of hGal9

The addition of 25mm lactose completely abrogated the
anti-myeloma activity of hGal9 (Figure 2a). The cell lines with
stronger affinity for hGal9 are more sensitive to the anti-
proliferative effect of hGal9, whereas hGal9-resistant RPMI8226
has the lowest affinity for hGal9 (Figures 2b and c).

JNK and p38 MAPK signaling pathways in the anti-
myeloma effect of hGal9

Microarray analyses showed that 16 genes, including c-jun and
junD, were upregulated by hGal9 in KMS-12-BM and IM9. The
upregulation of c-jun and junD genes by hGla9 was confirmed
by RQ-PCR (Supplementary Table 1; Supplementary Figure 2),
and the upregulation of c-Jun and JunD proteins by hGal9 was
also confirmed (Figure 3a). The Ingenuity pathway analysis
suggested the relationship between the anti-MM effect of hGal9
and the cross-talk networks of JNK and p38 MAPK signaling
pathways (Supplementary Figure 3), and, indeed, JNK and p38
were phosphorylated by treatment with hGal9 in both KMS-12-
BM and IM9. hGal9 also induced H2AX phosphorylation,
which is critical for apoptosis by JNK activation or p38 MAPK
activation (Figure 3a).”'>* Conversely, neither JNK nor p38
activation was observed in myeloma cell lines those are resistant
to hGal9-induced cell death (Supplementary Figure 7). Next,
KMS-12-BM and IM9 cells were preincubated with 20 pm JNK-
inhibitor VIII and/or 20 umM SB203580 for 2 h and then treated
with 100nm hGal9 for 48 h. Neither JNK-inhibitor VIII nor
SB203580 alone decreased the cell viability of two cell lines.
The blockade of the JNK or p38 MAPK pathway partially
eliminates the cytotoxic effect of hGal9 on both cell lines,
whereas the concomitant blockade of both kinases did not
further increase the number of viable cells (Figures 3b and ¢),
indicating that the activation of the JNK and p38 MAPK
pathways at least partly mediates the anti-MM activity of hGal9
in a complementary manner.

The effects of hGal9 on primary myeloma cells isolated
from MM patients

We examined the effect of hGal9 on myeloma cells freshly
isolated from 10 patients. Three patients were treatment-naive,
five relapsed after hematopoietic stem cell transplantation,
one was treated with a Bor-containing regimen, and one was
with a thalidomide-containing regimen. Five had chromosome
abnormality t(4;14), seven had 13q chromosomal deletion, and
four had both. Two had 17p chromosomal deletion (Supple-
mentary Table 2). More than 80% of the untreated cells
remained alive, whereas the 48-h treatment with hGal9
significantly reduced the number of viable cells in a dose-
dependent manner in all samples examined (Figure 4).

No cross-resistance between hGal9 and Bor in IM9 cells
IM9-Bor was approximately four times more resistant to Bor
with an ICs of 22.3nM compared with parental IM9
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Figure 1 hGal9 inhibits cell proliferation and induces apoptosis in myeloma cell lines. (a) Growth-inhibitory effect of hGal9 for 48 h in MM cell
lines, examined by a modified MTT assay. (b) Apoptosis in KMS-12-BM and IM-9 cells treated with 100 nm hGal9 for indicated period (x axis;
Annexin-V-FITC, y axis; propidium iodide (P1). (c) The loss of mitochondrial accumulation of JC-1 reveals the loss of MOMP by hGal9. IM9 cells
were treated with 100 nM hGal9 for the periods indicated. (d) hGal9 activates caspase-8, -9, and -3. KMS-12-BM and IM9 cells were treated with
hGal9 for the periods indicated. Arrowheads denote cleaved caspase-8 and cleaved caspase-9. (e) Caspase-dependent and -independent cell death
induction by hGal9 in myeloma cells. KMS-12-BM cells were treated by 100 nm hGal9 for 24 h with or without the pretreatment with either by
50 pum of either zZVAD-FMK, zIETD-FMK, or zLEHD-FMK for 1h.
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Figure 2 Cell surface binding affinity and the anti-MM activity of hGal9. (a) NCI-H929 and IM9 were treated with hGal9 with or without 25 mm
lactose for 48 h, and the relative cell number was assessed with a modified MTT assay. (b) Cell surface binding affinity of hGal9. x axis; the degree
of cell surface hGal9 binding, y axis; the cell number. (c) Relationship between cell surface hGal9 affinity and ICso concentration of hGal9. The x
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with an ICso of 5.4nM. By contrast, both cell lines showed hGal9 inhibits the proliferation of IM9 cells in vivo
the similar cell surface binding affinity for hGal9, and  As shown in Figure 6, hGal9 treatment for 14 consecutive
hGal9 was effective without any statistically significant ~ days significantly delayed the tumor growth of IM9 cells
difference against both IM9 and IM9-Bor cells with respective (P<0.05; Mann-Whitney  U-test),  thus  constituting
ICsgs of 75.1 and 112.6nM (Figures 5a and b; Supplementary  evidence for the direct .in vivo anti-myeloma activity of
Figure 4). hGal9.
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Figure 3 Activation of JNK/p38 MAP kinases in apoptosis induced by hGal9 in myeloma cell lines. (a) Western blot analyses in KMS-12-BM cells
and IM9. (b) Blockade of INK and/or p38 MAPK phosphorylation reduced hGal9 (100 nm)-induced cell death (C, control; G, hGal9; J, INK-inhibitor
VIHi; SB, SB203580). (c) Western blot analyses. JNK-inhibitor ViIl or SB203580 inhibits the activation of JNK or p38 MAPK, respectively, by hGal9
in KMS-12-BM and IM9 cells (C, control; J, JNK-inhibitor VIII; SB, SB203580; G, hGal9).

Discussion

Here, we showed that the anti-myeloma activity of hGal9 was
mediated by the activation of JNK and p38 MAPK signaling
pathways. Reportedly, JNK activation is one of the crucial
pathways for apoptosis induction by the leading anti-MM agents
such as proteasome inhibitors or IMiDs, or various new
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candidate agents for MM.'®?>72% Also, various new candidate
anti-MM agents, such as the histone deacetylase inhibitor
PXD101, induce apoptosis by activating the p38 MAPK pathway
in myeloma cells.>**? These findings lead us to suggest that
both JNK and p38 pathways activation are the logical molecular
targets for the development of new therapeutic strategies for
MM. On the other hand, although earlier studies suggest that
Leukemia
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In vitro cytotoxicity of hGal9 against patient-derived myeloma cells. Cells were treated with hGal9 for 48 h and the number of viable

NF-kB signaling inactivation or the activation of Ca® " -calpain-
caspase-1 pathway are involved in the anti-proliferative effect
of hGal9 in other cancers,' 3% those were not the case in the
myelomas (data not shown). These indicate that, as hGal9
recognizes various p-galactosides-containing surface molecules
that may differ among cell types, its primary molecular targets
may also differ according to cancer type. Also, our study reveals
that hGal9-induced apoptosis involves both caspase-dependent
and -independent pathways, and suggests that caspase-8
activation has more dominant role than caspase-9 as the
initiator caspase in cell death induced by hGal9 in myeloma
cells. No specific effect of hGal9 was observed on the
expression levels of Bcl-2 family protein, the crucial regulators
for intrinsic apoptosis pathway, or death receptor molecules,
such as Fas or DR5 (Supplementary Figure 5). Thus, we
speculate that hGal9 may activate an apoptotic pathway, such
as endoplasmic reticulum stress pathway, which activates JNK
and p38 and then activate caspase-8 independently from
classical intrinsic or extrinsic apoptosis pathway,>® and, conse-
quently, may activate caspase-9 and caspase-3 in cascade.
There is an urgent need for the development of new
therapeutic strategies for MM patients. hGal9-induced cell
death in all 10 primary human myeloma cells tested, even in
cells from treatment-resistant patients with poor prognosis
chromosomal abnormalities. Compared with cell lines, a higher
dose of hGal9 seems to be required for killing primary myeloma
cells, presumably because these cells may become quiescent
and less sensitive to any cytotoxic stimuli ex vivo. Also, hGal9
was found to inhibit proliferation of IM9-Bor to a similar degree
as that seen in bortezomib-sensitive parental IM9 cells. hGal9
was also found to be safe for mice, did not result in body weight
reduction during treatment (data not shown), and did not
significantly inhibit normal human CFU-GM formation (Supple-
mentary Figure 6). Thus, hGal9 may be a new candidate
nti-MM agent even for high-risk MM patients. Although the
‘subcutaneous xenografted’ myeloma model used in this study
showed the in vivo bioactivity of hGal9, this model has the
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potential limitation for recapitulating MM, which normally
represents multiple tumors in systemic BM sites. It is urgently
desired to explore the anti-myeloma effect of hGal9 at multiple
BM sites.

In conclusion, we have shown the activity of hGal9 against
myeloma cell lines and primary human MM cells both in vitro
and in vivo, and that the activation of JNK/p38-H2AX pathways
is involved in this anti-myeloma activity. Further clinical study
of hGal9 as a new anti-MM agent thus certainly seems to be
warranted.
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