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Parthenolide-induced apoptosis in multiple myeloma cells involves
reactive oxygen species generation and cell sensitivity depends on
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Abstract The sesquiterpene lactone, parthenolide (PTL),
possesses strong anticancer activity against various cancer
cells. We report that PTL strongly induced apoptosis in 4
multiple myeloma (MM) cell lines and primary MM cells
(CD38* high), but barely induced death in normal lympho-
cytes (CD38 /*low). PTL-mediated apoptosis correlated
well with ROS generation and was almost completely inhib-
ited by L-N-acetylcysteine (L-NAC), indicating the crucial
role of oxidative stress in the mechanism. Among 4 MM
cell lines, there is considerable difference in susceptibility
to PTL. KMM-1 and MMIS cells sensitive to PTL possess
less catalase activity than the less sensitive KMS-5 and NCI-
H929 cells as well as normal lymphocytes. A catalase in-
hibitor 3-amino-1,2,4-triazole enhanced their PTL-mediated
ROS generation and cell death. The siRNA-mediated knock-
down of catalase in KMS-5 cells decreased its activity and
sensitized them to PTL. Our findings indicate that PTL in-
duced apoptosis in MM cells depends on increased ROS and
intracellular catalase activity is a crucial determinant of their
sensitivity to PTL.
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Introduction

The sesquiterpene lactone, parthenolide (PTL), is the princi-
pal active component in feverfew (Tanacetum parthenium),
an herbal medicine used for fever, migraine and arthritis [1].
PTL has anti-microbial, anti-inflammatory and anti-cancer
activities [2, 3], which may depend on a wide range of PTL-
mediated intracellular signals, dividable into two categories.
One is an inhibitory effect on inflammatory responses, such
as inhibition of NF-xB and STAT-3-mediated signals [4-8].
The other is the induction of intracellular oxidative stress,
which is manifested by elevation of reactive oxygen species
(ROS) levels and activation of c-Jun N-terminal kinase (JNK)
[4,9, 10]. In addition, PTL increases phosphorylation of p53
and activates its proapoptotic functions [11]. Although these
various functions have been identified, the full mechanism
of the anticancer activity of PTL remains obscure.

Recent reports indicate that PTL, either alone or combined
with other agents, has a strong anti-cancer activity against a
wide variety of cancer cells, such as pancreatic and breast
carcinoma cells [12, 13]. Importantly, PTL is more potent
against human acute myelogeneous leukemia cells, since it
much more specifically induces apoptosis in leukemia cells
than in normal hematopoietic progenitor CD34" CD38~
cells [14]. This suggests that PTL might be a highly potent
anticancer agent in a broad range of hematopoietic malignant
cells.

Multiple myeloma (MM) cells are mostly quiescent and
nucleotide analogs, interfering with DNA replication, are
thus not effective. Recently, two new classes of drugs have
been identified, i.e., one is the potential NF-xB inhibitor
Bortezomib (PS-341), which specifically inhibits protea-
some [15, 16], and the other drug is thalidomide, which
has an antiangiogenic action and potentially inhibits NF-«B
[17, 18]. These promising data encourage further studies
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to discover novel anti-MM agents based on the molecular
inhibition of NF-«B.

In addition to inhibiting NF-x B, Bortezomib extensively
increases ROS generation [19, 20], making its activities sim-
ilar to those of PTL as described above, which encourages
us to consider that PTL may be a good candidate as a novel
anti-MM agent. We here found that PTL induces apopto-
sis in all 4 MM cell lines examined, and the concentrations
required to cause extensive cell death were much less than
doses toxic to normal lymphocytes. It is noted that there was
considerable difference in sensitivity to PTL and two MM
cells highly susceptible to PTL, showed more extensive in-
crease of ROS generation and lower catalase activity than
the other less-sensitive MM cells and normal lymphocytes.
In addition, siRNA-mediated knockdown of catalase expres-
sion or catalase inhibitor pretreatment sensitized MM cells
to PTL. We conclude that MM cells are sensitive to PTL,
but their sensitivity is substantially different, and catalase is
a crucial determinant of sensitivity to PTL.

Materials and methods
Cell isolation and culture

Human myeloma MM1S, KMM-1, KMS-5 and NCI-H929
cells, were obtained from the Japanese Cancer Research Re-
sources Bank (Tokyo, Japan), were grown in RPMI1640 sup-
plemented with 10% fetal calf serum (FCS). Normal lym-
phocytes and MM bone marrow cells were obtained from
volunteer donors and MM patients, respectively, with in-
formed consent and subjected to Ficoll-Paque (Pharmacia
Biotech, Piscataway, NY) density gradient separation to iso-
late mononuclear cells. The characteristics of the two MM
patients are as follows; age: 82 and 83 years, CD38: 62.5%
and 93.3%, CD56: 5.8% and 76.6% in the specimens, re-
spectively. To maintain cell viability, peripheral lymphocytes
were cultured with IL-2 (200 U/ml), which is kindly provided
by Shionogi Chemical Pharmacy (Osaka, Japan). To evalu-
ate cell viability, cells were mixed with the same volume
of 0.4% trypan blue solution, and immediately examined to
determine whether they could exclude the dye under light
microscopical observation. Apoptotic death was evaluated
by nuclear fragmentation in 46’-diamidino-2-phenylindole-
2 HCI (DAPI)-staining cells. After fixation in 70% ethanol
for 10 min, cells were stained with DAPI (0.5 pg/ml) for
10 min, and observed under UV-light using a confocal mi-
croscope (R2100AG2, Bio-Rad, Melville, NY).

Flow cytometry
Cell death in primary MM BM cells was evaluated by 7-
aminoactinomycin (7-AAD; BD Bioscience Pharmingen,

Mountain View, CA). After 24 h of PTL treatment, cells were
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labeled with anti-CD38 PE (phycoerythrin; Becton Dickin-
son) for 15 min, washed and further incubated with 7-AAD
for 15 min followed by analysis using a FACScan flow cy-
tometry (Becton Dickinson). The percent cell death was de-
fined as 7-AAD™ cells on gates set for CD38*" (High) or
CD38~/* (Low) population.

Western blots

Cells were lyzed by RIPA buffer (100 mM NaCl, 2 mM
EDTA, 1 mM PMSF, 1% NP-40 and 50 mM Tris-HCI [pH
7.2]), separated by 10 to 15% SDS-PAGE gels (50 ng/lane).
Western blots were performed by a standard enhanced chemi-
luminescence (ECL) method (Amersham) using the follow-
ing antibodies: anti-14-3-3 and anti-HSC70 (Santa Cruz
Biotechnology; Santa Cruz, CA); anti-Bcl-xL and anti-heme
oxygenase-1 (BD Bioscience Pharmingen); anti-catalase
(Sigma, St Louis, MO). 14-3-3 or HSC70 expression shows
the same amount of protein loaded in each lane.

DNA fragmentation assay

Low-molecular weight genomic DNA extracted with the ly-
sis buffer (0.5% Triton X-100, 10 nM EDTA and 10 mM
Tris-HCI, pH 7.4) was treated with 400 pg/ml of RNase A
and Proteinase K for 1 h at 37°C, isopropanol precipitated
and subjected onto 1% agarose gels, which were stained with
1 pg/ml of ethidium bromide.

ROS detection

Following treatment, cells were incubated with 10 uM
5-(and-6)-carboxy-2',7’-  dichlorodihydrofluorescein  di-
acetate (carboxy-H,DCFDA) C-400 (Molecular Probes;
Eugene, OR) for 30 min, after which they were washed,
and further incubated with comPTLete medium for 2 to 3 h.
Alternatively, cells were incubated for 30 min with 10 uM 2-
[6-(4-hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid
(HPF, Daiichi Pure Chemicals Co., Ibaraki, Japan), which is
believed to detect superoxide selectively [21] and thereafter
washed with PBS. ROS generation was determined using
a FACScan flow cytometry using CellQuest Software™,
and fluorescent signals were disptlayed as histograms.
L-N-acetylcystein (L-NAC), a NADPH oxidase inhibitor
diphenylene iodonium (DPI) [22] and a catalase inhibitor
3-amino-1,2 4-triazole (AT), were purchased from Sigma.

Detection of mitochondrial membrane potential (AWm)

Cells were incubated with 0.5 uM MitoTracker Orange CM-
H,;TMRos (Molecular Probes) for 30 min, after which they
were washed with PBS, AWm was determined using a FAC-
Scan flow cytometer (Becton Dickinson). MitoTracker Or-
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ange CM-H,TMRos does not fluorescence until it enters an
actively respiring cell, where they are oxidized to fluorescent
mitochondron-selective probes, and the fluorescent signals
(FL2) were disptlayed as histograms or graphs by calculating
the mean fluorescence intensity. AWm was also determined
with prewarmed DePsipher™ Kit (Trevigen, Gaithersburg,
MD).

Reverse transcriptase-PCR (RT-PCR)

Total RNA was extracted with TRIzol (BRL Life and Tech-
nologies, MD). The cDNAs were amptlified from 2 pg of
total RNA using ThermoScript RT-PCR System with oligo
(dT) 12-18 (Invitrogen, Carlsbad, CA), analyzed on 2%
agarose gel and confirmed by nucleotide sequencing. The
following primer pairs were used for RT-PCR: Bcl-xL: 5'-atg
tctcagagcaaccggga-3'and 5'-ggaattcccatagagttccacaaaagtate
-3’; GAPDH: 5'-cgaccactttgtcaagctca-3’ and 5'-aggggtctacat
ggcaactg-3'.

ROS scavenger enzyme assays

Catalase and glutathione peroxidase (GPX) enzymetic activ-
ity was determined using BIOXYTECH Catalase-520 and
GPX-340, respectively (OXIS International Inc, Oregon) ac-
cording to the manufacture’s protocol.

Small RNA interference

The 21-nt duplex small interfering (si) RNA pools for
catalase (siGENOME SMARTpool M-010021), and control
siRNAs (random; 5'-NNACTCTATCTGCACGC TGAC-3')
were purchased from Dharmacon (Lafayette, CO). Cells
(5 x 10° cells/well in a 12-well plate) were incubated for
24 h, and transfected either with catalase siRNA or control
random siRNA (siRandom) duplexes (80 nmoles each) us-
ing Lipofect AMINE 2000. After 48—60 h, cells were used for
analysis for western blots and catalase activity. Transfection
efficiency (usually > 50%) was assessed in parallel wells by
transfection with pEGFP expression vector (BD Biosciences
Clontech, Mountain View, CA).

Statistical analysis

Statistical analysis was evaluated using Student’s ¢ test
(SPSS® program version 10.1;San Rafael, CA). P<0.05 was
considered statistically significant.

Results
PTL induces apoptosis in MM cells

We first investigated the effects of PTL on primary MM
bone marrow (BM) cells and four different MM cells. At

24 h incubation, more than 10 uM PTL treatment strongly
induced cell death in CD38+High) BM MM cells, but far less
death in CD38~/*®°%) normal BM lymphocytes obtained
from two independent MM patient (Fig. 1a). After 48 h,
1.25 uM PTL treatment began to reduce cell viability in
two out of four MM cell lines, whereas normal peripheral
lymphocytes showed no appreciable toxicity at 5 uM and
only began to demonstrate weak toxicity at 10 uM PTL,
which strongly induced death in all MM cell lines. Thus,
overall MM cells were more sensitive to PTL than normal
BM cells and peripheral lymphocytes (Fig. 1b). However,
sensitivity of MM cells to PTL was somehow different, i.e.,
MMIS and KMM-1 cells were more sensitive than the other
two KMS-5 and NCI-H929 cells.

Indeed, after treatment with 2.5 uM PTL, cells with nu-
clear fragmentation strongly increased in MM 1S and KMM-
1 cells (Fig. 1c) and the mitochondrial membrane potential
(MMP) was profoundly decreased in these cells (Fig. 1d).
In KMS-5 and NCI-H929 cells, 2.5 uM PTL however did
not show distinct effect on nuclear fragmentation and loss of
MMP (data not shown).

PTL-induced ROS generation is crucial for its proapoptotic
effect

As pointed out in several reports [9, 11, 14], ROS generation
may be important for PTL-induced apoptosis in MM cells.
We thus monitored intracellular ROS levels after PTL treat-
ment. KMM-1 and MMI1S cells showed large increases of
ROS levels 10 h after 2.5 uM PTL treatment and thereafter
the increased ROS declined, while much smaller increases
of ROS were observed in KMS-5 and NCI-H929 cells un-
der the same treatment (Fig. 2a). We next monitored the
expression of oxidative stress-inducible heme oxygenase-
1 (HO-1). HO-1 was strongly induced by PTL treatment
(2.5 uM) in KMM-1 and MMIS, but was not apparent in
KMS-5 and NCI-H929 cells (Fig. 2b), which was consistent
with the levels of increased ROS generation. In KMM-1 and
MM cells, distinct HO-1 induction was observed in a dose-
response manner when more than or equal to 1.25 uM PTL
was added (Fig. 2¢). The concentrations correspond well to
those required for affecting cell survival rates as shown in
Fig. 1b. These results strongly suggest that the increased
ROS may be crucial for the PTL-mediated proapoptotic ef-
fect in MM cells. In contrast, we found Bcl-xL expression
was barely affected by PTL (Fig. 2d) and steady-state Bcl-
xL mRNA and protein expression levels were not linked to
the susceptibility of the four MM cells to PTL (Fig. 2e), al-
though a previous study had suggested a link between Bcl-xLL
expression and susceptibility to PTL in cholangiocarcinoma
cells [11].

We next investigated whether oxidative stress is cru-
cial for PTL-mediated apoptosis. To explore this, the free
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Fig. 1 PTL-induced apoptosis in MM cells. (a) Cell death. Viability
of CD387 (high) MM (closed) and CD38~/* (low) normal lymphocytes
(open bars) of BM cells in MM patients was analyzed by 7-AAD
staining assay 24 h after PTL treatment (xM). (b) Trypan blue exclu-
sion assay. Cell viability of KMS-5 (thick), NCI-H929 (thick broken),
KMM-1 (thin), MMIS cells (thin broken line) and normal peripheral
lymphocytes (closed square) was evaluated after 48 h incubation with
PTL at the indicated concentrations. (¢) DAPI staining. Cells with frag-
mented nuclei were detected by confocal microscopy after 48 h at

radical scavenger L-N-acetylcystein (L-NAC) was incu-
bated with the cells prior to PTL treatment. In suscepti-
ble KMM-1 and MM1S cells, L-NAC pretreatment almost
completely inhibited ROS generation and HO-1 induction
by PTL (Fig. 3a and b). Importantly, L-NAC profoundly
inhibited PTL-induced cell death and nuclear fragmenta-
tion (Fig. 3¢ and d). In addition, L-NAC strongly inhib-
ited PTL-induced DNA fragmentation and loss of MMP
(Fig. 4a and b), confirming that elevated ROS is necessary
for PTL-induced apoptosis in these two cells. We also in-
vestigated the effects of L-NAC in KMS-5 and NCI-H929
cells. As described above, these cells were less sensitive to
PTL, but higher PTL concentrations induced ROS genera-
tion and L-NAC substantially inhibited PTL-induced ROS
generation and subsequent nuclear fragmentation (Fig. 4c
and d).
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indicated doses of PTL. (d) Disruption of AWm. Cells were treated
with the indicated doses (uM; closed) of PTL for 48 (KMM-1) or
36 (MM1S) h, then loaded with MitoTracker Orange CM-H, TMRos,
which becomes actively fluorescent after intact mitochondrial oxida-
tion, and its intracellular mean fluorescence intensities (MFIs) were
measured. Representative histograms of KMM-1 and numbers of cell
(% of total) with disruption of AWm are shown. All data display the
mean £ S.D. of data from three separate experiments

PTL-mediated ROS generation is sensitive to DPI

PTL induces ROS generation in a wide variety of cells [9,
11, 14], but the mechanism(s) for the ROS generation re-
mains unclear. To determine the possible involvement of
cellular NADPH oxidases in PTL-mediated ROS genera-
tion, we tested the effect of diphenylene iodonium chloride
(DPI), a specific inhibitor of flavonoid-containing enzymes
such as NADPH oxidase and nitric oxide synthase [23]. DPI
pretreatment in a dose of 2.5 uM strongly inhibited PTL-
mediated ROS generation in MM1S and KMM-1 cells (Fig.
5a). DPI in this concentration showed no significant effect on
cell viability, and almost completely inhibited PTL-induced
nuclear fragmentation and HO-1 induction (Fig. 5b and c).
These findings suggest that that NADPH oxidase activation
may be involved in PTL-mediated ROS generation.
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Fig. 2 PTL-induced ROS generation in MM cells. (a) ROS genera-
tion. Carboxy-H, DCFDA fluorescent signals at the indicated hours after
2.5 uM PTL treatment. MMI1S (thick), KMM-1 (broken), NCI-H929
(thin; closed square) and KMS-5 (thin line; closed triangle). Repre-
sentative histograms of KMM-1 and MM1S are shown and numbers
indicate MFIs. (b) Oxidative stress. Cells were harvested after treatment
with 2.5 uM PTL for 12 to 24 h. HO-1 expression was evaluated by
western blot analysis. (¢) Dose-response. After incubation with 0.625

We further monitored ROS generation using a novel flu-
orescence probe 2-[6-(4-hydroxy)phenoxy-3H-xanthen-3-
on-9-yl]benzoic acid (HPF), which selectively detects highly
reactive oxygen species (hROS) such as the hydroxyl radi-
cal -OH and reactive intermediates of peroxidase [21]. PTL
treatment clearly increased HPF-detectable hROS and the
increase was strongly inhibited by both L-NAC and DPI
in MM1S cells (Fig. 5d), confirming the inhibitory effects
of both L-NAC and DPI on PTL-induced ROS generation.
Similar results were also observed in KMM-1 cells (data not
shown).

Different sensitivity to PTL in the four MM cells

We next explored the mechanisms underlying the different
susceptibility to PTL among the four MM cells. As
described above, 2.5 uM PTL induced distinct increases of
ROS generation in the sensitive MM1S and KMM-1 cells,

[ ——114-33

to 2.5 uM PTL for 24 h, HO-1 expression was evaluated by western
blots. (d) Effect of PTL on Bcl-xL. Bcl-xL expression in KMM-1 and
MMLIS cells treated with 2.5 uM PTL for 24 h was evaluated by west-
ern blots. (e) Steady-state Bcl-xL expression. Bel-xL expression levels
of 4 MM cells were evaluated by RT-PCR (upper) and western blots
(lower panels). GAPDH expression shows the same amount of RNA
loaded in each lane

but much smaller increases in the less-sensitive KMS-5 and
NCI-H929 cells. This suggests that different antioxidant
activities may be involved in the susceptibility to PTL.
Therefore, we monitored susceptibility of these cells to
different chemical agents. We previously demonstrated that
a non-steroidal anti-inflammatory drug (NSAID) sulindac
and its metabolites extensively induce ROS generation
[20]. Indeed, sulindac clearly increased ROS generation
in all four MM cells, but the increased ROS levels were
higher in MM1S and KMM-1 cells compared with KMS-5
and NCI-H929 cells (Fig. 6), resembling the effects of
PTL. In contrast, two other anti-MM agents, a specific
topoisomerase II inhibitor VP-16 and thalidomide did not
apparently increase ROS generation and the sensitivity of all
four MM cell types to these agents was comparable. These
results support our idea that oxidative stress may be crucial
for the proapoptotic effect of PTL and the levels of oxidative
stress may reflect different sensitivities to PTL, and further
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Fig.3 Effect of L-NAC on PTL-induced oxidative stress. (a) Effect of
L-NAC on ROS generation. KMM-1 and MMI1S cells were pretreated
with 5 mM L-NAC for 3 h, incubated with 2.5 uM PTL (closed bars)
for 12 h, and ROS generation was detected. Representative histograms
of MFIs in KMM-1 and MMIS are shown; 10.8 and 9.5 (control; gray),
22.0 and 18.5 (PTL treatment; thick), 11.6 and 10.3 (L-NAC/PTL treat-
ment; thin line), respectively. (b) Effect of L-NAC on PTL-induced
HO-1. Cells were harvested 24 h after treatment with 2.5 ©M PTL with
or without 5 mM L-NAC pretreatment. HO-1 expression was evalu-

suggest it unlikely that drug-resistant activity is crucial for
the difference.

Different antioxidant activities in MM cells

Next, we compared the antioxidant scavenger activity in MM
cells. Generated ROS are detoxified by antioxidant scavenger
enzymes, such as glutathione peroxidase (GPX) and catalase.
Interestingly, catalase expression levels were much lower
in the MMIS and KMM-1 cells (Fig. 7A) and its steady-
state activities were quite low in MM1S and KMM-1 cells
compared with NCI-H929, KMS-5 and normal lymphocytes
(Fig. 7B). GPX activity was relatively higher in normal lym-
phocytes compared with MM cells, though NCI-H929 GPX
activity was equivalent (Fig. 7C). Overall, the antioxidant
activities of most MM cells appear to be lower than normal
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ated by western blots. (¢) Effect of L-NAC on PTL-induced cell death.
Cell death was evaluated by trypan blue exclusion assay after 48 h
incubation with the indicated doses of PTL with (closed) or without
(open columns) 5 mM L-NAC pretreatment. (d) DAPI staining. After
treatment as (C), cells with fragmented nuclei were counted at 48 h.
Representative confocal pictures are shown. Error bars represent mean
+ S.D. of three different experiments and **, P< 0.01 compared with
PTL-treated cells

lymphocytes, and catalase activity is notably low in KMM-1
and MM1S cells.

Knockdown of catalase sensitized KMS-5 to PTL

From these results, we hypothesized that catalase activity
may be crucial for susceptibility to PTL in these MM cells.
Therefore, we first investigated effect of catalase inhibitor,
3-amino-1,2,4-triazole (AT), on PTL-mediated ROS genera-
tion. AT treatment augmented PTL-mediated ROS gener-
ation (Fig. 8a), nuclear fragmentation (Fig. 8b) and loss
of MMP (Fig. 8c) in both KMS-5 and NCI-H929 cells.
We further transfected KMS-5 cells, which express cata-
lase abundantly but GPX much less, with siRNA duplex
mixtures which specifically bind to catalase mRNAs. The
siRNA-catalase SMARTpool decreased catalase expression
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Fig. 4 Effect of L-NAC on PTL-induced apoptosis. (a) DNA frag-
mentation. Cells were treated with 2.5 uM PTL for 48 (KMM-1) or
36 h (MM1S) with or without 5 mM L-NAC pretreatment and low-
molecular weight DNAs were harvested. Molecular weight markers are
shown in Kbs. (b) Disruption of AWm. Cells were treated with 2.5 uM
PTL (closed) for 36 h with or without 5 mM L-NAC pretreatment.
AWm was evaluated with MitoTracker Orange CM-H,TMRos. Rep-
resentative histograms of control (gary), PTL (thick) or PTL/L-NAC
(thin line) treatment and MFIs are shown. (¢) Effect of L-NAC on ROS

and its activity (Fig. 8d). The decreased catalase expression
by siRNA-catalase transfection enhanced ROS generation
after PTL (10 uM) treatment (Fig. 8e) and increased nu-
clear fragmentation at 5 uM PTL (Fig. 8f). Thus, catalase
inhibition enhanced PTL-mediated ROS generation and sub-
sequent apoptosis, strongly suggesting that catalase activity
affects susceptibility to PTL in MM cells.

Discussion

We here demonstrate that an active component of medic-
inal plants, PTL, induces apoptosis in four different MM
cell lines, and the concentrations required for its proapop-
totic effect are less than those that induce toxic effects in
normal lymphocytes and hematopoietic BM cells. Our re-
sults encourage the belief that PTL can be applied clin-
ically in the chemotherapeutic strategy for these MM
cells.

generation in KMS-5 cells. At 12 h PTL treatment (10 M) with or
without 5 mM L-NAC pretreatment, MFIs of carboxy-H, DCFDA flu-
orescence in KMSS5 cells is 12.4 (control; gray), 41.2 (PTL treatment;
thick), 19.1 (L-NAC/PTL treatment; thin line). (d) DAPI staining. After
treatment with 5 uM PTL (closed bars) with or without 5 mM L-NAC
pretreatment, cells with fragmented nuclei were counted at 48 h. Error
bars represent mean + S.D. %, P<0.05, **, P<0.01 compared with
PTL-treated cells

Though MM cells are sensitive to PTL, their sensitiv-
ity considerably differs. We also found different sensitivity
to PTL in colon cancer cells (data not shown), suggesting
that these observations are commonly observed. It is noted
that PTL-mediated elevation of ROS levels correlated well
with their sensitivity. PTL-sensitive MM cells were also sen-
sitive to another ROS inducer, sulindac, but sensitivity to
the non-ROS inducing anticancer agents, VP16 and thalido-
mide, was comparable in all four MM cells. These data may
help exclude the possible involvement of the multidrug resis-
tant transporter p-glycoprotein and other drug resistant ABC
transporters functions [23, 24] in the mechanism determining
different sensitivity to PTL.

We found that catalase activity was significantly lower
in the sensitive MM cells compared with less-sensitive MM
cells and normal lymphocytes, and that inhibition of cata-
lase activity or knockdown of catalase expression increased
sensitivity to PTL. Similar scavenger enzyme GPX activ-
ity also corresponded with the susceptibility to PTL, but
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Fig. 5 Effect of DPI on PTL-induced ROS generation. (a) Relative
ROS generation in MM1S and KMM1 cells treated with 2.5 uM PTL
(closed bars) for 12 h with (+ ) or without 2.5 M DPI pretreatment. (b)
Effect of DPI on apoptosis. Nuclear fragmented cells (% of total) after
48 htreatment (2.5 uM PTL /2.5 uM DPI pretreatment) were evaluated
by DAPI staining. *, P<0.05, **, P<0.01 compared with PTL-treated
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Fig. 7 Catalase expression and A
activity. Catalase expression (A)

in 4 MM cells. Catalase activity

(B) and GPX activity (C) in

4 MM cells and 3 independent

normal peripheral lymphocytes

KMM-1
MMIS

(1-3; closed columns). Columns

display the mean £ S.D. of data

from three separate experiments

did not correspond well for KMS-5 cells. Although there are
many scavenger enzymes, we thus think that catalase activity
appears to be a central molecule determining the suscepti-
bility. Moreover, our idea is supported by several data, i.e.,
cells with high concentrations of catalase have low levels of
endogenous H,O,, while the other cells with low catalase
concentrations have high endogenous H,O, levels [25] and
catalase transgenic mice can be resistant to oxidative stress
inducers, but not other proapoptotic inducers [26]. In addi-
tion, a recent study indicates that catalase, but not superoxide
dismutase (SOD), can increase the number of granulocytes in
murine BM in vitro cultures [27], suggesting a crucial role of
catalase in proliferation and maintenance of hematopoietic
cells.

Although a previous suggestion was that expression levels
of antiapoptotic Bcl-xL may affect the susceptibility to PTL
[11], Bcl-xLL expression was not altered by PTL treatment
and its expression levels did not correlate well with sensitiv-
ity to PTL at least in the four MM cells we examined. Thus,
we concluded that Bel-xL expression has little influence on
susceptibility to PTL in MM cells. In addition, our data are
inconsistent with several reports suggesting that its inhibitory
effect on NF-« B is crucial for PTL-mediated apoptosis [4-7,
12, 14]. It is noted that an increase of ROS generation was
very rapid and apoptosis was already detectable 24 h after
PTL treatment in MM cells, but PTL did not decrease Bcl-
xL expression, one of the important target gene of NF-xB-
mediated signals [28]. In addition, PTL-mediated apoptosis
was totally blocked by antioxidant L-NAC. Based on these
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results, it is unlikely that inhibition of NF-kB plays central
roles in its proapoptotic effects on MM cells. In this con-
text, it is important to clarify how PTL rapidly and strongly
induces ROS generation in MM cells.To address this ques-
tion, we investigated the effect of DPI on PTL-mediated
ROS generation and showed its inhibitory effect (Fig. 5d).
This suggests that the NADPH oxidase activation [29, 30] is
associated with the PTL-mediated ROS generation in MM
cells. Since the precise expression pattern and functions of
the NADPH oxidases in MM cells remain uncertain, we are
currently investigating these issues.

It also remains uncertain how oxidative stress induces
apoptosis in MM cells. Oxidative stress can activate the
stress-activated MAP kinase, c-Jun NH,-terminal kinase
(JNK). However, data concerning JNK activation is con-
flicting, i.e., PTL activates JNK in breast cancer cells [10],
but inhibits UVB-induced JNK activation in epidermal cells
[31]. Since JNK is a strong apoptotic mediator, it is a log-
ical candidate for PTL-mediated apoptosis. However, we
could detect neither a distinct increase of JNK phospho-
rylation in any of the four PTL-treated MM cells nor any
inhibition by the JNK specific inhibitor SP600125 on PTL-
mediated death (data not shown), suggesting its marginal
contribution to PTL-mediated apoptosis and different
susceptibility.

In sum, our data strongly suggest that PTL strongly
induces apoptosis in MM cells, but exhibits much less
adverse effect on normal lymphocytes and BM cells. Since
its proapoptotic activity appears to be mediated through
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Fig. 8 Effect of catalase inhibition on PTL-mediated death. (a) Cells
were treated with 5 (NCI-H929; left) or 10 (KMS-5; right) uM PTL
for 12 h with or without 20 mM AT pretreatment (1 h). Representative
histograms of carboxy-H,DCFDA fluorescent signals are shown and
numbers indicate their MFIs. (b) DAPI staining. At 24 h after incubation
with 5 (NCI-H929; open) or 10 (KMS-5; closed) uM PTL with or with-
out 20 mM AT, cells with nuclear fragmentation were counted. (c) Loss
of MMP (AW¥m). KMS-5 and NCI-H929 were treated as (B), AWm was
measured at 24 h after PTL treatment. Representative data of KMS-5
are shown and numbers indicate rate of apoptotic cells (lower panel).
*, P<0.05**, P<0.01 compared with cells treated with PTL alone. (d)

induction of oxidative stress, this action is similar to
Bortezomib [32-34]. It is thus important to investigate
cross-resistance of MM cells to both agents. We also en-
lighten catalase activity as a factor affecting susceptibility to
PTL and inhibition of its activity may enhance the sensitivity.
These results imply that its combination with catalase in-
hibitory agents may enable PTL as a more potent anticancer
agent against MM cells and catalase activity may be useful
for prediction of PTL-mediated anticancer effects. Our data
thus provide useful clues to new powerful anti-MM agents.
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Catalase expression (upper panel) and its activity (lower panel) were
measured at 48 h and 52 h, respectively, after transfection with catalase
SMARTYpool (C)- or random-siRNA (R). (e) ROS generation in KMS-5
transfectant (R, si-random; C, si-catalase) cells treated with 10 uM PTL
for 12 h. Representative histograms of carboxy-H, DCFDA fluorescent
signals are shown and numbers indicate their MFIs. (f) DAPI staining.
After transfection with si-Catalase (closed) or si-Random (open col-
umn), KMS-5 cells were incubated for 18 h and nuclear fragmentation
was counted 48 h after treatment with PTL (uM). *, P<0.05 **, P<0.01
compared with siRandom-transfected cells. Columns display the mean
+ S.D. of data from three separate experiments
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