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Triptolide induces apoptotic cell death of multiple myeloma
cells via transcriptional repression of Mcl-1
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Abstract. Triptolide, a diterpenoid trioxide purified from the
Chinese herb Tripterygium wilfordii Hook F, has been used
as a natural medicine in China for hundreds of years. Several
reports have demonstrated that triptolide inhibits the prolifera-
tion of cancer cells in vitro and reduces the growth of several
types of tumors in vivo. To address the potential of triptolide as
a novel therapeutic agent for patients with multiple myeloma,
we investigated the effects of triptolide on the induction of
apoptosis in human multiple myeloma cells in vitro. Triptolide
rapidly induces apoptotic cell death in various myeloma cell
lines. Triptolide-induced apoptosis in myeloma cells is associ-
ated with the loss of mitochondrial transmembrane potential
(AW,), the release of cytochrome ¢ and Smac/DIABLO from
mitochondria into the cytosol, and the activation of caspase-3
and caspase-9. Furthermore, triptolide induces a rapid decline
in the levels of Mcl-1 protein that correlates with caspase acti-
vation and induction of apoptosis. Inhibition of Mcl-1 synthesis
by triptolide occurs at the level of mRNA transcription and
is associated with an inhibition of phosphorylation of RNA
polymerase II CTD. These results indicate that Mcl-1 is an
important target for triptolide-induced apoptosis in myeloma
cells that occurs via inhibition of Mcl-1 mRNA transcription
coupled with rapid protein degradation through the ubiquitin-
proteasome pathway.

Introduction

Multiple myeloma is a plasma cell malignancy that often
remains fatal despite the use of high dose chemotherapy with
hematopoietic stem cell transplantation (1). Most multiple
myeloma patients are elderly; therefore, severe adverse effects
and complications such as serious infection due to anticancer
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drugs are major problems in clinical practice. Since 2000,
novel agents such as thalidomide, lenalidomide, and the
proteasome inhibitor bortezomib have been introduced for the
treatment of this disease and have remarkably improved patient
outcome (2-4). However, adverse events and complications of
these agents are often problematic in the clinical setting. In
addition, prolonged use and repeated disease relapse may lead
to the development of drug resistance in myeloma cells (5).
Therefore, novel effective and less toxic therapeutic strategies
are desired in order to improve clinical outcomes.

Extracts of the herb Tripterygium wilfordii Hook F have
been used for more than two centuries as the traditional Chinese
medicine to treat a variety of autoimmune and inflammatory
diseases including rheumatoid arthritis (6,7). In addition,
recent studies have demonstrated that triptolide has potential
antitumor properties by inhibiting cell growth and inducing
apoptotic cell death (8-11). Furthermore, triptolide shows
antitumor effects on various hematological malignancies, and
many studies have been performed to elucidate the molecular
mechanism of triptolide-induced antitumor activities (12-15).
Previous studies have shown that triptolide induces apoptosis
of multiple myeloma cells mediated through the PI3K/Akt
and NF-xB pathway and further associated with the MAPK
pathway via mitochondrial cell death signaling and caspase
activation (16,17). However, a more detailed mechanism of
triptolide-induced apoptotic cell death in multiple myeloma
cells remains unknown.

In the present study, we investigated the effects of trip-
tolide on myeloma cells and showed that triptolide at low
nanomolar concentrations induced apoptotic cell death in
various multiple myeloma cell lines. We also examined the
molecular mechanisms of triptolide-induced cell death in
myeloma cells.

Materials and methods

Cells and cell culture. Human myeloma cell lines, HS-sultan,
IM9, RPMI8226 and U266, were cultured in RPMI-1640
medium (Gibco BRL, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco BRL) in a humidi-
fied atmosphere with 5% CO, at 37°C. These cell lines were
obtained from the Japan Cancer Research Resources Bank
(Tokyo, Japan). Cell morphology was evaluated using cytospin
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slide preparations with Giemsa staining and viability was
assessed by trypan blue dye exclusion.

Reagents. Triptolide (Fig. 1A) was purchased from Sigma-
Aldrich Japan (Tokyo, Japan) and was dissolved in PBS.

Cell proliferation assay. Cell proliferation was measured
using an MTT proliferation assay kit (Roche Molecular
Biochemicals, Mannheim, Germany). Cells were plated in
96-well culture plates at 5x10* cells/ml in a total volume of
100 ml with the indicated reagents. After a 2-day incubation,
cellular proliferation was measured using the MTT assay.
Mean and standard deviation were calculated from triplicate
experiments.

Assays for apoptotic cell death. Cell death was determined
by assessing morphological changes as well as by staining
with Annexin V-FITC and PI labeling. Apoptotic cells were
quantified with Annexin V-FITC and PI double staining by
using a staining kit purchased from Pharmingen (San Diego,
CA, USA). In addition, induction of apoptotic cell death was
detected using a DNA fragmentation assay. Cells (1x10%) were
harvested and incubated in a lysis buffer [10 mM Tris-HCI
(pH 7.4), 10 mM EDTA, 0.5% Triton-X] at 4°C. After
centrifugation, supernatants were collected and incubated
with RNase A (Sigma) at 50 mg/ml and proteinase K (Sigma)
for 1 h at 37°C. The DNA samples was elevtrophoresed on a
2% agarose gel and visualized with ethidium bromide staining.
The mitochondrial transmembrane potential (A¥, ) was deter-
mined by flow cytometry (FACSCalibur; Becton-Dickinson,
San Jose, CA, USA). Briefly, cells were washed twice with
PBS and incubated with 1 mg/ml Rhodamine-123 (Sigma) at
37°C for 30 min. Rhodamine-123 intensity was determined by
flow cytometry.

Cell cycle analysis. Cells (1x10°) were suspended in hypotonic
solution [0.1% Triton X-100, 1 mM Tris-HCl (pH 8.0), 3.4 mM
sodium citrate, 0. mM EDTA] and stained with 50 mg/ml
of PI. DNA content was analyzed by flow cytometry and the
population of cells in each phase of the cell cycle was deter-
mined using ModiFIT software (Becton-Dickinson).

Caspase activation assays. The activation of caspase-3 was
analyzed using a caspase-3 assay kit from BD Biosciences (San
Jose, CA, USA). Briefly, the FITC-conjugated antibody against
the active form of caspase-3 provided in the kit was used for
FACS analysis according to the manufacturer's instructions
(BD Biosciences).

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. Total cellular RNA was extracted using the RNeasy
Mini kit (Qiagen, Valencia, CA, USA) according to the manu-
facturers' instructions. Ten pmol of primers for Mcl-1 (forward,
5-GCCAAGGACACAAAGCCAAT-3"; and reverse, 5'-AACT
CCACAAACCCATCCCA-3") were used in the PCR reactions.
Primer sets for B-actin (forward, 5"-TCCTTCTGCATCCTG
TCGGCA-3"; and reverse, 5'-CAAGAGATGGCCACGGCT
GCT-3') was used as the internal control. After an initial dena-
turation at 94°C for 2 min, 30 cycles of 30 sec at 94°C, 30 sec
at 54°C, 1 min at 72°C, and final extension at 72°C for 7 min

NAKAZATO et al: TRIPTOLIDE INDUCES CELL DEATH OF MYELOMA CELLS

were performed using the Superscript I1I First-Strand Synthesis
System for RT-PCR (Invitrogen Co., Carlsbad, CA, USA). The
PCR products were electrophoresed in 2% agarose gels.

Cell lysate preparation and western blotting. Cells were
collected by centrifugation at 700 g for 10 min and the pellets
were resuspended in lysis buffer (1% NP-40, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 40 mM Tris-HCI (pH 8.0),
150 mM NaCl), and incubated at 4°C for 15 min. Mitochondrial
and cytosolic fractions were prepared with digitonin-nagarse
treatment. Protein concentrations were determined using the
protein assay DC system (Bio-Rad, Richmond, CA, USA).
Cell lysates (20 pg protein per lane) were fractionated in 12.5%
SDS-polyacrylamide gels prior to transfer to membranes
(Immobilon-P membranes, Millipore, Bedford, MA, USA)
using standard protocol. Antibody binding was detected using
an enhanced chemiluminescence kit for western blotting
detection with hyper-ECL film (Amersham, Buckinghamshire,
UK). Blots were stained with Coomassie brilliant blue to
confirm equal loading of protein extracts. The following anti-
bodies were used in this study: anti-caspase 3, anti-caspase-8,
anti-caspase-9, anti-cytochrome ¢ (Pharmingen), Bcl-2, anti-
Bcl-X, , anti-Mcl-1, anti-cyclin D1, anti-B-actin (Santa Cruz
Biotech, Santa Cruz, CA, USA), anti-Bax, anti-Smac (second
mitochondria-derived activator of caspases)/DIABLO (MBL,
Nagoya, Japan), and anti-RNA polymerase II CTD (phosphor,
serine 7) (Funakoshi Co. Ltd., Tokyo, Japan).

Statistical analysis. All data are presented as the mean + SD.
Statistical significance was examined using Student's t-test
analysis and p<0.05 was considered statistically significant.

Results

Triptolide inhibits cellular proliferation of various myeloma
cells. We first examined whether triptolide inhibited cellular
growth of myeloma cells (HS-sultan, IM9, RPMI8226 and
U266 cells). Triptolide inhibited the cellular growth of all
myeloma cells dose- (0-100 nM) and time (0-24 h)-dependently
(Fig. 1B and C). Among the cells tested, RPMI8226 cells were
the most sensitive to triptolide with an ICs, of 17 nM (Fig. 1B).
Therefore, we used RPMI8226 cells for further experiments.
Interestingly, cell growth was suppressed as early as 6 h
with low concentrations with typical apoptotic morphology
observed, including condensed chromatin and fragmented
nuclei with apoptotic bodies (Fig. 2A).

Triptolide induces GI cell cycle arrest followed by apoptotic
cell death. The effects of triptolide on cell cycle progression
were investigated using RPMI8226 cells. The cells were treated
with 25 nM triptolide for the indicated times and analyzed for
cell cycle distribution by means of flow cytometry. Cultivation
with triptolide increased the population of cells in the G0/
G1 phase with a reduction of cells in the S phase (Fig. 3). In
addition, a strong induction of apoptosis was shown by the
appearance of a haplodiploid DNA peak with sub-G1 DNA
contents after triptolide treatment. These results indicate that
triptolide led to cell cycle arrest at the G1 phase followed by
apoptosis. We thus confirmed the induction of apoptosis by
triptolide by means of DNA ladder formation and Annexin V/
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Figure 1. Effect of triptolide treatment on myeloma cell proliferation. (A) Chemical structure of triptolide. (B and C) Various myeloma cell lines [HS-sultan (o),
IM9 (m), RPM18226 (a) and U266 (®)] were treated with various concentrations (0-100 nM) of triptolide for 24 h (B) or were cultured with 25 nM of triptolide
for the indicated times (0-24 h) (C). Growth inhibition was assessed using the MTT growth inhibition assay. Results are expressed as the mean + SD of three
independent experiments. RPMI8226 cells were the most sensitive to triptolide, with an ICs, of 17 nM at 24 h.

A C
Control Triptolide Control 6h

L 2" 1 AL

| P

B Triptolide

*®
X

I R e T

12h 24h

Annexin-V

Figure 2. Triptolide-induced apoptotic cell death of myeloma cells. (A) Morphological changes characteristic of apoptosis in RPMI8226 cells. RPMI18226 cells
were treated with 25 nM triptolide for 24 h, and then cytospin slides were prepared and stained with Giemsa. Original magnification, x1,000. (B) Agarose gel
electrophoresis demonstrating DNA fragmentation in triptolide-treated RPMI8226 cells treated with 10 or 25 nM triptolide for 24 h. (C) Detection of apoptotic
cells by Annexin V and PI double staining. RPMI8226 cells were cultured with 25 nM triptolide for 0, 6, 12 and 24 h, stained with Annexin V-FITC and
PI labeling and analyzed by flow cytometry. Three independent experiments were performed and all gave similar results.
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Figure 3. Effect of triptolide treatment on cell cycle progression in myeloma cells. RPM18226 cells were treated with 25 nM triptolide for the indicated times,
and subsequently stained with PI. DNA content was analyzed by flow cytometry. The sub-G1 DNA content refers to the proportion of apoptotic cells. Similar
results were obtained in three independent experiments.
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Figure 4. Effect of triptolide treatment on caspase activation. (A) Western blot analysis of caspases. Total cellular proteins (20 g per lane) were separated on
12.5% SDS-polyacrylamide gels and membrane transferred. Protein levels of caspase-3, caspase-8 and caspase-9 were detected by western blot analysis using
antibodies against each caspase. Triptolide treatment-induced processing of caspase-3 (32 kDa), caspase-8 (57 kDa) and caspase-9 (47 kDa) is indicated by the
appearance of 17,43 and 35 kDa cleaved active forms, respectively. (B) RPMI8226 cells were cultured with 25 nM triptolide for 6 h and analyzed for activation
of caspase-3 by flow cytometry.
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Figure 5. Triptolide-induced apoptotic cell death involves mitochondria in myeloma cells. (A) Flow cytometric analysis of mitochondrial transmembrane
potential (A¥,) as estimated by the Rhodamine-123 intensity. RPMI8226 cells were cultured with 25 nM triptolide for 6 h and Rhodamine-123 fluorescence
was analyzed by flow cytometry. (B) Western blot analysis of mitochondrial apoptogenic proteins in triptolide-treated RPMI8226 cells. Cells were incubated
with 25 nM triptolide for the indicated duration. The cytosolic and mitochondrial proteins were analyzed by western blotting with anti-cytochrome ¢, Smac/

DIABLO antibodies.

PI staining. DNA ladder formation was confirmed at time-
points as early as 6 h by electrophoresis of genomic DNA
extracted from RPMI8226 cells treated with 25 nM triptolide
(Fig. 2B). Consistent with these results, Annexinn V-positive
cells dramatically increased in a time-dependent manner
(Fig. 2C), indicating that triptolide rapidly induced apoptotic
cell death in RPMI8226 cells.

Triptolide induces caspase-dependent cell death in myeloma
cells. Caspases are believed to play a central role in mediating
various apoptotic responses. To address the apoptotic cell
death pathway in triptolide-treated RPMI8226 cells, we next
examined the activation of caspases by western blot analysis.
The downregulation of procaspase-3, procaspase-9 and procas-
pase-8 were detected after treatment with 25 nM triptolide
for the indicated times (Fig. 4A). To clarify the activation of
caspase-3, the percentage of cells expressing the active form of
caspase-3 was analyzed by FACS. After incubation with 25 nM
triptolide for 6 h, the percentage of RPMI18226 cells expressing
the active form of caspase-3 was increased (Fig. 4B). These
results indicated that triptolide induces apoptotic cell death of
myeloma cells via a caspase-dependent pathway.

Triptolide induces cell death of myeloma cells with downregu-
lation of Mcl-1. To investigate the molecular mechanisms of
triptolide-induced apoptosis in RPMI8226 cells, the expres-
sion of several apoptosis-associated proteins were examined.
Mcl-1, a critical survival factor for myeloma cells, was down-
regulated with triptolide treatment in various myeloma cells
(Fig. 6A). In contrast, triptolide did not modulate the levels of
pro-apoptotic Bax or anti-apoptotic Bcl-2 and Bcl-X; proteins
in RPMI8226 cells (data not shown).

Triptolide-induced death signaling is mediated through the
mitochondrial pathway. Recent studies have suggested that

mitochondria play an essential role in death signal transduc-
tion. Mitochondrial changes, including permeability transition
pore opening and the collapse of the mitochondrial AW, ,
result in the release of cytochrome c into the cytosol, which
subsequently causes cell death by the activation of caspases
(19). After treatment with 25 nM triptolide for 3 h, low Rh123
staining in RPMI8226 cells indicated an increase in the loss
of mitochondrial AW, (Fig. 5A). The loss of AW, appeared in
parallel with the activation of caspase-3 and caspase-9, as well
as with apoptosis. In addition, triptolide induced a substantial
release of various mitochondrial apoptogenic proteins, cyto-
chrome ¢, Smac/DIABLO from the mitochondria into the
cytosol in RPMI8226 cells (Fig. 5B). These results suggest
that mitochondrial dysfunction causes the release of cyto-
chrome ¢, Smac/DIABLO into the cytosol; caspase-9 and
caspase-3 were then activated, thereby propagating the death
signal.

Triptolide downregulates Mcl-1 expression through a tran-
scriptional mechanism in association with the inhibition of
RNA polymerase II CTD phosphorylation. To address the
mechanism underlying triptolide-induced downregulation
of Mcl-1, expression of Mcl-1 mRNA was examined using
RT-PCR (Fig. 6B). Expression of Mcl-1 mRNA was decreased
by triptolide treatment in various myeloma cell lines (U266,
RPMI8226, HS-sultan, and IM9) in a time-dependent manner.
Reductions in Mcl-1 mRNA levels were observed at 25 nM
triptolide by 2-4 h and roughly paralleled the extent of protein
downregulation (Fig. 6). We next examined the phosphoryla-
tion of the RNA polymerase II C-terminal domain (CTD) by
triptolide treatment. Exposure to triptolide inhibited phos-
phorylation of RNA polymerase II CTD at serine 7, consistent
with the inhibition of cyclin D1 expression (Fig. 7). These
results suggest triptolide blocks RNA polymerase II CTD
phosphorylation to repress Mcl-1 transcription.
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Figure 6. Mcl-1 protein and mRNA expression in various myeloma cells. Myeloma cells (U266, RPMI8226, HS-sultan and IM9) were treated with 25 nM
triptolide for the indicated times. (A) The level of Mcl-1 expression was analyzed by western blotting. Cell lysates (20 ug per lane) were fractionated on 12.5%
SDS-polyacrylamide gels and analyzed by western blotting with anti-Mcl-1 antibody. Re-blotting with -actin confirmed that equal amounts of protein were
present in each lane. Similar results were obtained in three independent experiments. (B) Semi-quantitative RT-PCR analysis was carried out in order to
quantify Mcl-1 mRNA levels following triptolide treatment in various myeloma cells for the indicated times.
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Figure 7. Phosphorylation of RNA polymerase II CTD in triptolide-treated myeloma cells. RPM18226 and U266 cells were treated with 25 nM triptolide for the
indicated durations, and then cell lysates (20 pg per lane) were fractionated on 12.5% SDS-polyacrylamide gels and analyzed by western blotting. The levels
of phosphorylation at Ser7 in the Pol II CTD (RNA polymerase II CTD) and the total cyclin D1 protein were shown by western blot analysis and normalized
to B-actin.
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Discussion

Multiple myeloma is a plasma cell neoplasm derived from
clonal B cell lineage cells. The development of new agents
such as the proteasome inhibitor, bortezomib, and the immu-
nomodulatory drugs, thalidomide and lenalidomide, has led to
improved outcomes in patients with multiple myeloma (2-4).
However, a high proportion of patients cannot expect long-term
remission due to drug-resistance, minimal residual disease, or
complications such as severe infections (1-4). Therefore, new
potent therapeutic agents and substantial therapeutic advances
are needed for the treatment of multiple myeloma.

Triptolide has been found to have potent anti-inflammatory,
immunosuppressive and antitumor properties (6-11). Recent
studies have suggested that triptolide inhibits NF-xB activity
via downregulation of Bcl-2 expression and the inhibition of
p53 transcription activity in various p53-wild-type human
tumor cells (18-20). It has also been reported that triptolide
has antitumor activity against hematological malignancies.
Triptolide induces apoptosis in chronic myeloid leukemia
(CML) cells via downregulation of BCR-ABL (21,22), and
inhibits MDM2 in acute lymphoblastic leukemia (ALL) cells
through a p53-dependent pathway (23). In multiple myeloma, it
was reported that triptolide inhibits NF-«B and induces apop-
tosis in RPMI8226 and U266 myeloma cells (17). It has also
been suggested that triptolide enhances PS-341-induced apop-
tosis via the PI3K/Akt/NF-xB pathways in human multiple
myeloma cells (16) and overcomes dexamethasone resistance
in myeloma through upregulation of IL-6-independent expres-
sion of glucocorticoid receptors (24). There have been many
studies on the antitumor activity of triptolide; however, its
mechanism of action remains unclear, especially with respect
to multiple myeloma.

In the present study, we showed that triptolide induced
GO/G1 cell cycle arrest followed by apoptotic cell death at
low nanomolar concentrations in human multiple myeloma
cells in association with the downregulation of Mcl-1 at the
level of mRNA transcription, loss of mitochondrial trans-
membrane potentials (AW ), the release of mitochondrial
apoptotic proteins such as cytochrome ¢, Smac/DIABLO into
the cytosol, and the activation of caspase-3 and caspase-9.

Recent studies have reported that the Bcl-2 family member,
Mcl-1, plays a critical role in multiple myeloma pathogenesis
and drug-resistance by preventing the activation of endogenous
apoptotic pathways and may represent a promising therapeutic
target (25-28). In addition, it has been reported that drug-induced
generation of Mcl-1 fragments followed by c-Jun upregulation
may also be a novel therapeutic approach (29). In our study,
Mcl-1 protein levels rapidly decreased after triptolide treat-
ment. This suggests that the loss of Mcl-1 expression may play
a significant role in triptolide-induced apoptosis of myeloma
cells. In addition, triptolide inhibited phosphorylation of RNA
polymerase II CTD at serine 7, indicating that triptolide blocks
RNA polymerase II CTD phosphorylation to repress Mcl-1
transcription elongation. Consistent with our data, it has been
reported that triptolide inhibits de novo total RNA transcription
in leukemic cells, and induces changes in the nuclear substruc-
ture that are associated with decreased RNA polymerase I CTD
serine phosphorylation (30). Recently, the effects of triptolide
on gene expression was examined using whole human genomic
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DNA microarrays and it was found that 4-h triptolide treatment
upregulated 160 genes and downregulated 1,511 genes in the
non-small cell lung cancer cell line A549 (31). Additionally, it
was reported that triptolide significantly suppresses apoptosis
related genes, such as XIAP, Bcl-2, Mcl-1, as well as cell cycle
regulators including CDC25A, Polo-like kinases, in various
human tumor cells (9,10,32). Taken together, our results and the
previously published data indicate that triptolide suppresses a
broad range of gene expression by inactivation of NF-xkB and
other signal transduction pathways, as well as by global suppres-
sion of transcription (33).

We also found that Smac was released from mitochondria
to the cytosol during triptolide-induced apoptotic cell death in
myeloma cells. Smac binds to XIAP and eliminates its inhibi-
tory effect on caspase-9. Various anti-myeloma agents trigger
the loss of AW, , and the release of the mitochondrial apop-
togenic proteins cytochrome ¢ and Smac/DIABLO (34,35).
It has also been reported that PS-341-induced apoptosis in
myeloma cells is associated with activation of JNK, translo-
cation of JNK from the cytosol to mitochondria, and release
of Smac from mitochondria to the cytosol (36). Other studies
showed that 2-methoxyestradiol (2ME2)-induced apoptosis
in multiple myeloma cells is mediated by JNK activation and
JNK-dependent release of Smac from mitochondria to the
cytosol (37). Various studies have shown that stress-induced
changes in AW, correlate with an increase in reactive oxygen
species (ROS) and the release of mitochondrial cytochrome ¢
and Smac/DIABLO. The role of ROS in mediating apop-
tosis in various cancer cells is well established (34,38). The
generation of ROS have been linked to the release of Smac
or cytochrome ¢ from mitochondria to the cytosol during
apoptosis (39,40). Therefore, it will be important to address
the effects of ROS on triptolide-induced apoptotic cell death
in multiple myeloma cells.

Many natural products have been used as anticancer agents in
aclinical setting, and have provided lead chemical structures with
which to develop new agents with enhanced biological properties
and decreased adverse effects (41). Natural compounds appear to
be safer than popular chemotherapeutic agents; therefore, they
might be useful in older patients or in immunocompromised
patients because of their safety and lack of known toxicity.
Furthermore, it would be useful to design clinical trials with
myeloma patients to evaluate their anti-myeloma effects.

In conclusion, triptolide may have potential as a novel
therapeutic agent to replace or augment the more cytotoxic
agents currently used to treat myeloma patients. Further
studies are warranted to evaluate this possibility.
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