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Lidamycin shows highly potent cytotoxic to myeloma
cells and inhibits tumor growth in mice
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Aim: To investigate the effects of lidamycin (LDM) on a mouse myeloma cell line (SP2/0) and human multiple myeloma cell lines (U266
and SKO-007), and provide the basis for the use of LDM in cancer therapy.

Methods: A 3-[4,5-dimethylthiazol-2-yl]5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]2H-tetrazolium inner salt (MTS) assay was used to
determine the degree of growth inhibition by the drugs analyzed in this study. Cell cycle distribution and analysis were measured by
flow cytometry combined with propidium iodide (PI) staining. The effects on apoptosis were measured by Hoechst 33342 staining and
by flow cytometry combined with fluorescein-isothiocyanate-Annexin V/propidium iodide (FITC-Annexin V/PI) staining. Protein expres-
sion was determined by Western blot analysis. In vivo antitumor activity was measured using a murine myeloma model in BALB/c

mice.

Results: There was a significant reduction in cell proliferation after treatment with LDM. The overall growth inhibition correlated with
increased apoptotic cell death. LDM-induced cell apoptosis was associated with the activation of c-Jun-N-terminal kinase (JNK), and
cleavage of caspase-3/7 and poly (ADP-ribose) polymerase (PARP). LDM markedly suppressed tumor growth in a murine myeloma

model.

Conclusion: LDM induces apoptosis in murine myeloma SP2/0 cells as well as in human myeloma U266 and SKO-007 cell lines. The
sustained activation of JNK might play a critical role in LDM-induced apoptosis in the SP2/0 cell line. LDM demonstrates significant
antitumor efficacy against myeloma SP2/0 cells in mice. Taken together, our data provide some clues for further research of the

effects of LDM on human multiple myeloma.
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Introduction

Multiple myeloma (MM) is a type of cancer of plasma cells,
which are immune-system cells in the bone marrow that pro-
duce antibodies. Little progress in the treatment of this dis-
ease has been made despite decades of treatment with various
chemotherapy regimens, which have resulted in 5-year sur-
vival rates of <10%".. Although high-dose chemotherapy and
stem cell transplantation have improved the rate of complete
remission, some myeloma cells escape from treatment and
thus almost all MM patients experience relapsel”. New agents
are expected to offer long-term disease control, or possibly
even a cure. Two new drug classes have radically changed the
management of multiple myeloma. Thalidomide analogues®
and bortezomib!* * are in the process of replacing the cur-
rent treatment paradigm of anthracycline, vinca alkaloid and
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dexamethasone-based chemotherapy followed by autologous
bone marrow transplantation.

Plasma cell myeloma occurs spontaneously, but rarely, in
C3H, AK, BALB/c”, and several other strains of mice. The
SP2/0 mouse myeloma cell line is usually used as a part-
ner for making mouse hybridoma-producing monoclonal
antibodies!”.

Lidamycin (LDM, originally named C-1027) is a member
of the enediyne antibiotic family, which was derived from a
Streptomyces globisporus C1027 strain®. As a DNA damag-
ing agent, LDM is characterized by inducing a higher ratio of
DNA double-strand breaks (DSBs) than single-strand breaks
(SSBs)”\. Tt is well known that DSB is the most severe DNA
lesion, which may explain the highly potent cytotoxicity of
LDM toward cancer cells. LDM shows extremely potent cyto-
toxicity, anti-angiogenic activity and a marked inhibition of
transplantable tumors in mice® ™. The LDM molecule con-
tains an enediyne chromophore (M, 843 Da) responsible for
the extremely potent bioactivity and a noncovalently bound
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apoprotein (M, 10.5 kDa), which forms a hydrophobic pocket

for protecting the chromophore!".

The apoprotein and chro-
mophore can be dissociated and reconstituted, and the biologi-
cal activity of the rebuilt molecule is comparable to that of the
natural LDM ™.

LDM can induce apoptosis or mitotic cell death in many
1411 Recent studies have indicated that LDM

induces unusual DNA damage responses to double-strand

cancer cells!

breaks"®. It alters cell cycle progression and induces chromo-
somal aberrations™” ', As reported, the antitumor effect of
LDM could be amplified by other agents!"”).

LDM is presently undergoing phase II clinical trials in
China. The vast majority of studies aimed at elucidating the
mode of action of LDM have been performed in solid cancer
cells. So far, there are no reports describing the effects of
LDM on myeloma cells. In the present study, we investi-
gated the mechanisms of LDM-induced cytotoxicity in the
mouse myeloma SP2/0 cell line as well as in human myeloma
cell lines, including U266 and SKO-007. We observed that
LDM induced apoptosis in a dose-dependent manner. LDM-
induced apoptosis was associated with increasing c-Jun NH2-
terminal kinase (JNK) and cleavage of caspase-3/7 and poly
(ADP-ribose) polymerase (PARP). Inhibition of JNK activity
reduced LDM-induced cytotoxicity and apoptosis, suggesting
that JNK played important roles in LDM-induced cytotoxicity
and apoptosis. Moreover, LDM induced G,/M phase arrest
in SP2/0, U266, and SKO-007 cell lines and suppressed the
growth of tumors in BALB/c mice. These data provide some
clues for further study of the effects of LDM on human mul-
tiple myeloma.

Materials and methods

Cell culture and chemicals

Mouse myeloma SP2/0 cells were cultured in DMEM (Gibco
BRL, Grand Island, NY) and human MM cell lines U266 and
SKO-007 were cultured in RPMI-1640 (Gibco BRL, Grand
Island, NY) supplemented with 10% heat-inactivated fetal
bovine serum (Sigma Chemical Co, St Louis, Missouri), 100
U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a
humidified atmosphere containing 5% CO,. SP2/0, U266 and
SKO-007 cell lines were kindly provided by Prof Bei-fen SHEN
(Beijing Institute of Basic Medical Sciences).

LDM was generously provided by Prof Lian-fang JIN (Insti-
tute of Medicinal Biotechnology, CAMS). LDM stock solution
(10 pmol/L) was prepared in 0.9% NaCl and stored at -70 °C.
5-Fluorouracil (5-FU) was the product of Shanghaixudong
Pharmaceutical Co, Ltd, China. Dexamethasone (DEX) was
obtained from Jiangsusuxin Pharmaceutical Co, Ltd, China.
Adriamycin (ADM), and vincristine (VCR) were purchased
from Shenzhenwanle Pharmaceutical Co, Ltd, China. All
other chemicals were of standard analytical grade.

Western blotting
Cells were harvested, and washed with PBS solution. Whole
cell extracts were prepared by incubating cells on ice in lysis
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buffer containing 50 mmol/L Tris-HCI, pH 7.5, 150 mmol/L
NaCl, 2 mmol/L EDTA, 2 mmol/L EGTA, 1 mmol/L dithio-
threitol, 1% Nonidet P-40, 0.1% SDS, protease inhibitors (1
mmol/L PMSF, 5 ug/mL aprotinin, 5 pg/mL leupeptin and
5 pg/mL pepstatin) and phosphatase inhibitors (20 mmol/L
[beta]-glycerophosphate, 50 mmol/L NaF and 1 mmol/L
Na;VO,. The cell lysates were cleared by centrifugation at
12000xg for 12 min. Protein concentrations were determined
by the Bradford assay. Equal amounts of lysate (40 pg) were
resolved by SDS-PAGE and transferred to polyvinylidene
difluoride membrane (Millipore Corp, Bedford, MA). Mem-
branes were blocked in TBST containing 5% nonfat skim milk
at room temperature for 2 h and probed with primary anti-
bodies overnight at 4 “C. Then membranes were blotted with
an appropriate horseradish peroxidase-linked secondary anti-
body (Santa Cruz Biotechnology). Proteins were visualized
using enhanced chemiluminescence Western blotting detec-
tion reagents (Amersham Pharmacia Biotech, Inc, Piscataway,
NJ, USA).

Cell proliferation assay

Cell proliferation was determined using CellTiter 96° Aqueous
Non-Radioactive Cell Proliferation Assay (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. Briefly,
cells (10000 cells/well) were plated in triplicate in 96-well
flat-bottom plates in 90 pL of culture medium without any
anticancer drug. After 2 h incubation, triplicate wells were
treated with anticancer drugs (10 pL) at various concentra-
tions. Cells were exposed to 20 pL of the solution containing
MTS and PMS (MTS and PMS at the ratio of 20:1) for the last 4
h of 48-h cultures. The absorbance was read at 490 nm using
a Microplate Reader (Thermo Labsystem, USA). The experi-
ments were done at least three times, with each experiment
consisting of samples in triplicate.

Cell cycle analysis

Cells were collected and fixed in ice-cold 70% ethanol and
stored at 4 °C overnight. Samples were then washed twice
in PBS and re-suspended in a solution of PI (50 pg/mL) and
RNase A (200 pg/mL) in PBS for 30 min at 37 °C in the dark.
The stained cells were filtered through 40 pm gauzes, and
the single-cell suspensions were analyzed on a Fluorescence-
activated cell sorter (EPICS, Coulter).

FITC-Annexin V/PI apoptosis assay

Cells were collected and resuspended in 200 puL binding buf-
fer. Then 10 pL FITC-labeled Annexin V and 100 ng pro-
pidium iodide were added. Upon incubation in the dark (15
min, at room temperature or 30 min at 4 °C), the samples were
diluted with 300 pL binding buffer. Flow cytometry was car-
ried out on a FACScan instrument (Becton Dickinson) and
data were processed with WinMDI/PC-software.

Staining with Hoechst 33342
SP2/0 cells were treated with control media or LDM at vari-
ous concentrations for 48 h, and then the cells were collected.



After being centrifuged and washed with PBS, cells were fixed
with 4% paraformaldehyde for 10 min at room temperature
and then washed with PBS. Hoechst 33342 (5 pg/mL) was
added to the fixed cells, and they were incubated for 10 min at
room temperature. Then cells were spread on coverslips and
imaged using an Olympus IX-70 inverted fluorescent micro-
scope.

In vivo therapeutic effects

Twenty-four female BALB/c mice (20£2 g, obtained from
the Institute for Experimental Animals, Chinese Academy of
Medical Sciences, Beijing) at the age of 4-6 weeks, were used
for SP2/0 mouse myeloma isografts. Animals were randomly
divided into groups (n=6) in a manner that minimized the
difference in body weight between the groups. SP2/0 cells
(1x10°% resuspended in 200 pL PBS were injected subcutane-
ously into BALB/c mice. On day +1 after inoculation, mice
were receiving LDM or PBS (vehicle control) treatment. Treat-
ment with LDM or PBS (vehicle control) was given intrave-
nously once weekly via tail vein for a total of two injections.
The doses of LDM were 0.06, 0.04, and 0.02 mg/kg, respec-
tively. Mice were weighed and tumor sizes were measured
with a caliper and recorded every 3 days. The tumor volume
was determined using the formula (lengthxwidth?)x0.5.

Statistics analysis

Results are indicated as the means+SD. Treatment effects were
compared using the Student’s t test and differences between
the means were considered to be significant when P<0.05.

Results

Cytotoxicity of LDM to SP2/0 cells

We examined the growth inhibitory effect of LDM in the
SP2/0 cell line using the MTS assay as described in Materi-
als and methods. Cells were cultured for 48 h (Figure 1A) in
the presence of LDM at various concentrations. Meanwhile,
several conventional therapeutic agents, including ADM,
5-FU, VCR, and DEX, were also used in the assay. SP2/0 cells
showed decreased cell proliferation after treatment with the
drugs, especially the cells exposed to LDM. The IC5, value
of LDM for the SP2/0 was 0.5623+0.0051 nmol/L, lower than
those of the other drugs (ADM, 5-FU, VCR, and DEX were
177.8+19.7 nmol/L, 178.0£22.5 nmol/L, 275.0+18.9 nmol/L,
and 155000+360 nmol/L, respectively). In terms of ICs, val-
ues, the cytotoxicity of LDM was much more potent than that
of the other tested drugs. Cells were cultured with LDM (0.01,
0.1, 0.5, and 1 nmol/L) for the indicated times and also ana-
lyzed with the MTS assay (Figure 1B). SP2/0 cells treated with
the indicated dose of LDM showed decreased cell proliferation
in a time-dependent manner. Similar results were observed in
U266 and SKO-007 cell lines (data not shown).

Induction of apoptosis by LDM in SP2/0, U266, and SKO-007
cells
We next investigated the molecular mechanisms whereby
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Figure 1. Growth inhibition of SP2/0 cells by LDM and other drugs. (A)
Cells were exposed to the drugs for 48 h and determined by MTS. (B)
Cells were cultured with LDM (0.01, 0.1, 0.5, and 1 nmol/L) for the
indicated time and determined by MTS. Data are from three independent
experiments. VCR, vincristine; 5-FU, 5-fluorouracil; DEX, dexamethasone;
ADM, adriamycin.

LDM induces cytotoxicity in SP2/0, U266, and SKO-007 cells.
We first performed cell-cycle profiling using PI staining,
Hoechst 33342 staining and FITC-Annexin V/PI staining in
the three cell lines. Cells were cultured for 48 h with control
media or LDM (0.1, 0.5, 1, and 2 nmol/L). PI staining showed
that LDM induced cell cycle arrest at the G,/M phase in SP2/0
cells. At 0.5 nmol/L LDM, the number of G,/M phase cells
reached the peak. Similar results were observed in U266 and
SKO-007 cell lines (Figure 2).

By Hoechst 33342 staining, the nuclei of untreated cells
were normal in appearance and exhibited diffuse staining of
chromatin. After exposure to LDM for 48 h, most cells pre-
sented the typical morphological changes associated with
apoptosis, such as chromatin condensation or a shrunken
nucleus (Figure 3).

FITC-Annexin V/PI staining showed that LDM at 0.1
nmol/L induced earlier apoptosis in SP2/0 cells. The ratio
of apoptotic to living cells was significantly enhanced when
cells were incubated with 1 or 2 nmol/L LDM for 48 h. This
suggests that apoptosis was the predominant mode of LDM--
induced cell death (Figure 4). Similar results were observed in
U266 and SKO-007 cell lines (data not shown).
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Figure 2. Cell cycle analysis of cells
treated with LDM. Cells were stained
with Pl after a 48 h exposure to different
concentrations of LDM. Percentages of
the total cell population in the different
phases of the cell cycle were determined
by flow cytometric analysis. The G,/M
ratios of control, 0.1 nmol/L LDM and 0.5
nmol/L LDM are 10.22%, 66.69%, and
76.72% in SP2/0 cells; 1.08%, 13.96%,
and 92.16% in U266 cells; 12.12%,
70.69%, and 79.55% in SKO-007 cells,
respectively.

Figure 3. Induction of cell apoptosis
by LDM in SP2/0, U266, and SKO-007
cells. Cells were treated with LDM for
48 h at the indicated concentrations
and then stained with DNA-binding
dye, Hoechest 33342 (x400). One
representative of three independent
experiments is shown.
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Figure 4. Induction of cell apoptosis by LDM in SP2/0 cells. Cells were treated with LDM for 48 h at the indicated concentrations and then harvested
and labeled with a combination of FITC-Annexin V and Pl and followed by flow cytometric analysis. Control (1.70%); 0.1 nmol/L LDM (14.66%); 0.5
nmol/L LDM (18.36%); 1 nmol/L LDM (43.65%); 2 nmol/L LDM (82.88%).

Activation of JNK/caspase in LDM-induced apoptosis in SP2/0 induces phosphorylation of JNK during cell apoptosis. SP2/0
cells cells were treated with LDM at various concentrations for 48 h
To determine whether LDM-induced cytotoxicity is medi- or with 0.5 nmol/L LDM for different time intervals. Our
ated via the activation of caspase and/or PARP, SP2/0 cells study showed that LDM strongly induced phosphorylation
were treated with LDM at various concentrations for 48 h  of JNK in SP2/0 cells in a dose- and time-dependent manner
or with 0.5 nmol/L LDM for different time intervals. LDM (Figure 5B). To determine the role of JNK in mediating LDM-
induced caspase-3/7 and PARP cleavage in a dose- and time- induced cytotoxicity, SP2/0 cells were treated with LDM at
dependent manner (Figure 5A). Studies have shown that JNK  different concentrations in the presence or absence of the J]NK
activation plays an important role in apoptosis induced by inhibitor SP600125. In the absence of LDM, the inhibition of
some antitumor agents™ 2. We next examined whether LDM  JNK alone did not significantly alter cell growth in SP2/0 cells,
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Figure 5. Effects of the activation of JNK on LDM-induced apoptosis. (A) Cells were cultured with LDM at different concentrations for 48 h and then
lysed and subjected to Western blotting using anti-caspase-3, anti-caspase-7 and anti-PARP, and anti-Actin antibodies. One representative of three
independent experiments is shown. (B) Cells were cultured with LDM (0.5 nmol/L) for the indicated periods and then were lysed and subjected to
Western blotting using anti-p-JNK, anti-JNK, and anti-Actin antibodies. One representative of three independent experiments is shown. (C) Cells were
cultured for 48 h with control media, or with 0.001 nmol/L, 0.01 nmol/L, 0.1 nmol/L, and 1 nmol/L LDM, respectively, in the presence or absence of
SP600125 (10 pumol/L) and determined by MTS Assay. Data represent the means+SD of three independent experiments. (D) Cells were cultured with
LDM (0.5 nmol/L) for 48 h in the presence or absence of SP600125 (10 umol/L). Cells were then lysed and subjected to Western blotting using anti-
p-JNK, anti-PARP, anti-caspase-3, anti-caspase-7, and anti-Actin antibodies. One representative of three independent experiments is shown. Casp,
caspase; CF, cleaved fragment.
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whereas SP600125 significantly reduced LDM-induced cyto-
toxicity (Figure 5C). Consistent with the reduction of LDM-
induced cytotoxicity, the phosphorylation of JNK and cleav-
age of caspase-3/7 and PARP triggered by LDM were blocked
by SP600125 (Figure 5D), confirming that the activation of JNK
and cleavage of caspase-3/7 and PARP are associated with
LDM-induced apoptosis. These results suggest that JNK plays
a role, at least in part, in SP2/0 cell apoptosis triggered by
LDM.

Inhibition of tumor growth of the SP2/0 myeloma

We next sought to determine whether LDM inhibits tumor
growth of the SP2/0 myeloma in BALB/c mice. SP2/0 cells
(1x10°% resuspended in 200 pL PBS were injected subcutane-
ously into the right axillary region of BALB/c mice. Treat-
ment was started on day +1 after cell inoculation. LDM was
given iv at doses of 0.06 mg/kg, 0.04 mg/kg, or 0.02 mg/kg
through the caudal vein. On day +8, LDM was given for a sec-
ond time. Control mice were given PBS vehicle only. Serial
caliper measurements of perpendicular diameters were taken
every 3 days to calculate tumor volume. Administration of
LDM significantly reduced SP2/0 myeloma tumor growth,
compared with control animals treated with PBS vehicle
only. Comparisons of tumor volumes on day 20 after tumor
implantation showed statistically significant differences across
the groups and revealed significantly lower tumor volumes
in the LDM-treated groups versus the control group. Treat-
ment with LDM at the dose of 0.06 mg/kg, 0.04 mg/kg, and
0.02 mg/kg inhibited the growth of SP2/0 myeloma by 92.1%,
74.6%, and 35.9%, respectively. On day 35 after tumor implan-
tation, BALB/c mice were sacrificed by cervical dislocation,
and tumors were carefully taken and weighed. Comparison of
tumor weights also showed significantly lower tumor weights
in the LDM-treated groups versus the control group. There
was no significant body weight loss in the treated groups com-
pared with the control group. All animals survived the dura-
tion of the experiment (Figure 6).

Discussion

Despite the emergence of new treatments in recent years,
multiple myeloma is still an incurable disease. It is charac-
terized by the presence of malignant plasma cells predomi-
nantly located in the bone marrow. Existing treatment mainly
attempts to reduce the malignant cell masses and to overcome
the disease-related complications. Although initial chemo-
therapeutic treatment can be successful, drug resistance often
develops during disease progression, requiring the use of
alternative drugs. Over the past several years, significant
insight into the dysregulation of various signal transduction
pathways of myeloma cells has led to the development of new
agents.

LDM is currently being evaluated in clinical trials as a poten-
tial anticancer agent in China. Its mode of action is complex.
The vast majority of studies aimed at elucidating the mode of
action of LDM have been performed in solid tumor cells. No
studies have examined the effect of this drug on myeloma
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Figure 6. Effects of LDM on the growth of SP2/0 myeloma in BALB/c
mice. SP2/0 cells were subcutaneously inoculated into the right axillary
region of BALB/c mice. Twenty-four hours after cell inoculation, the mice
were given PBS, 0.02 mg/kg LDM, 0.04 mg/kg LDM, and 0.06 mg/kg
LDM, respectively, by intravenous injection. Second injection was given
seven days later. Tumor volume was monitored every 3 days for 5 weeks.

cells. In the present study, LDM exhibited extremely potent
cytotoxicity in SP2/0 cells. The ICs, value of LDM for SP2/0
was 0.56 nmol/L, much lower than those of ADM, 5-FU, VCR,
and DEX. The increase in apoptosis rate was observed after
incubation of SP2/0, U266, and SKO-007 cells with LDM rang-
ing from 0.1 to 2 nmol/L, and the cells displayed typical apop-
totic features, including cellular morphological changes and
chromatin condensation. Moreover, LDM-induced cell cycle
arrest at the G,/M-phase. The LDM-induced apoptosis could
be related to certain molecular changes involving cleavage of
caspase-3/7 and PARP.

Taken together, these results strongly suggest that LDM trig-
gers caspase-dependent apoptosis in SP2/0 cells. As reported,
JNK plays a crucial role in apoptosis induced by novel thera-
peutic agents, including bortezomib, perifosine, and lysophos-
phatidic acid acyltransferase-§ inhibitors®*!. Moreover, a
sustained activation of JNK plays a critical role in arsenic tri-
oxide-induced cell apoptosis in multiple myeloma cell lines™.
It has been shown that activation of the JNK pathway is a
common phenomenon in stress-induced apoptosis in response
to stress stimuli, such as UV light, heat shock, and ionizing
»l. In addition, the JNK pathway is activated by
intracellular stresses, such as inhibition of protein synthesis,

radiation!

DNA damage, and treatment with anticancer agents™ .. The
role of activated JNK in LDM-induced apoptosis, however,
remains to be elucidated. In the present study, we examined
the LDM-induced phosphorylation of JNK during apoptosis
of myeloma cells and the correlation between LDM-induced
apoptosis and the degree of JNK activation.

Analysis of cells treated with various concentrations of
LDM at different time points showed that sustained activa-
tion of JNK was needed for the LDM-induced apoptosis of
SP2/0 cells. As expected, the JNK inhibitor SP600125 blocks
the cleavage of caspase-3/7 and PARP as well as cytotoxicity.
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Taken together, these results indicate that JNK plays an impor-
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