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Berbamine exhibits potent antitumor effects on imatinib-resistant
CML cells in vitro and in vivo

Yan-lin WEI', Lei XU?, Yun LIANG', Xiao-hua XU', Xiao-ying ZHAO>*
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Aim: The aim of this study was to explore the effects and mechanism of berbamine on imatinib-resistant BCR-ABL-positive
human leukemia K562 (K562-r) cells in vitro and in vivo.

Methods: Cell viability was measured by MTT assay, and apoptotic morphology changes were detected by fluorescence
microscopy. The apoptosis rate was measured by flow cytometric assay. mdr-1 mRNA levels were determined by RT-PCR.
Bcl-2 family proteins, cytochrome ¢( cyt C) , poly (ADP-ribose) polymerase (PARP), and P-glycoprotein were detected by
Western blot. BALB/c nu/nu mice were injected with K562-r cells subcutaneously. Tumor-bearing mice were treated
intravenously with berbamine.

Results: MTT tests revealed that berbamine significantly inhibited K562-r cell proliferation and increased the chemo-
sensitivity of K562-r cells to imatinib. The apoptosis rate was significantly increased following treatment with 21.2 umol/L
berbamine; formation of typical apoptotic blebs was apparent, as observed by fluorescence microscopy. Expression levels
of mdr-1 mRNA and P-gp protein were high in untreated K562-r cells and significantly down-regulated by berbamine treat-
ment. Berbamine-treated K562-r cells also exhibited down-regulated expression of the anti-apoptotic proteins Bcl-2 and
Bcl-x;, up-regulated expression of the apoptotic proteins Bax and cytoplasmic cyt C, and stimulated proteolytic cleavage of
PARP. In addition, berbamine also suppressed the growth of K562-r xenotransplanted tumors in vivo.

Conclusion: Berbamine inhibited proliferation of K562-r cells both in vitro and in vivo. Berbamine-induced apoptosis in
K562-r cells appeared to occur through a mechanism involving Bcl-2 family proteins, as well as mdr-1 mRNA and P-gp pro-
tein. Berbamine in combination with imatinib restored the chemo-sensitivity of K562-r cells to imatinib. Our findings sug-
gest that berbamine may be useful in treating imatinib-resistant CML patients.
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Introduction CMLB*,

Imatinib mesylate (STIS71; Gleevec), an inhibitor of the
tyrosine-kinase activity of BCR-ABL, has been proven highly
effective in patients with chronic-phase CMLY. Unfortu-
nately, resistance to imatinib mesylate has become a signifi-

Chronic myeloid leukemia (CML) is a pluripotent
hematopoietic stem cell disorder. Approximately 95% of
CML patients carry a characteristic Philadelphia chromo-
some (Ph)'"), a genetic abnormality resulting from a recipro- cant clinical problem, especially in patients with accelerated
cal translocation between the long arms of chromosomes 9
and 22. The molecular consequence of this translocation is
the generation of the fusion gene bcr-abl, which encodes a
constitutively active tyrosine kinase'”’, The BCR-ABL kinase
signals to multiple downstream survival pathways, including
Ras/Raf/MEK/ERK, PI3K/AKT, JAK-STAT, and nuclear
factor kB (NF-kB), which contribute to the pathogenesis of

and blastic-phase disease!®’. Several approaches have been
devised to overcome clinical resistance to imatinib. The pro-
teasome inhibitor, bortezomib (Velcade), farnesyltransferase
inhibitors such as SCH66326 and the pyrido-pyrimidine-
type kinase inhibitor PD166326 were shown to have growth
inhibitory effects on some but not all imatinib-resistant

78], ‘Therefore, it is important to develop alterna-

leukemias
tive treatment strategies.

Berbamine, a natural compound from berberis, is a
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in China for leukopenia treatment over the past decades.
Berbamine is a calmodulin (CaM) antagonist. Recent evi-
dence suggests that calmodulin plays an important role in
cellular proliferation and that its function may be altered in
malignancy®. In our previous studies, we found that ber-
bamine inhibited the growth of leukemia cells such as K562
cells, Jurkat cells and NB4 cells, but had little or no effect

10-12
on normal bone marrow cells!*"*?!

. Our results suggested
that the major effect of berbamine was apoptosis induction,
which may be accomplished by down-regulation of bcr-abl
oncogene expression and activation of caspase-3 in leuke-
mia K562 cells"" "\, In the present study, we examined the
effects of berbamine on imatinib-resistant K562 (K562-r)
cells and found that berbamine was effective in inhibiting

K562-r cell growth and reversing imatinib resistance.

Materials and methods

Reagents and antibodies Berbamine powder for in vitro
experiments was provided by Fushun Chinese Herb Fac-
tory and berbamine liquid preparation for in vivo injection
experiments was provided by Zhongfang Phamaceutical Co

10
! and

Ltd. The formula of berbamine is shown elsewhere!
its molecular weight is 753.80. Imatinib was kindly provided
by Professor Jia-yi DING (Cancer Institute, School of Medi-
cine, Zhejiang University). A 1.3 mmol/L berbamine stock
solution was prepared by dissolving berbamine powder in
isotonic saline and stored at -20 °C. A 1 mmol/L imatinib
stock solution was prepared by dissolving imatinib in DMSO
(Sigma, St Louis, MO) and stored at -20 °C. Mouse anti-
B-actin, anti-Bcl-2, anti-cyt-C, anti-PARP, anti-P-gp, anti-
Bax, and anti-Bcl-x; monoclonal antibodies and horseradish
peroxidase-conjugated anti-mouse and anti-rabbit secondary
antibodies were purchased from Santa Cruz Biotechnology,
Inc (Santa Cruz, CA).

Cell and cell culture Ph chromosome-positive human
CML blast crisis imatinib-sensitive (K562-s) and imatinib-
resistant (K562-r) cells were obtained from the Cancer Insti-
tute, School of Medicine, Zhejiang University. The imatinib-
resistant (K562-r) cells are also resistant to doxorubicin!'”.
Cells were cultured in RPMI-1640 medium (Gibco) contain-
ing 10% fetal calf serum (Sijiging, Hangzhou, China) and 2
mmol/L glutamine.

Staining of cells with Hoechst 33258 Berbamine-
treated and control cells were washed with phosphate-buft-
ered saline (PBS) and resuspended in the same buffer. One
hundred microliters of cell suspension (1x10° cells/mL) was
incubated with 1 pL of Hoechst 33258 (1 g/L in ddH,0)
for 10 min. Cell apoptosis was evaluated by fluorescence
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microscopy.

Apoptosis assessment by annexin-V staining After
drug treatment, cells were washed with PBS and resuspended
in 100 pL staining solution containing annexin-V fluorescein
and PI in a HEPES buffer (annexin-V-Fluos Staining Kit;
Boehringer-Mannheim, Indianapolis, IN). After a 15-min-
incubation at room temperature, cells were analyzed by flow
cytometry. The assay was based on the binding properties
of the fluorescent dyes and physiological status of the cells:
Annexin-V binds to those cells that express phosphatidylser-
ine on the outer layer of the cell membrane, and PI stains the
cellular DNA of cells that have a compromised membrane.
This allows discrimination between live cells (unstained
with either fluorochrome) and apoptotic (stained only with
annexin-V) and necrotic cells (stained with both annexin-V
and PI).

MTT (viability) assay Cells were seeded in 96-well
plates (5x10* cells/mL) and drugs were added at required
concentrations in a final volume of 200 pL medium. After 24
and 48 h incubation, 20 pL of tetrazolium dye 3-4,5-dimeth-
ylthiazol-2,5-diphenyltetrazolium (MTT reagent, Amrecso:
stock S g/L) was added and the cells were incubated for an
additional 4 h. The optical density (570 nm) of each sample
was determined with a plate reader (Bio-TEK, USA). The
viability (%) was calculated according to the following for-
mula and the ICy, value was determined by a straight line
regression fit: Viability (%)=(Mean Absorbance of Sample/
Mean Absorbance of Control)x100.

Reverse transcription-polymerase chain reac-
tion (RT-PCR) analysis of mdr-1 mRNA and kinase
domain sequence Total cellular RNA was isolated from
cells using Trizol reagent (Invitrogen, Carlsbad, CA)
and treated with RNase-free DNase I (Promega, Madi-
son, WI). Reverse transcription was performed with 2
pg RNA. cDNA was used as template for PCR. A long
PCR method was used to amplify the ABL kinase domain
of the BCR-ABL allele with forward primer BCRF
(5"-TGACCAACTCGTGTGTGAAACTC-3’) and reverse
primer ABLKinaseR (5-"TCCACTTCGTCTGAGATACTG-
GATI-3"). A second-stage PCR was performed using forward
primer ABLKinaseF (5-CGCAACAAGCCCACTGTCT-3')
and reverse primer ABLkinaseR. The entire kinase
domain was sequenced along both DNA strands; the
kinase domain spanned 863 bases (GenBank acces-
sion number M14752)"*. mdr-1 forward primer
(5'-CCCAGCATTGCAATAGCAGG-3'), reverse primer
(5-GTTCAAACTTCTGCTCCTCA-3’) and pB-actin for-
ward primer (5-CTTCAACACCCCAGCCATGTA-3’), and
reverse primer (S"TAGAAGCATTTGCGGTGGACG-3)
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were used in the reactions. All primers were synthesized by
Shanghai ShenGong. B-Actin was co-amplified as an endog-
enous control to standardize the amount of the sample RNA
added to the reaction. Amplified products were separated
by electrophoresis on 1.6% agarose gels and the results were
analyzed using Kodak Digital 3.0 software.

Western blot analysis Cells were collected and washed
with cold PBS. Total cellular proteins were extracted using
M-PER mammalian protein extraction reagent (Pierce
Chemical Co, Rockford, IL) according to the manufacturer’s
protocol. For analyses of cyt C, cells were fractionated as
previously reported® '*). Protein concentrations were deter-
mined by BCA Protein Assay (Pierce Chemical Co). Equal
amounts of protein were subjected to SDS-PAGE (10% poly-
acrylamide gels) and then transferred to a PVDF membrane
(BioRad Laboratories, Hercules, CA). After the protein
transfer, the membrane was blocked with TBST contain-
ing 5% fat-free milk for 2 h and then reacted with primary
antibodies overnight at 4 °C. After being washed with TBST
three times, the membranes were probed with a horseradish
peroxidase-conjugated secondary antibody for 2 h at room
temperature. Immunoreactive proteins were visualized with
ECL plus enhanced chemiluminescence reagents (Pierce
Chemical Co).

Animal studies All animal procedures were approved
by the institution’s Ethics Committee. BABL/C nu/nu mice
(5-7 weeks old) were obtained from the Laboratory Animal
Center of Shanghai Institute for Biology Science. All mice
used in this study were bred and maintained in a specific
pathogen-free environment. For this study, Sx10” KS62-r
cells in 0.2 mL of medium were injected subcutaneously in
the midline dorsal region of nude mice on d 0. At twenty-
four hours post injection, mice were randomly assigned to
two groups (treated group and control group, 6 mice per
group). Berbamine was administered at a dose of 60 mg/
kg (in 0.3 mL) twice a day, at 8 am and 4 pm, for 3 weeks.
The mice in the control group were given equal volumes of
isotonic saline. The experiment was repeated two times.
Tumor volumes were measured with calipers every five days.
Mice were euthanized on d 30 and peripheral blood, tumors,
livers, and spleens were harvested from each mouse.

Histopathology Murine tissues were fixed for at least
72 hin 10% neutral buffered formalin (Sigma), dehydrated in
alcohol, cleared in xylene, and infiltrated with paraffin. Four-
micrometer-thick tissue sections from paraffin-embedded
tissue blocks were placed on charged slides, deparaffinized
in xylene, rehydrated through graded alcohol solutions, and
stained with hematoxylin/eosin.

Statistical analysis Unless otherwise indicated, statisti-

cal analysis of raw data was performed using Student’s ¢ test
implemented in software package SPSS 12.0 for Windows
(Chicago, IL). P values less than 0.05 were considered sta-
tistically significant. Each experiment was repeated at least
three times. All data are expressed as the mean+SD.

Results

Berbamine inhibits K562 cell growth and restores the
sensitivity of K562-r cells to imatinib We investigated the
effects of berbamine on CML cells. Leukemia cells (K562)
were exposed to berbamine at different concentrations for
24 or 48 h. At each concentration, the percentage of viable
K562-r cells at 48 h was lower than at 24 h (Figure 1A). The
ICs, values of berbamine in K562-r cells were 17.1 ymol/L
and 11.1 ymol/L for 24 h and 48 h, respectively. These data
indicated that berbamine inhibited KS62-r cell growth in a
dose- and time-dependent manner. The IC;, of imatinib was
0.29 umol/L against K562-s cells and 2.23 pymol/L against
KS62-r cells for 48 h (Figure 1B). The imatinib resistance
level of KS62-r cells was 7.7 times higher than that of K562-s
cells. To investigate whether berbamine could restore the
sensitivity of K562-r cells to imatinib, we treated KS62-r cells
with a combination of different concentrations of imatinib
and 5.3 pmol/L berbamine (IC,, berbamine to KS62-r at 48
h) for 48 h. The ICy,of imatinib was 0.35 pmol/L (Figure
1B), revealing a 6.3-fold increase in chemo-sensitivity to ima-
tinib in berbamine-treated K562-r cells.

Berbamine-mediated growth inhibition is due to
induction of apoptosis To determine whether berbamine-
mediated growth inhibition is associated with apoptosis,
cells were treated with berbamine at 21.2 pmol/L for 24 h.
Hoechst 33258 staining was used to identify changes in the
cells’ nuclei. Control cells showed homogeneous nuclear
staining. In contrast, cells treated with berbamine exhibited
typical apoptotic bleb phenomena such as irregular staining
of nuclei as a result of chromatin condensation and nuclear
fragmentation (Figure 1C). FCM was performed to inves-
tigate the change of apoptosis rate. The proportion of apop-
totic cells increased from 2.2% to 7.9%, 25.76%, and 35.34%
at 6, 12, and 24 h, respectively, following berbamine treat-
ment (Figure 1D).

To assess whether berbamine interferes with the expres-
sion levels of proteins involved in the control of differen-
tiation, apoptosis and drug resistance, KS62-r cells were
cultured for different periods in the presence of 21.2 pmol/L
berbamine. Sixty micrograms of total cellular proteins was
assayed for levels of Bcl-2 family proteins, cyt C, and poly
ADP-ribose polymerase (PARP), which are involved in
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Figure 1. Apoptotic effects of berbamine on KS62-r cells. (A) Effects of berbamine on K562-r cell growth. Cells were incubated with different
concentrations of berbamine, and the total number of viable cells was determined by MTT assay at 24 h and 48 h after treatment. (B) Effects of
imatinib with or without 5.3 umol/L berbamine on KS62-r cell growth for 48 h. (C) Fluorescence photomicrographs of cells stained with Hoechst
33258 (400x). (Left panel) control; (right panel) KS62-r cells treated with 21.2 pmol/L berbamine for 24 h. (D) Fluorescence-activated sorting
analysis of annexin-V-FITC/PI for quantification of berbamine-induced apoptosis in K562-r cells treated with 21.2 pmol/L berbamine for 0, 6, 12,

or 24 h. Error bars represent SD.

apoptosis of CML. Berbamine treatment decreased the
levels of Bcl-2 and Bcl-x; and increased the levels of cytoplas-
mic cyt C and Bax (Figure 2A), accompanied by cleavage of
PARP at 24 h (Figure 2B, 2C, 2D).

Berbamine down-regulates the expression of mdr-1
mRNA and P-glycoprotein Various mechanisms of resis-
tance to imatinib exist, including BCR-ABL kinase domain
mutations and increased imatinib efflux mediated by the
multidrug resistance P-glycoprotein (P-gp). We used RT-
PCR to amplify the ABL kinase domain of BCR-ABL and
then sequenced the domain to identify mutations involved
in KS62-r cell imatinib resistance. The results demonstrated
that KS62-r cells had no mutations in the ATP-binding
region of BCR-ABL (data not shown). We also tested the
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levels of mdr-1 mRNA and P-gp protein expressed in K562-r
cells. Both mdr-1 mRNA and P-gp protein were highly
expressed in K562-r cells and berbamine treatment signifi-
cantly decreased the levels of mdr-1 mRNA and P-gp protein
(Figure 2E, 2F).

Activity and toxicity of berbamine in vivo To assess
the possible therapeutic activity of berbamine against K562-r
cells in vivo, BALB/c nu/nu mice were treated with berbam-
ine 24 h after subcutaneous implantation of K562-r cells. A
preliminary set of tests established the dose of berbamine
needed to achieve maximal therapeutic effect with tolerated
side effects (data not shown). Based on these findings, we
chose a dose of 60 mg/kg berbamine for experiments with
mice. Due to berbamine pharmacokinetics in vivo, berbam-
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Figure 2. KS62-r cells were exposed to berbamine at 21.2 ymol/L
for different time periods and Bcl-2, Bax, Bcl-x;, PARD, total cyt C,
cytoplasmic cyt C, and P-glycoprotein levels (A, B, C, D, E,) were
determined by Western blot. mdr-1 mRNA levels (F) were determined
by RT-PCR. pB-actin was used as a loading control.

ine was excised after 6 h!'"”). For this reason, 60 mg/kg ber-
bamine was administered twice daily in 0.3 mL, at 8 am and 4
pm, for 3 weeks. Mice in the control group were given equal
volumes of isotonic saline. The dose and schedule were tol-
erated. The tumor incidence within 10 days was 100% in the
control group and 66% (8/12) in the treated group. In addi-
tion, tumor growth was significantly inhibited in the treated
group. The mean volume of the tumors was smaller in the
treated group than in the control group (P<0.05). The mean
tumor weight was lower in the treated group (0.969+0.705
g) compared with the controls (2.47+1.03 g). The tumor
growth inhibitory rate of the treated group was 60.43% rela-
tive to the control group (Figure 3A, 3B, 3D).
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Figure 3. Effect of berbemine on the growth of K562-r cells in vivo.
Berbamine was administered iv at 60 mg/kg body weight in two daily
injections (8:00 and 16:00) 24 h after the subcutaneous injection of
5x107 K562-r cells. Control mice were treated with equivalent volumes
of saline instead of drug. Each experimental group contained six mice.
Tumor volume at d 30, both (A) and (B); (C) liver and spleen HE
staining. Results are presented as average tumor volume (D); error
bars represent 95% confidence intervals and are displayed only when
they exceed 5% of the respective mean.
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The weight of the animals in the treated groups was
similar to that of the controls. White blood cell and platelet
counts were not statistically different between the two groups.
Animals were also subjected to histopathologic analysis. No
abnormal findings were noted in liver and spleen at necropsy
(Figure 3C). The only abnormalities observed in all treated
animals were phlebitis, tachypnea, and cardiopalmus, which
all disappeared after 30 min.

Discussion

In the present study, we found that berbamine was able
to inhibit the growth of KS62-r cells and increase the chemo-
sensitivity of KS62-r cells to imatinib. We also found that the
berbamine-mediated KS562-r growth inhibition was associ-
ated with apoptosis.

Recent studies have shown that overexpression of anti-
apoptosis proteins may induce cancer cell resistance to che-

(8] The most studied apoptosis-related

motherapeutic drugs
proteins are Bcl-2 family proteins, which fall into two groups
that generally either repress apoptosis (Bcl-2 and Bcl-x,)
or promote apoptosis (Bax, Bak, and Bad). These proteins
play key roles in controlling activation of caspases, in part
by regulating the release of cyt C from mitochondria®",
Campose et al analyzed 82 samples of newly diagnosed acute
myeloid leukemia and found that high levels of Bcl-2 protein
expression in acute myeloid leukemia cells were associated
with poor response to chemotherapy and poor survival®.
Increased expression of Bcl-2, Bcl-x;, and P-gp and
decreased expression of the bax gene have been reported for
various drug-resistant cancer cells™), Ibrado et al reported
that high Bcl-2 and Bcl-x; levels in HL-60/Bcl-2 and HL-60/
Bclx cells, which were created by transfection of the cDNA
of Bcl-2 or Bcl-x;, antagonized drug-induced apoptosis®®. In
addition, inappropriate expression of the mdr-1 gene encod-
ing the P-gp has been frequently implicated in the resistance
to different chemotherapeutic drugs. A P-gp-dependent
decline of intracellular imatinib levels was observed in a
model of K562 cells with gradually increasing P-gp expres-
sion. Furthermore, decreased imatinib levels were associated
with retention of the phosphorylation pattern of the BCR-
ABL target Crkl and a loss of effectiveness of imatinib on
cellular proliferation and apoptosis[m. Rumpold et al found
that P-gp-mediated resistance to imatinib and anthracyclines
could be durably reversed by nonviral, transposon-based
knockdown of P-gp in malignant cells to restore imatinib
sensitivity in resistant CML cell lines**.

Because elevated levels of Bcl-2, Bcl-x;, and mdr-1 mRNA

and its protein product P-gp were observed in K562-r cells,
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we were interested to learn whether the berbamine-induced
apoptosis and changes in imatinib resistance of K562-r
cells were also related to altered expression of Bcl-2 family
proteins and the mdr-1 gene. Our results from the present
study suggest that the molecular mechanisms of berbamine
action in leukemia cells are associated with down-regulation
of anti-apoptotic protein Bcl-2 and Bcl-x;, up-regulation
of Bax, promotion of cytosolic accumulation of cyt C, and
induction of proteolytic cleavage of PARP. Our previous
results suggested that the mechanism of berbamine-induced
apoptosis in K562-s cells was associated with activation of
caspase-3"" ¥\, In the present study we found that cleavage
of endogenous PARP was apparent 24 h after berbamine
treatment in K562-r cells. Because PARP is an innate sub-
strate of caspase-3, our new findings are consistent with our
previous conclusion that activation of caspase-3 is one of the
key molecular events leading to berbamine-mediated K562
cell growth inhibition/apoptosis. We also found that both
mdr-1 mRNA and its protein product P-gp were down-reg-
ulated in berbamine-treated K562-r cells. Taken together, it
appears that multiple factors, including Bcl-2 family proteins
and the mdr-1 gene, mediate the berbamine-inhibited prolif-
eration and reversed resistance to apoptosis of K562-r cells.

In the in vivo study, the tumor incidence in the berbam-
ine-treated group was lower than that of the control group.
Furthermore, tumor growth was significantly inhibited when
mice were treated with berbamine. The inhibitory rate of the
treated group was 60.43% compared with the control group.
Mice in the treated group did not exhibit weight loss and
their white blood cell and platelet counts were not different
from that of the control group. No abnormal histopathology
was noted in the liver or spleen at necropsy. These findings
indicate that berbamine has significant antileukemic activity
with little toxicity in an animal model.

In conclusion, the present study provided evidence to
show that berbamine is effective in inhibiting K562-r cell
growth through induction of apoptosis. One of the underly-
ing mechanisms of berbamine action is modulation of Bcl-2
family proteins and the mdr-1 gene. The ability of berbamine
to restore the chemo-sensitivity to imatinib without obvi-
ous side effects makes this natural compound a suitable
candidate to be exploited as an antileukemia agent in CML
patients with drug resistance.
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