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Abstract:  Objective: The cytotoxic effect of berbamine on chronic myeloid leukemia (CML) cell line KU812 was
evaluated, and the mechanisms of its action were explored. Methods: The effect of berbamine on the KU812 cell
growth was determined by methyl thiazolyl tetrazolium (MTT) assay. Flow cytometry was used to profile cell cycle
alteration upon berbamine treatment. Reverse transcription polymerase chain reaction (RT-PCR) was carried out to
determine the transcripts of transforming growth factor-B (TGF-B) receptors (TBRs), Smad3, c-Myc, cyclin D1,
p21°PY(p21), and p27"*(p27). Changes in the protein levels of total Smad3, phosphorylated Smad3, the downstream
targets of Smad3, and specific apoptosis-related factors were evaluated by Western blotting. Results: Berbamine
inhibited KU812 cell proliferation in a dose- and time-dependent manner, and the half maximal inhibitory concentration
(ICsp) values for treatments of 24, 48, and 72 h were 5.83, 3.43, and 0.75 pg/ml, respectively. Berbamine induced G,
arrest as well as apoptosis in KU812 cells. Transcriptions of Smad3 and p21 were up-regulated, while those of TRRI,
TBRII, c-Myc, cyclin D1 and p27 were not changed significantly. The protein levels of both total Smad3 and
phosphorylated Smad3 were both up-regulated after berbamine treatment, together with decreased c-Myc and cyclin
D1 and increased p21. Meanwhile, the levels of the anti-apoptotic proteins, such as Bcl-2 and Bcl-xL, were decreased,
whereas pro-apoptotic Bax was increased. Conclusions: Berbamine suppresses KU812 cell proliferation through
induction of cell cycle arrest in G; and apoptosis. It activates Smad3 without additional stimulation of TGF-, and alters
the levels of the Smad3 downstream targets, including c-Myc, cyclin D1 and p21. Our findings suggest that berbamine
is a promising drug in the treatment of advanced stage patients with CML.
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1 Introduction

Chronic myeloid leukemia (CML) is a disorder
arising from the transformation of pluripotent hema-
topoietic stem cells. Imatinib, a tyrosine-kinase
inhibitor targeting oncogenic bcr/abl, has become a
first-line option for CML management (Druker et al.,
2006). Resistance to imatinib occurs in many patients
carrying ber/abl mutations (Engelman and Settleman,
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2008). Strategies have been developed to overcome
drug resistance to imatinib, for instance, dose
escalation to achieve individual optimal levels, and
introduction of the new generation bcr/abl kinase
inhibitors Tasigna (nilotinib) or Sprycel (dasatinib)
(Steinberg, 2007; An et al., 2010). However, pro-
longed exposure to these agents inevitably resulted in
chemoresistance and refractory relapse with devel-
opment of toxic side effects, and some patients
eventually progressed with terminal stage of blast
crisis. Therefore, it is necessary to identify novel
therapeutic targets for CML treatment.

Berbamine, a small compound, naturally
occurring in Berberis amurensis, has been shown to
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stimulate normal hematopoiesis and enhance immune
function in cancer patients for decades. We
previously showed that berbamine inhibits the
growths of bcr/abl-positive K562 leukemia cells and
primary CML cells through down-regulation of p210
ber/abl, while little cytotoxicity is observed in normal
blood cells (Xu et al., 2006; Wei et al., 2009b).
Moreover, berbamine is able to reverse the resistance
of K562-r cells to imatinib in vitro and in vivo (Wei et
al., 2009a). It is known that most CML patients have
abnormally high basophil counts in their peripheral
blood or bone marrow, especially in those suffering
blast crises. Therefore, KU812, a human basophilic
leukemia cell line established from the peripheral
blood of a patient in blast crisis of CML (Ozaki et al.,
1989), is a useful model for the study of the blastic
crisis of CML. Here we assess the effect of berbamine
on KU812 CML cell growth and explore its
anti-leukemic mechanisms.

2 Materials and methods
2.1 Leukemia cell culture

Human leukemia cell line KU812 was obtained
from the Cancer Institute of Zhejiang University
(China). KU812 cells were maintained in RPMI-1640
medium containing 10% (v/v) fetal bovine serum
(FBS; Invirogen, USA) at 37 °C and in a humidified
atmosphere of 5% CO..

2.2 Cell proliferation and viability assay

Berbamine (M, 753.80, purity 99%), purchased
from the Fushun Traditional Chinese Medicine Co.
Ltd., was dissolved in phosphate buffered saline (PBS)
at 1 mg/ml as stock solution. KU812 cells were
seeded in 96-well plates and grown for 48 h after
berbamine was added at the indicated concentration
(0-32 pg/ml). Methyl thiazolyl tetrazolium (MTT)
assay was used to measure cell viability.

2.3 Cell cycle analysis and assessment of apoptosis

Briefly, KU812 cells were cultured with
berbamine of 4 ug/ml, and collected at 0, 6, 12, and
24 h after plating, respectively. DNA histogram was
performed as described previously (Liang et al.,
2009). To determine apoptosis, KU812 cells were
collected after treatment with berbamine at 8 ug/ml

for 24 h, and then assayed by the Annexin-V-FLUQOS
staining kit (Immunotech, France) following the
manufacturer’s instruction.

Flow cytometry (FCM) was used to determine
the effect of berbamine on the cell cycle and apoptosis.
Briefly, KU812 cells were treated with 4 pug/ml ber-
bamine, collected at 0, 6, 12, and 24 h, fixed in 70%
cold ethanol overnight, stained with 50 pg/ml
propidium iodide (PI; Sigma, USA) for 30 min at 4 °C,
and then assessed with a FACSCan flow cytometer
(Becton Dickinson). Go-Gy, S, and G,-M indicate the
different phases of the cell cycle. To determine the
apoptosis of cells, KU812 cells were treated with
8 ug/ml berbamine for 24 h and double stained with
annexin V-fluorescein isothiocyanate (FITC) and
Pl using the Annexin-V-FLUOS staining kit (Im-
munotech, France). Apoptosis was then quantified
by FCM.

2.4 RNA extraction and reverse transcriptase-
polymerase chain reaction (RT-PCR)

Total RNAs were extracted from KU812 cells
receiving berbamine (8 pug/ml) treatment for indicated
time by TRIzol reagent (Invitrogen, USA), and 2 pg
of RNA was reverse transcribed. The primers are
listed in Table 1 and B-actin was used as internal
control. The PCR products were separated by
electrophoresis on 1.5% (v/v) agarose gels, stained
with ethidium bromide, and visualized under UV light.

2.5 Western blot analysis

After treatment with 8 ug/ml of berbamine for 0,
6, 12, and 24 h, respectively, KU812 cells were
collected and whole cell lysates were prepared using
mammalian protein extraction reagent (PIERCE,
USA). Western blot was performed as described
previously (Liang et al., 2009) with antibodies against
Smad3, phospho-Smad3, cyclin D1, c-Myc, Bcl-2,
Bax, Bid, p21, p27, p-actin (Santa Cruz, CA), and
Bcl-xL (Cell Signaling, MA).

2.6 Statistical analysis

All experiments were performed at least twice
and representative data are presented. The data are
expressed as meanstandard deviation (SD) of several
independent experiments, and the half maximal in-
hibitory concentration (ICso) was calculated via the
OriginPro75 software.
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Table 1 Primers used for RT-PCR

Primer  Product (bp) Sequence Anneal temperature (°C) Cycle
TBRI 252 Forward: 5-CGTGCTGACATCTATGCAAT-3’ 55 30
Reverse: 5'-AGCTGCTCCATTGGCATAC-3’
TBRRII 466 Forward: 5-GCACGTTCAGAAGTCGGTT-3’ 55 35
Reverse: 5'-AGATATGGCAACTCCCAGTGGT-3’
Smad3 253 Forward: 5-ACCATCCCCAGGTCCCTGGATGGCC-3’ 60 35
. Reverse: 5-AACTCGGCCGGGATCTCTGTGTGGCGT-3’
p21Cirt 238 Forward: 5-GGAAGACCATGTGGACCTGT-3' 55 35
) Reverse: 5-AAGATGTAGAGCGGGCCTTT-3'
p27K'pl 451 Forward: 5-AATAAGGAAGCGACCTGCAA-3' 55 30
Reverse: 5'-CCTCCCTTCCCCAAAGTTTA-3’
c-Myc 338 Forward: 5-TCCAGCTTGTACCTGCAGGATCTGA-3' 60 30
Reverse: 5'-CCTCCAGCAGAAGGTGATCCAGACT-3’
Cyclin D1 726 Forward: 5-CCCTCGGTGTCCTACTTCAAA-3’ 58 30

Reverse: 5-CACCTCCTCCTCCTCCTCTTC-3'

3 Results

3.1 Berbamine induces growth inhibition of
KU812 cells

To determine the in vitro effect of berbamine on
the viability of KU812 cells, both dose-response and
time-response studies were performed. As shown in
Fig. 1, the KU812 cell growth was inhibited by
berbamine in a dose-dependent as well as time-
dependent manner. For example, berbamine at a
concentration of 8 pg/ml inhibited growth by (55.29+
1.75)% in 24 h, (74.2442.21)% in 48 h, and (82.78+
1.54)% in 72 h, respectively. At 32 ug/ml, berbamine
completely suppressed the growth of KU812 cells,
and the 1Csy values were 5.83, 3.43, and 0.75 ug/ml
for 24, 48, and 72 h-treatments, respectively.

3.2 Berbamine arrests cells at the G; phase and
induces apoptosis of KU812 cells

Next we tested whether growth inhibitory effect
conferred by berbamine was due to induction of cell
cycle arrest and/or apoptosis. FCM analysis was used
to measure the percentage of different cell cycle
phases 24 h after 4 ug/ml of berbamine treatment. We
found that cells in G; were markedly increased from
33.61% to 59.40%, while those in the S phase were
decreased from 41.60% to 26.66% (Fig. 2a).

The pro-apoptotic effect of berbamine on
KU812 cells was analyzed by annexin V staining
assay. As shown in Fig. 2b, KU812 cells with annexin
V positive, which indicated apoptotic cells, were
dramatically increased in a time-dependent manner
when the cells were treated with 8 pg/ml berbamine
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Fig. 1 Effect of berbamine on the growth of KU812 cells
The percentage of cell viability was determined via MTT
assay. Data represent mean (£SD) of quadruplicate cultures

for 24 h. The apoptotic cells increased from 5.37% at
12 h to 26.95% at 24 h after berbamine treatment.
Together, these data suggested that berbamine
induces G; cell cycle arrest followed by apoptosis.

3.3 Berbamine mediates activation of Smad3 in
KUB812 cells

To explore the mechanism of its action on
KUB812 cells, we explored whether the transforming
growth factor-p (TGF-B) signaling pathway was
involved in KUB812 cell growth inhibition and
apoptosis induced by berbamine. RT-PCR was
performed to detect mMRNA levels of Smad3, TGF-3
receptor | (TBRI), and TPRII in KU812 cells upon
berbamine treatment for 0, 3, 6, 12, and 24 h,
respectively. As presented in Fig. 3a, the mRNA level
of Smad3 was remarkably increased after 6 h. How-
ever, no significant change on the mRNA level of



Liang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2011 12(7):568-574

Oh 6 h 12 h 24 h
(@ 100
Gy/G1=33.61% Go/G,=39.81% Gy/G,=50.05% Go/G,=59.40%
80 ] S=41.60% S=42.37% E S=37.00% 1 S=26.66%
G,/M=24.79% G,/M=17.82% G,/M=12.95% G,/M=13.94%
o 60 E ]
c
3
O 40 ] ]
20 1 1 ]

04
0 200 400 600 8001000 O

200 400 600 800 1000

0 200 400 600 8001000 O 200 400 600 800 1000

DNA
(b) - oh 6h 12h 24
10° -
T 10°
10" 4 1.02% 2.00% 5.37% o " 26.95%
10° ; d ; i e . S s ; E— .
10° 10* 10° 10° 10* 10° 10* 10* 10° 10* 10° 10 10° 10° 10* 10° 10* 10° 10° 10*

AV-FITC

Fig. 2 Cell cycle arrest and apoptotic effects of berbamine on KU812 cells
(a) Effect of berbamine on cell cycle arrest. KU812 cells were untreated or treated with 4 ng/ml berbamine for 0, 6, 12, or
24 h, after which the cells were stained with Pl and analyzed for DNA content by FCM. (b) Apoptosis induction of ber-
bamine. KU812 cells were untreated or treated with 8 pg/ml berbamine for 0, 6, 12, or 24 h. Percentages of apoptotic cells

were determined by staining with annexin V and Pl on FCM

TBRI was observed in KU812 cells after berbamine
treatment. We also found TPRIl mRNA was barely
detectable in KU812 cells with/without berbamine
treatment (data not shown). To further determine
whether Smad3 protein was also altered by berbamine
treatment, we examined the total Smad3 and phospho-
Smad3 protein levels by Western blot. Total Smad3
protein remained at low levels in KU812 cells re-
ceiving 8 pg/ml of berbamine for 0, 6, and 12 h, and
was distinctly increased after berbamine treatment for
24 h. Phospho-Smad3 protein was absent in untreated
KU812 cells, and present after berbamine treatment
for 12 h (Fig. 3b). These data indicate that berbamine
induces KUB812 cell apoptosis through Smad3
activation characterized by an increase in both mMRNA
and phosphoprotein levels.

3.4 Berbamine affects the expression of Smad3-
regulated genes

The cell cycle regulators such as c-Myc, cyclin
D1, p21 and p27 have been known to mediate
Smad3-induced growth arrest (Claassen and Hann,
2000; Pardali et al., 2005). Thus, we performed

semi-quantitative RT-PCR to detect mRNA levels of
these genes in KU812 cells. As showed in Fig. 3c,
after treatment with 8 pug/ml berbamine for 12 h, p21
mRNA was dramatically increased, whereas c-Myc,
p27 and cyclin D1 mRNAs were not changed after
24-h berbamine treatment. We further evaluated the
relevant protein levels by Western blot. Both ¢c-Myc
and cyclin D1 were down-regulated after berbamine
treatment, and p21 protein was up-regulated and
reached the highest level at 12 h, while the level of
p27 protein showed no significant change (Fig. 3d).

3.5 Berbamine alters apoptosis-related proteins

Having demonstrated that berbamine induces
KUB812 cell apoptosis, we next evaluated its effect on
protein expressions of several apoptosis mediators.
Many reports have suggested that the molecular
mechanism of TGF-p-Smad3-mediated apoptosis
involves anti- and pro-apoptotic proteins including
Bcl-2 family members. As showed in Fig. 4, the
anti-apoptotic proteins Bcl-2, Bcl-xL and Bid were
down-regulated, while pro-apoptotic Bax was
up-regulated by berbamine treatment.
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Fig. 3 Expressions of Smad3 and Smad3-regulated
genes in KU812 cells after treatment with 8 pg/ml
berbamine

(a) Effect of berbamine on transcriptions of Smad3 and
TBRI genes in KU812 cells; (b) Effect of berbamine on
proteins of total Smad3 and phosphor-Smad3; (c) Effect of
berbamine on transcriptions of p21, p27, c-Myc, and cyclin
D1 genes; (d) Effect of berbamine on proteins of p21, p27,
c-Myc, and cyclin D1

0h 6h 12h 24 h

o= @S Bax

o an o Bel-xL

_-as = o
D .

Fig. 4 Western blot analysis of altered expressions of
apoptosis-related Bcl-2 family proteins of KU812 cells
after berbamine treatment

4 Discussion

TGF-B-Smad signaling pathway plays a crucial
role in balancing between proliferation and
differentiation activities in hematopoietic cells, and is
likely the most potent endogenous negative regulator
of hematopoiesis (Ruscetti et al., 2005). TGF-p ligand
binds to its cell-surface serine/threonine kinase
receptor TBRII, which leads to transphosphorylation
of TBRI by TBRIl. The activated heteromeric
complex of TBRI and TBRII recruits and phosphory-
lates downstream Smad proteins generating an anti-
proliferative signal (Elliott and Blobe, 2005; Chaud-
hury and Howe, 2009). TGF- signaling is dependent
on the presence of TRRI/TPRII heterodimeric
receptor complex and loss of either receptor will lead
to cell resistance to TGF-B-mediated growth
inhibition (Zhu and Burgess, 2001). Many studies
showed that the expression of TPRII is significantly
low during each phase of CML comparing with the
normal hematopoietic cells, which play an important
role in the maintenance of the disease state (Rooke et
al., 1999; Kim and Letterio, 2003). Our results show
that the transcription of TBRII was hardly detected in
KU812 cells and the transcription of TBRI showed no
significant changes, while the mRNA level of Smad3
was significantly up-regulated and total Smad3 and
phosphor-Smad3 proteins were both increased after
berbamine treatment. These findings suggest that
KUB812 cells lacked the response to TGF- signaling
due to loss of TPRII, but berbamine could activate
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Smad3 through other signaling pathways.

Smad3, one of the intracellular Smad effectors,
is the principal cytoplasmic intermediate involved in
transmitting TGF-B signal from cell surface to the
nucleus. The effects of Smad3 on hematopoiesis can
be seen in that white blood-cell counts (WBCs) were
significantly higher in Smad3-knockout mice than in
wild-type mice. The bone marrow of Smad3-null
mice was actively proliferative with granulocytosis
and abnormal in hematopoietic differentiation (Zhang
et al., 2003). Wolfraim et al. (2004) reported that
Smad3 was detected at low level or barely detectable
in some leukemia cells obtained from children pa-
tients without inactivating mutations in the Smad3
gene (MADH3), and they further showed that Smad3
worked in tandem with a loss of the cyclin-dependent
kinase (CDK) inhibitor p27 to promote T-cell leu-
kemogenesis by using a Smad3-deficient mouse
model. During the blast crisis of CML, some proteins,
such as EVI-1 and AML1-EVI-1, which are unex-
pressed in normal hematopoietic cells, block Smad3
DNA binding and recruit corepressors to abolish
TGF-B signaling (Mitani, 2004). Some have sug-
gested that while ber-abl initiates leukemogenesis of
CML, Smad3 plays a critical role during blastic
transformation (Dong and Blobe, 2006).

The inhibitory mechanisms of activated Smad3
include the induction of the CDK inhibitors and sup-
pression of the transcription regulator c-Myc. In early
G, phase, the transcription regulator c-Myc is rapidly
down-regulated by a transcriptional complex of
Smad3/E2F/DP-1 and the corepressor p107, which
acts directly on the c-Myc promoter (Yagi et al.,
2002). In later G; phase, Smad3 can regulate activity
of p21 or p27 to inhibit the progression to S phase
(Kim and Letterio, 2003). In this study, we first found
that Smad3 activity is involved in the ber-
bamine-mediated G; arrest in KU812 cells. Further-
more, our results show that c-Myc, cyclin D1 and p21,
which are clearly involved in Smad3-induced G; cell
cycle arrest, were altered after berbamine treatment.
The levels of c-Myc and cyclin D1 proteins were
decreased, and the level of p21 protein was increased.
Thus, we propose that Smad3 triggers the berbamine-
mediated growth arrest through down-regulations of
protein levels of c-Myc and cyclin D1 and
up-regulations of both protein and mRNA levels of
p21. Further work is needed to clarify the precise

mechanism by which berbamine employs Smad3
protein to suppress cell development.

The mechanisms underlying Smad3-induced
apoptosis in hematopoietic cells remain to be fully
elucidated. Recent studies suggest that such process is
associated with changes in the expressions and lo-
calizations of both anti-apoptotic and pro-apoptotic
members including the Bcl-2 family (Richter and
Duckett, 2000). The Bcl-2 family proteins act as
regulators within the common pathway of apoptosis,
consisting of anti-apoptotic (such as Bcl-2, Bid and
Bcl-xL) and pro-apoptotic members (such as Bax). In
this study, we also observed that the levels of the
anti-apoptotic proteins, such as Bcl-2, Bid and Bcl-xL,
were decreased and the level of pro-apoptotic protein
Bax was increased in KU812 cells after berbamine
treatment. Whether Smad3 directly affects Bcl-2
family in the berbamine-induced apoptosis is unde-
termined, but these results implicate a relationship
between these molecules and Smad3.

In summary, this study found that berbamine
suppressed the proliferation and induced apoptosis of
KU812 leukemic cells by activating Smad3-mediated
signaling pathway. G; arrest and apoptosis of KU812
cells were induced through regulation of the down-
stream targets of Smad3, including c-Myc, cyclin D1
and p21. Further work is needed to clarify which is
the upstream member of Smad3 in berbamine-related
Smad3 activation, and berbamine may be promising
in the development of novel anti-leukemia drugs.
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