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BACKGROUND AND PURPOSE

Epigallocatechin-3-gallate (EGCG) is a component of green tea known to have chemo-preventative effects on several cancers.
However, EGCG has limited clinical application, which necessitates the development of a more effective EGCG prodrug as an
anticancer agent.

EXPERIMENTAL APPROACH
Derivatives of EGCG were evaluated for their stability and anti-tumour activity in human chronic myeloid leukaemia (CML)
K562 and KBM5 cells.

KEY RESULTS

EGCG-mono-palmitate (EGCG-MP) showed most prolonged stability compared with other EGCG derivatives. EGCG-MP
exerted greater cytotoxicity and apoptosis in K562 and KBM5 cells than the other EGCG derivatives. EGCG-MP induced
Src-homology 2 domain-containing tyrosine phosphatase 1 (SHP-1) leading decreased oncogenic protein BCR-ABL and STAT3
phosphorylation in CML cells, compared with treatment with EGCG. Furthermore, EGCG-MP reduced phosphorylation of
STAT3 and survival genes in K562 cells, compared with EGCG. Conversely, depletion of SHP-1 or application of the tyrosine
phosphatase inhibitor pervanadate blocked the ability of EGCG-MP to suppress phosphorylation of BCR-ABL and STAT3, and
the expression of survival genes downstream of STAT3. In addition, EGCG-MP treatment more effectively suppressed tumour
growth in BALB/c athymic nude mice compared with untreated controls or EGCG treatment. Immunohistochemistry revealed
increased caspase 3 and SHP-1 activity and decreased phosphorylation of BCR-ABL in the EGCG-MP-treated group relative to
that in the EGCG-treated group.
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CONCLUSIONS AND IMPLICATIONS

EGCG-MP induced SHP-1-mediated inhibition of BCR-ABL and STAT3 signalling in vitro and in vivo more effectively than
EGCG. This derivative may be a potent chemotherapeutic agent for CML treatment.

Abbreviations

BCR-ABL, breakpoint cluster region-Abelson murine leukaemia viral oncogene homologue 1; CML, chronic myeloid
leukaemia; ECL, enhanced chemiluminescence; EGCG, epigallocatechin-3-gallate; EGCG-ML, epigallocatechin-3-gallate
mono-laurate; EGCG-MO, epigallocatechin-3-gallate mono-octanoate; EGCG-MP, epigallocatechin-3-gallate-mono-
palmitate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PI, propidium iodide; PTP, protein
tyrosine phosphatase; SH2 domain, Src-homology 2 domain; SHP-1, SH2-containing tyrosine phosphatase 1; TFA,

trifluoroacetic acid

Tables of Links

TARGETS

Enzymes

BCR-ABL kinase

Caspase 3

Caspase 8

Caspase 9

Cdk4, cyclin-dependent kinase 4
PARP, poly(ADP-ribose)polymerase

Curcumin

Epigallocatechin-3-gallate
Imatinib

Resveratrol

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Chronic myeloid leukaemia (CML) is a myeloproliferative
disorder defined as the uncontrolled amplification of granu-
locytic cells that do not have the ability to differentiate. The
BCR-ABL translocation, known as the Philadelphia chromo-
some, is a characteristic of CML that results from a specific
chromosomal abnormality (Rangatia and Bonnet, 2006). The
BCR-ABL protein has tyrosine kinase activity and activates
survival genes, such as Mcl-1 and survivin, and cell cycle
regulator genes such as cyclin E, cdk2, cdk4 and p27 via
BCR-ABL/STAT3 activation in CML cells (Aichberger et al.,
2005; Coppo et al., 2006).

The protein tyrosine phosphatases (PTPs), including the
non-receptor PTP, SHP-1 or PTP1C, are key regulators of
cytokine/protein tyrosine Kkinase-induced signalling (Jiao
etal., 1996; Paulson etal., 1996; Tonks and Neel, 1996;
Liedtke et al., 1998). There is growing evidence that SHP-1
negatively regulates BCR-ABL activity, which suppresses CML
in vitro and in vivo (Liedtke et al., 1998; Amin et al., 2007). The
STAT3 pathway is another well-documented SHP-1 regulatory
signal known to be oncogenic in a variety of human cancers
(Gouilleux-Gruart et al., 1996; Chai et al., 1997; Garcia et al.,
1997; Bromberg et al., 1999). Thus, STAT3 activation is an
important factor mediating the pathogenesis of acute
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myeloid leukaemia (Chai et al., 1997) and SHP-1 physically
interacts with JAK3 to inhibit JAK3/STAT3 signalling in ana-
plastic large-cell lymphoma (Han et al., 2006a,b). Thus, tar-
geting STAT3 via SHP-1 is regarded as a promising strategy for
cancer therapy (Lim et al., 2000).

Epigallocatechin-3-gallate (EGCG), a major component
of green tea polyphenols, has antioxidant (Hu et al., 2009),
anti-inflammatory (Peairs efal., 2010), and anti-tumour
(Davenport et al., 2010; Wang et al., 2011; Lee et al., 2012;
Tang et al., 2012) activity in various cancer cells through the
regulation of major cell signalling proteins such as the EGF
receptor (Masuda et al., 2001; Ma et al., 2014) and STAT3.
EGCG interacts directly with the STAT3 SH2 domain (Wang
etal.,, 2013) to stimulate caspase activation (Gupta etal.,
2004). In spite of these clearly beneficial effects in vitro,
EGCG has not been successful in clinical trials because of its
poor membrane permeability, low chemical stability and
rapid metabolism (Mereles and Hunstein, 2011). In addi-
tion, the molecular mechanisms mediating EGCG regula-
tion of BCR-ABL and STAT3 signalling remain to be
elucidated.

In the current study, the anti-tumour mechanisms of
EGCG and some of its derivatives, including; EGCG-mono-
octanoate (EGCG-MO), EGCG-mono-laurate (EGCG-ML) and
EGCG-mono-palmitate (EGCG-MP), were compared in
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human CML K562 and KBMS5 cells as EGCG prodrugs, with
improved efficacy and stability.

Methods

Chemicals

EGCG was purchased from Sigma (St. Louis, MO, USA). The
EGCG derivatives, EGCG-MO, EGCG-ML and EGCG-MP were
prepared by lipase-catalysed trans-esterification according to
a method reported previously (Matsumura etal., 2008).
EGCG and its derivatives were dissolved in DMSO, stored at
—-70°C, and diluted in culture medium for experiments.

Stability measurement of EGCG and EGCG
derivatives using HPLC

EGCG and EGCG fatty acid derivatives were analysed by
reverse-phase HPLC using a JASCO PU-2080 plus pump system
(JASCO, Tokyo, Japan), a JASCO UV-2075 detector, a AS-2055
plus intelligent autosampler, a MX-2080-32 Mixer, a
DG-2080-53 degasser, a GL Science Inertsil WP 300 C-18
column (150 x 4.6 mm; GL Sciences, Rolling Hills Estates, CA,
USA), S um C-18 column. Each compound was dissolved in
DMSO and adjusted to a concentration of 64 mM. These
solutions were serially diluted to 128 nM with 0.2% DMSO
containing DMEM (Sigma-Aldrich Co., St. Louis, MO, USA).
Each sample was incubated at 37°C and the aliquots were
removed over time. HPLC analysis of each compound was
performed using the mixture of solution A [0.01% trifluoro-
acetic acid (TFA) in water] and solution B (0.01% TFA in
acetonitrile). Gradient for the analysis: 0 — 0% B in 3 min,
0 — 40% B in 18 min, 40 — 100% B in 22 min, 100% B for
4 min, 100 - 0% B in 28 min was used at a flow rate of
1.5 mL-min"'. Chromatographic peaks were detected with an
UV detector at a wavelength of 265 nm.

Cell culture

K562 and KBM-5 human CML cells were purchased from the
American Type Culture Collection, and maintained in
RPMI1640 medium supplemented with 10% FBS, 2 uM
L-glutamine and penicillin/streptomycin.

Cytotoxicity assay

Cytotoxicity of EGCG (Sigma), EGCG-MO, EGCG-ML and
EGCG-MP were evaluated using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were
seeded onto 96-well microplates at a density of 2 x 10* per well
and treated with various concentrations of EGCG, EGCG-MO,
EGCG-ML and EGCG-MP (0, §, 10, 20 or 40 uM) for 24 h. The
cells were incubated with MTT solution (1 mg-mL™) for 2 h
and MTT lysis buffer (20% SDS and 50% dimethylformamide)
overnight. OD was measured using a microplate reader
(Molecular Devices Co., Sunnyvale, CA, USA) at 570 nm. Cell
viability was calculated as a percentage of viable cells in EGCG
and its derivatives-treated group versus untreated control
using the following equation: cell viability(%) = [OD(drug) —
OD(blank)]/[OD(control) — OD(blank)] x 100.

TUNEL assay

TUNEL assay was performed using the Dead End™ fluoromet-
ric TUNEL assay kit (Promega, Madison, WI, USA) according
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to the manufacturer’s instructions. K562 cells were treated
with 30 uM of EGCG and EGCG-MP for 24 h, plated onto a
poly-l-lysine-coated slide and fixed in 4% methanol-free for-
maldehyde solution for 25 min at 4°C and washed twice with
PBS for 5 min. The cells were then permeabilized in 0.2%
Triton X-100 for 5 min and equilibrated in equilibration
buffer. After removing the equilibration buffer, K562 cells
were treated with a terminal deoxyribonucleotidyltransferase
enzyme buffer containing fluorescein-12-dUTP for 1 h at
37°C in a dark humidified chamber then terminated by
washing with 2x SSC for 15 min at room temperature. The
slides were mounted with mounting medium containing
DAPI (VECTOR, Burlingame, CA, USA) and visualized under
an Axio vision 4.0 fluorescence microscope (Carl Zeiss, Inc.,
Weimar, Germany).

Western blotting

K5632 cells treated with 30 uM EGCG or 7.5, 15.0 and
30.0 uM EGCG-MP for 24 h were lysed in RIPA buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NacCl, 1% NP-40, 0.25% deoxy-
cholic acid-Na, 1 M EDTA, 1 mM Na3;VO,;, 1 mM NaF and
protease inhibitor cocktail). Protein samples were quantified
using the Bio-Rad DC protein assay kit II (Bio-Rad, Hercules,
CA, USA), separated by electrophoresis on 8-15% SDS-PAGE
gels and electrotransferred onto a Hybond enhanced chemi-
luminescence (ECL) transfer membrane (Amersham Pharma-
cia, Piscataway, NJ, USA). After blocking with 1-5% non-fat
skim milk, the membrane was probed with antibodies for
phospho-IkBa, IxBo, cleaved caspase-3, cleaved caspase-9,
PARP, Bcl-x;, Mcl-1;, (Cell Signaling Technology, Danvers, MA,
USA), cyclin D1, cyclin E, CDK2, CDK4, survivin, p21, lamin
B (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), and
B-actin (Sigma-Aldrich Co.) and exposed to HRP-conjugated
secondary anti-mouse or rabbit antibodies (AbD Serotec, Kid-
lington, UK). Protein expression was examined using an ECL
system (Amersham Pharmacia).

Cell cycle analysis

K562 cells were exposed to 7.5, 15.0 and 30.0 uM EGCG-MP
for 24 h and cell cycle analysis was performed by propidium
iodide (PI) staining. Cells were fixed in 70% ethanol, incu-
bated with 0.1% RNase A in PBS at 37°C for 30 min and
resuspended in PBS containing 25 pg-mL™ of PI for 30 min at
room temperature. The stained cells were analysed for DNA
content using a FACSCalibur instrument (Becton Dickinson,
Franklin Lakes, NJ, USA) with the Cell Quest software (Becton
Dickinson).

siRNA transfection assay

K562 cells were transiently transfected with a validated
scrambled control siRNA or specific siRNA for SHP-1 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) using Interferin™
transfection reagent (Polyplus-transfection Inc., New York,
NY). Briefly, the mixture of siRNA and Interferin transfection
reagent was incubated for 10 min, added to each well at an
initial concentration of 40 nM and incubated at 37°C for 24 h
before drug treatment.

K562 xenograft mouse model
All animal care and experimental procedures complied with
the policy of the Animal Care and Use Committee of Kyung
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Hee University and was approved by them [Ref IRB;
KHUASP(SE)-13-032]. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 15 animals were used
in the experiments described here.

Four-week-old male BALB/c athymic nude mice (Daehan
BioLink-DBL, Chungcheongbuk-do, Korea) were housed in
an animal facility at 23 + 2°C and 60 + 10% humidity in a
light-controlled (12 h, 07:00-19:00 h) environment. All
materials were sterilized by UV light before treatment. K563
cells (1 x 10”) were mixed with Matrigel (50%, in 200 pL;
Becton Dickinson, Bedford, MA, USA) and s.c. injected into
the right flank of 6-week-old mice. When the tumours
reached a volume of 50 mm?, the mice were randomized into
three groups (Control, EGCG and EGCG-MP; n = 4 per group)
and injected i.p. with 15 mg-kg™" of EGCG or EGCG-MP dis-
solved in 4% Tween-80 five times per week. The tumour
volumes (length x width? x 0.5236) and tumour weights were
measured and body weights monitored twice per week for 3
weeks.

Immunohistochemistry (IHC)

IHC was performed in tumour sections using the indirect
avidin/biotin-enhanced HRP method. Antigen retrieval was
performed after deparaffinization and dehydration of the
tissue sections by microwave for 10 min in 10 mM citrate
buffer. Tumour sections were cooled on the bench for 30 min,
treated with 3% hydrogen peroxide in methanol for 10 min,
and blocked with 6% horse serum for 30 min at room tem-
perature. Sections were then incubated with the primary anti-
bodies of cleaved caspase3, SHP-1 and p-BCR-ABL at 4°C
overnight in a humidified chamber. Sections were washed in
PBS and incubated with secondary antibody biotinylated goat
anti-rabbit (1:150, Vector Laboratories, Burlingame, CA, USA)
or biotinylated rabbit anti-rat IgG (1:150, Abcam, Boston,
MA, USA) for 40 min in a humidified chamber. After washing
the antibodies were detected with the Vector ABC complex/
HRP kit (Vector Laboratories), and developed with 3,3’-
diaminobenzidine tetrahydrochloride. For semiquantitation,
10 photomicrographs (200x) were obtained with a CCD
camera, avoiding gross necrotic areas.

Data analysis

All data are presented as means + SD. Statistical analysis of the
data was performed using the SigmaPlot version 12 software
(Systat Software, Inc., San Jose, CA, USA). One-way ANOVA was
used for comparisons of multiple groups. Student’s t-test was
used for comparison between two groups. A significant dif-
ference was indicated at P < 0.05 between the control and
EGCG or EGCG derivatives-treated groups. All experiments
were repeated at least three times.

Results

Stability of EGCG, EGCG-MO, EGCG-ML
and EGCG-MP and their cytotoxic effects in
K562 and KBMS5 CML cells

To evaluate the stability of the EGCG derivatives EGCG-MO,
EGCG-ML and EGCG-MP (Figure 1A) in cultured cells, we
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performed HPLC analysis in DMEM culture medium. We
found that 50% of EGCG-MP remained after ~23 min in
culture medium, while 50% of EGCG-ML, EGCG-MO and
EGCG remained after ~8 and 3 min respectively. Likewise,
20% of EGCG-MP remained after 116 min, while 20% of
EGCG-ML, EGCG-MO and EGCG remained after ~73.5, 16.5
and 4.5 min respectively. These results indicated that
EGCG-MP was more stable than the other EGCG derivatives,
including EGCG (Figure 1B). Also, we checked the intracellu-
lar levels of EGCG and EGCG-MP in K562 cells by HPLC
analysis. As shown in Figure 1C and 1D, approximately 1.5%
of EGCG-MP was detected in K562 cells after exposure to
40 uM EGCG-MP, while there was no peak of EGCG in K562
cells, incubated under the same conditions. In contrast, we
observed approximately 0.39% of EGCG only when increas-
ing its concentration up to 200 uM. Next, the cytotoxic effect
of EGCG and its derivatives was evaluated by MTT assay in
K562 and KBMS cells exposed to 0, 10, 20, 40 or 80 uM for
24 h. As shown in Figure 1C, EGCG-ML and EGCG-MP exhib-
ited greater dose-dependent cytotoxicity in K562 and KBMS
cells, compared with EGCG or EGCG-MO (Figure 1E and F),
and EGCG-MP was the most effective EGCG derivative in
K562 cells.

EGCG-MP induced apoptosis more efficiently
than EGCG or the other EGCG derivatives

To confirm whether the cytotoxicity of EGCG derivatives
EGCG-MO, EGCG-ML and EGCG-MP in K562 cells was
induced by apoptosis, we performed cell cycle analysis. As
shown in Figure 2A, EGCG-MP increased the sub-G1 apop-
totic portion to 16.6% of K562 cells, which was greater than
the proportions induced by EGCG (5.5%), EGCG-MO
(3.7%) or EGCG-ML (7%). Generally, apoptosis is induced
via two pathways, a cell death extrinsic pathway and a
mitochondria-dependent intrinsic pathway. Western blot-
ting revealed that EGCG-MP cleaved PARP and activated
caspase-9 and caspase-3 more than the other derivatives at
the same concentrations in K562 cells. The effect was com-
parable to that of a high concentration (100 uM) of EGCG
(Figure 2B). To verify apoptosis induced by EGCG-MP and
EGCG in K562 cells, a TUNEL assay was performed.
EGCG-MP increased the proportion of TUNEL-positive cells
to 22.9%, compared with 7.5% in EGCG-treated cells and
2.6% in control K562 cells (Figure 3B). Consistent with this
finding, cell cycle analysis showed that EGCG-MP at con-
centrations of 7.5, 15 and 30 uM caused 1.8, 3.7 and 14.9%
increases in the sub-G1 apoptotic population, respectively,
compared with the untreated control (0.47%) (Figure 3C).
Moreover, 15uM EGCG-MP induced the cleavage of
apoptosis-related factors, such as caspase-9 and PARP, at
levels comparable to those induced by 30uM EGCG
(Figure 3D).

EGCG-MP suppressed the phosphorylation

of BCR-ABL via induction of SHP-1 in

K562 cells

To verify the molecular target of EGCG-MP, Western blotting
of K562 cells was performed. EGCG-MP markedly
up-regulated SHP-1, dose- and time-dependently, in K562
cells, compared with EGCG (Figure 4A and B). We confirmed
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Figure 1

Cytotoxic effects of EGCG and its derivatives in K562 and KBM5 CML cells. (A) Chemical structures of the EGCG derivatives, EGCG (MW = 458.4),
EGCG-MO (MW = 584.6), EGCG-ML (MW = 640.7) and EGCG-MP (MW = 696.9). (B) Stability of EGCG and its derivatives in culture medium was
determined by HPLC. (C and D) A suspension of K562 cells at 2.0 x 10° cells-mL™" in RPMI1640 medium was centrifuged. Then 1 mL of EGCG
(40 or 200 uM) or EGCG-MP (40 uM) solution were added to the cells and incubated at 37°C with 5% CO, for 30 min and individually dispensed
to two filter-tip syringes [using 0.45 um HLS (HTTP Live Streaming)-DISC 13 filter] and finally lysed with 1% lysis buffer for HPLC analysis. (E) K562
cells and (F) KBM5 cells were treated with 0, 5, 10, 20 and 40 uM of EGCG or EGCG derivatives for 24 h. Cell viability was measured by MTT assay.

Data are presented as means = SD. *P < 0.05; **P < 0.01, significantly diffe

that EGCG-MP decreased phosphorylation of BCR-ABL in a
dose- and time-dependent fashion, more effectively than
EGCG (Figure 4C and D), which is supported by earlier
reports that EGCG inhibited BCR-ABL activity by suppressing

rent from untreated control.

SHP-1 phosphorylation (Davenport et al., 2010). Similarly,
EGCG-MP suppressed the expression of BCR-ABL and also
attenuated the phosphorylation of SHP-1 in KBMS cells
(Figure 4E).
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Figure 1

Continued

Inhibition of SHP-1 by a specific siRNA and
pervanadate reversed the EGCG-MP-mediated
decrease in BCR-ABL phosphorylation in
K562 cells

To comfirm that decreased phosphorylation of BCR-ABL and
STAT3 by EGCG-MP was mediated specifically by SHP-1, a
siRNA against SHP-1 or the tyrosine phosphatase inhibitor
pervanadate were added to EGCG-MP-treated K562 cells. As
shown in Figure SA and 5C, silencing SHP-1 or treatment
with pervanadate blocked the suppression of phosphoryla-
tion of BCR-ABL and STAT3 by EGCG-MP in K562 cells.
Similarly, the suppression of STAT3 downstream molecules
such as Cdk4 and survivin by EGCG-MP was rescued by
pervanadate treatment in K562 cells (Figure SD). In contrast,
EGCG at 30 uM weakly affected the expression of Cdk4,
p-STAT3 and p-BCR-ABL in K562 cells (data not shown). Simi-
larly, silencing of SHP-1 using siRNA transfection method
suppressed the cytotoxicity of EGCG-MP in K562 cells, as
measured by MTT assay (Figure 5B). Also, we confirmed that
pervanadate or EGCG treatment did not affect the phospho-
rylation of BCR-ABL and STAT3 in K562 cells (Figure SE).

EGCG-MP suppressed the growth of tumour
in athymic nude mice

To confirm the in vitro anti-tumour activity of EGCG and
EGCG-MP, an animal study was performed in BALB/c
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Concentration (pM)

athymic nude mice. EGCG-MP effectively suppressed the
volumes (Figure 6A), size (Figure 6B) and weights (Figure 6C)
of K562 tumours implanted in BALB/c athymic nude mice,
compared with the untreated control and EGCG, without
affecting body weight loss (Figure 6D).

EGCG-MP increased the expression of
caspase 3 and SHP-1 and decreased the
phosphorylation of BCR-ABL in K562

tumour tissues

To confirm that EGCG-MP induced apoptosis and SHP-1, as
well as suppressing phosphorylation of BCR-ABL (Figures 3D
and 4), we performed IHC in EGCG- or EGCG-MP-treated
tumour tissues. Induction of SHP-1 in the EGCG-MP treated
group was detected at levels which were three- and eightfold
higher than in the EGCG and control group respectively
(Figure 7A and B). In addition, EGCG-MP induced five- and
10-fold decreases in BCR-ABL phosphorylation compared
with the EGCG and control groups respectively (Figure 7A
and B). Furthermore, expression of the apoptotic biomarker
caspase 3 was increased in the EGCG-MP-treated group, com-
pared with the untreated group. These data indicate that
EGCG-MP induced SHP-1, leading to a decrease in p-BCR-ABL
expression and activation of apoptosis in CML tumours
in vivo.
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Effect of EGCG and its derivatives on the sub-G1 population and apoptotic protein expression in K562 cells. (A) Effect of EGCG and its derivatives
on the apoptotic sub-G1 population of K562 cells. Cells were treated with EGCG and its derivatives at 30 uM for 24 h, stained with Pl and the
cell cycle analysed by flow cytometry. Data are presented as means + SD. **P < 0.01, significantly different from untreated controls. (B) Effects of
EGCG and its derivatives on caspase 9/3 and PARP in K562 cells. K562 cells were treated with EGCG (30 and 100 uM), EGCG-MO, EGCG-ML and
EGCG-MP (30 uM) for 24 h. Cell lysates were prepared and analysed by Western blotting for caspase 9, cleaved caspase 3 and PARP.

Discussion

CML is a progressive and often fatal myeloproliferative disor-
der, and treatment with imatinib, a tyrosine kinase inhibitor
specific for BCR-ABL, has been seen as a major breakthrough in
CML therapy (Druker, 2002; Jabbour et al., 2010). Although
most patients respond to first-line imatinib therapy, resistance
(Volpe et al., 2009; Nair et al., 2012), toxicity (Faber et al.,
2006) or intolerance has caused some patients to fail to
respond to the standard dose. Thus, to optimize therapeutic
benefit, physicians choose customized therapy based on each
patient’s historical response, adverse-event tolerance level,
risk factors and the administration of anti-cancer herbal agents
with low toxicity, which are attractive either alone or in
combination with imatinib (Radujkovic et al., 2006; Walz and
Sattler, 2006; Burthem et al., 2007; Murray-Rust and Rzepa,
2011; Agarwal et al., 2012).

Shishodia et al. reported that curcumin (isolated from the
rhizome of the plant Curcuma longa) inhibited proliferation of
primary CML cells and down-regulated STATS mRNA levels
and activity (Shishodia et al., 2007). Lin et al. suggested that
16-hydroxycleroda-3,13-dien-15,16-olide induced apoptosis
via a reduction in polycomb repressive complex-mediated
gene silencing and the reactivation of downstream tumour

suppressor gene expression (Lin et al., 2011). Likewise, Baner-
jee Mustafi et al. claimed that resveratrol inhibited BCR-ABL
and Akt activity, but stimulated ERK 1/2 activity, which
inhibited transcriptional activity of heat shock transcription
factor 1 and Hsp70 production in K562 cells (Banerjee
Mustafi et al., 2010).

Similarly, EGCG from green tea has been shown to exert
potent anti-tumour activity in several types of leukaemia
(Lung et al., 2002; Lee et al., 2004), prostate cancer (Siddiqui
etal., 2011; Lee et al., 2012), cervical cancer (Ahn et al., 2003),
colon cancer (Shimizu et al., 2005), lung cancer (Milligan
et al., 2009; Wang et al., 2011; Liu et al., 2012), breast cancer
(Sen and Chatterjee, 2011) and pancreatic cancer (Tang et al.,
2012). However, clinical application of EGCG has been ham-
pered by its limited solubility and efficacy in patients with
cancer, underlining the need for the development of potent
EGCG derivatives with improved metabolic stability and
greater anti-cancer efficacy.

In our survey of EGCG derivatives, EGCG-MP was more
stable than the other EGCG derivatives, including EGCG
itself, which was supported by earlier evidence that the
maximum plasma concentrations of EGCG were 34.7 £
22.9 ng-mL" in 1.3-1.6 h after oral administration of EGCG
at a dose of 2 mg-kg™' and its elimination half-life was only
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cells.

34 £ 0.3h in human subjects (Lee etal., 2002). Also,
EGCG-MP was the most potent cytotoxic agent in K562 and
KBMS cells, implying that EGCG-MP has potent anti-tumour
activity for CML. Cell cycle analysis in K562 cells showed that
EGCG-MP increased the sub-G1 population, fragmented
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apoptotic bodies, activated caspase 9/3 and cleaved PARP,
indicating that the cytotoxicity of EGCG-MP was due to
induction of apoptosis in these cells. The anti-cancer effects
of EGCG-MP were mediated via induction of SHP-1 and may
reflect the increased stability (Figure 1B) and permeability
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on p-BCR-ABL and SHP-1 in KBM5 cells.

(Tanaka et al., 1998). Even low-dose treatment with 15 uM
EGCG-MP significantly induced SHP-1 compared with 30 uM
EGCG, which had weak effects on K562 cells (Figure 4A),
suggesting EGCG-MP to be a more potent therapeutic agent
for CML.

There is accumulating evidence that STAT3 is one of the
major downstream targets of SHP-1 (Han et al., 2006a) and is
involved in a variety of cellular events, such as apoptosis and
cell survival. In the current study, EGCG-MP suppressed the
phosphorylation of STAT3 in a concentration-dependent
manner and induced the expression of SHP-1 in a
concentration- and time-dependent manner in K562 cells,
implying that the cytotoxic and apoptotic effects of
EGCG-MP were mediated by inhibition of STAT3. In agree-
ment with this, EGCG-MP attenuated the expression of
STAT3-related survival genes such as Bcl-2, Bcl-x;, Mcl-1 and
survivin in K562 cells. A variety of cellular responses are
elicited by cell cycle-related genes (Viallard et al., 2001; Nixon
et al., 2005). Here, EGCG-MP attenuated the expression of
cell cycle-associated genes such as cyclin D1 and cyclin E,

Cdk4 and activated the cyclin D1 inhibitor p21 (Chassot
et al., 2008) in K562 cells, indicating that the regulation of
cell cycle genes is critically involved in EGCG-MP induced
cell death in K562 cells.

It is well documented that BCR-ABL, the first abnormal
oncogene characterized in the Philadelphia chromosome
(Hai etal., 2014), activates STAT3 signalling for CML
(Coppo etal., 2006; Nair etal.,, 2012; Sayed etal., 2014).
Here EGCG-MP significantly suppressed the phosphoryla-
tion of BCR-ABL in a dose- and time-dependent manner
more effectively than EGCG in K562 cells. Silencing of
SHP-1 or treatment with the tyrosine phosphatase inhibitor
pervanadate blocked the ability of EGCG-MP to suppress
phosphorylation of BCR-ABL and STAT3 and the expression
of STAT3 downstream survival genes such as Cdk4 and sur-
vivin in K562 cells. These results demonstrate that
EGCG-MP suppressed phosphorylation of BCR-ABL via
SHP-1 or a tyrosine kinase-mediated pathway, which sup-
ports the induction of SHP-1 following exposure of K562
cells to differentiating agents (Tauchi etal, 1997;
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EGCG-MP treatment. C, untreated control; (-), siRNA control. (B) Effect of siRNA-mediated SHP-1 knockdown on cell viability in EGCG-MP-treated
K562 cells. Cells were transfected with siRNA for 48 h prior to EGCG-MP treatment. Data are presented as means + SD. ***P < 0.001, significantly
different as indicated. (C) Effect of pervanadate on p-BCR-ABL and p-STAT3 in EGCG-MP-treated K562 cells. Cells were pre-treated with
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blotting was performed.

Bruecher-Encke et al., 2001; Hai et al., 2014). However, the
role of SHP-2 in anti-tumour activity of ECCG-MP during
CML treatment needs to be further studied as SHP-2 has
been closely associated with BCR-ABL (Zhu etal., 2005;
Chen et al., 2007; Tossidou et al., 2008).

EGCG-MP suppressed the increase of K562 cell tumour
weight and volume in BALB/c athymic nude mice more effec-
tively than in the untreated control or EGCG-treated group.
Moreover, the IHC of tumour tissues showed that EGCG-MP
was more effective than EGCG alone in stimulating the
expression of cleaved caspase 3 and SHP-1 and inhibiting the

3574 British Journal of Pharmacology (2015) 172 3565-3578

expression of BCR-ABL. EGCG-MP also exhibited more
potent anti-tumour effects than EGCG in terms of cytotoxic-
ity, sub-G1 accumulation, and expression of apoptosis-related
proteins. These results support the in vivo efficacy of
EGCG-MP for CML treatment.

In conclusion, our findings suggested that EGCG-MP
showed greater stability and induced SHP-1-mediated inhibi-
tion of BCR-ABL and STAT3 signalling in vitro and in vivo
more effectively than EGCG (Figure 7C). This derivative
could thus represent a potent chemotherapeutic agent for
CML treatment.
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