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Ursolic acid induces
apoptosis in human
leukaemia cells and exhibits
anti-leukaemic activity in
nude mice through the
PKB pathway
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Ursolic acid (UA) has been extensively used as an anti-leukaemic agent in traditional Chinese medicine. In the present study,
we investigated the ability of UA to induce apoptosis in human leukaemia cells in relation to its effects on caspase activation,
Mcl-1 down-regulation and perturbations in stress-induced signalling pathways such as PKB and JNK.

EXPERIMENTAL APPROACH

Leukaemia cells were treated with UA after which apoptosis, caspase activation, PKB and JNK signalling pathways were

evaluated. The anti-tumour activity of UA was evaluated using xenograft mouse model.

KEY RESULTS

UA induced apoptosis in human leukaemia cells in a dose- and time-dependent manner; this was associated with caspase
activation, down-regulation of Mcl-1 and inactivation of PKB accompanied by activation of JNK. Enforced activation of PKB by
a constitutively active PKB construct prevented UA-mediated JNK activation, Mcl-1 down-regulation, caspase activation and
apoptosis. Conversely, UA lethality was potentiated by the PI3-kinase inhibitor LY294002. Interruption of the JNK pathway by
pharmacological or genetic (e.g. siRNA) attenuated UA-induced apoptosis. Furthermore, UA-mediated inhibition of tumour
growth in vivo was associated with induction of apoptosis, inactivation of PKB as well as activation of JNK.

CONCLUSIONS AND IMPLICATIONS

Collectively, these findings suggest a hierarchical model of UA-induced apoptosis in human leukaemia cells in which UA
induces PKB inactivation, leading to JNK activation and culminating in Mcl-1 down-regulation, caspase activation and
apoptosis. These findings indicate that interruption of PKB/JNK pathways may represent a novel therapeutic strategy in

haematological malignancies.
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Introduction

In recent years, the use of natural products has become
widely accepted as a realistic option for the treatment of
malignant tumours, and novel anti-tumour compounds from
herbal medicines represent attractive alternatives for drug
development. Ursolic acid (UA), an active pentacyclic triter-
pene acid, has been isolated from many medicinal plants,
such as Eriobotrya japonica, Rosmarinus officinalis and
Glechoma hederaceae (Ohigashi et al., 1986; Abe et al., 2002;
Taniguchi et al., 2002). This compound is also the major
biologically active constituent in Hedyotis diffusa, which is
comprehensively used for anti-leukaemic activity in tradi-
tional Chinese medicine. UA has been used in traditional
Asian medicine for centuries as an antibacterial, antifungal,
anti-inflammatory as well as an anti-cancer agent (Ikeda
et al., 2008; Shai et al., 2008). The naturally occurring triter-
pene has recently attracted a great attention as it has been
shown to display a wide range of anti-cancer activities,
including inhibition of cell growth, induction of cell differ-
entiation and apoptosis. It has been reported to inhibit cell
growth and induce apoptosis in various cancer cells by mul-
tiple mechanisms including intracellular Ca* release (Baek
et al., 1997), down-regulations of c-IAPs and Bcl-2 (Choi et al.,
2000; Kassi et al., 2009), activation of pS3 (Manu and Kuttan,
2008), activation of stress-related signalling (Liu and Jiang,
2007) and inactivation of cytoprotective pathways (Li et al.,
2010). Preclinical data have indicated that UA could have
potential as an anti-cancer agent, and it would be meaningful
and challenging to develop this compound to be a novel
anti-tumour drug.

Signalling transduction pathways are believed to be
potential therapeutic targets in several cancers including leu-
kaemia (Wenner, 2010). The PI-3-kinase/PKB (PI3K/PKB)
pathway plays an important role in the development of
various human cancers (Vivanco and Sawyers, 2002). PKB
activation leads to phosphorylation of several downstream
molecules that are involved in cell cycle, glycogen synthesis,
cell death and cell survival. Phosphatase and tensin homo-
logue (PTEN), which acts as a lipid phosphatase for PI at the
3’ end and depletes PIP; (Maehama and Dixon, 1998), is a
negative regulator of the PI3K/PKB cell survival pathway
(Stanbolic et al., 1998). Loss of PTEN activity by mutations
and deletions at high frequency in many primary and meta-
static human cancers leads to constitutive levels of PKB sig-
nalling (Blanco-Aparicio et al., 2007).

JNKs, also known as stress-activated protein kinases, were
originally identified by their ability to phosphorylate the
N-terminal of the transcription factor c-Jun and by their
activation in response to a variety of stresses. JNK are multi-
functional kinases involved in many physiological processes.
The JNK pathway has been shown to play a major role in
apoptosis in many cell death paradigms. For example, the
JNK pathway is required for cancer cell death induced by
many apoptotic stimuli, including DNA damage (Xia et al.,
2009), oxidative stress (Shen and Liu, 2006), u.v. irradiation
(Sun et al., 2004) and TNFa (De Smaele et al., 2001). It has
been noted that the JNK-AP-1 pathway is involved in the
increased expression of pro-apoptotic genes such as TNFa,
Fas-L and Bak (Fan and Chambers, 2001). JNK can both phos-
phorylate and regulate the expression of several members of
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the Bcl-2 protein family, such as BAX (Lei and Davis, 2003),
Bcl-2 antagonist of cell death (BAD and Mcl-1) (Donovan
et al., 2002; Inoshita et al., 2002), as well as 14-3-3 proteins
(Yoshida et al., 2005). Phosphorylation of 14-3-3 proteins by
JNK releases pro-apoptotic proteins, such as BAX and FOXO
transcription factors, from inactive complexes, thereby facili-
tating JNK-mediated apoptosis.

Studies investigating the role of signalling cascades in
UA-related lethality have primarily focused on those related
to oxidative stress and cell signalling pathways. For example
in NTUB1 human bladder cancer cells, UA induces G2/M
cell cycle arrest and apoptosis through induction of reactive
oxygen species (ROS) (Tu etal., 2009). In LNCaP prostate
cancer cells, it has been reported that UA induces apoptosis
in association with activation of JNK-induced Bcl-2 phos-
phorylation and degradation (Zhang et al., 2010a). UA has
also been shown to inhibit NF-xB activation and enhance
the apoptosis induced by the chemotherapeutic agent
Taxol(Li et al., 2010). Furthermore, in prostate cancer cells,
inactivation of PKB has been implicated in UA-induced
apoptosis (Zhang etal., 2010b). However, the detailed
functional role of cell signalling pathways, including PKB
and JNK in UA-induced apoptosis in human leukaemia
cells, has not yet been explored and little is known about
the roles of these pathways in UA-mediated anti-leukaemic
activity in vivo. The purpose of the present study was to
characterize the functional role of PKB and related pathways
in the lethal effects of UA on human leukaemia cells. Fur-
thermore, the effect of UA on tumour growth in vivo was
evaluated in xenograft mouse model. Our results indicate a
hierarchical model of UA-induced lethality in human
leukaemia cells characterized by inactivation of the
cytoprotective PKB pathway, resulting in JNK activation
and culminating in Mcl-1 down-regulation. UA-inhibited
tumour growth in vivo was associated with inactivation of
PKB and activation of JNK. Taken together, the results of the
present study demonstrate that UA could be effective in the
therapy of leukaemia and possibly other haematological
malignancies.

Methods

Cells and reagents
U937, HL-60 and Jurkat cells were provided by the American
Type Culture Collection (ATCC, Manassas, VA) and main-
tained in RPMI 1640 medium containing 10% fetal bovine
serum (FBS). The constitutive active form of PKB (PKB-CA)
and the dominant-negative PKB mutant (PKB-DN) were
kindly provided by Dr Richard Roth (Stanford University,
School of Medicine, Stanford, CA) and were subcloned into
the pcDNA3.1. U937 cells were stably transfected with
PKB-CA and PKB-DN using the Amaxa nucleofector™
(Cologne, Germany) as recommended by the manufacturer.
Stable single cell clones were selected in the presence of
400 pg mL™ geneticin. Thereafter, the expression of PKB from
each cell clone was assessed by Western blot as described
below.

Peripheral blood samples for the in vitro studies were
obtained from 12 patients with newly diagnosed or recurrent



acute myeloid leukaemia (AML) and six patients with acute
lymphoma leukaemia (ALL) after informed consent.
Approval was obtained from the Southwest Hospital (Chong-
qing, China) institutional review board for these studies.
AML and ALL BLASTs were isolated by density gradient cen-
trifugation over Histopaque-1077 (Sigma Diagnostics, St.
Louis, MO) at 400x g for 38 min. Isolated mononuclear cells
were washed and assayed for total number and viability using
trypan blue exclusion. BLASTs were suspended at 8 x 10° mL™*
and incubated in RPMI 1640 medium containing 10% FBS in
24-well plates. Fresh normal bone marrow mononuclear cells
were purchased from Allcells (Emeryvill, CA). After being
washed and counted, cells were suspended at 8 x 10° mL™
before being treated.

UA was purchased from Sigma (St. Louis, MO).
LY294002, SP600125 and Z-VAD-FMK were purchased from
EMD Biosciences (La Jolla, CA). Antibodies against PKB,
phospho-JNK, JNK and B-actin were from Santa Cruz Bio-
technology (Santa Cruz, CA); cleaved caspase-3, cleaved
caspase-7, cleaved caspase-9, phospho-PKB (Ser*”®), Bcl-xL,
PP2A-B and PP2A-C were from Cell Signaling Technology
(Beverly, MA); XIAP, Mcl-1, Bax and Bad were from PharM-
ingen (San Diego, CA); PARP was from Biomol (Plymouth
Meeting, PA); caspase-8 was from Alexis (Carlsbad, CA);
Bcl-2 was from Dako (Carpinteria, CA); Bim was from EMD
Biosciences.

RNA interference and transfection

U937 cells (1.5 x 10° were transfected with 1 pug JNKI1-
annealed dsRNAi oligonucleotide 5-CGUGGGAUUU
AUGGUCUGUGTT-3"/3"-TTGCACCUAAAUACCAGACAC-5
(Orbigen, San Diego, CA) using the Amaxa nucleofector™ as
recommended by the manufacturer. After incubation at 37°C
for 24 h, transfected cells were treated with UA and subjected
to determinations of apoptosis and JNK expression using
Annexin V/PI staining and Western blot respectively.

Detection of apoptosis

The extent of apoptosis in leukaemia cells was evaluated by
flow cytometric analysis using FITC-conjugated Annexin V/
propidium iodide (PI) (BD PharMingen) staining as per the
manufacturer’s instruction as previously described (Gao et al.,
2009). Both early apoptotic (Annexin V-positive, PI-negative)
and late apoptotic (Annexin V-positive and PI-positive) cells
were included in cell death determinations.

Western blot analysis

The total cellular samples were washed twice with ice-cold
PBS and lysed in 1x NuPAGE LDS sample buffer supple-
mented with 50 mM dithiothreitol. The protein concentra-
tion was determined using Coomassie Protein Assay (Pierce,
Rockford, IL); 30 ug protein was separated by SDS-PAGE and
transferred to nitrocellulose membrane. Membranes were
blocked with 5% fat-free dry milk in 1x Tris-buffered saline
(TBS) and incubated with antibodies. Protein bands were
detected by incubating with horseradish peroxidase-
conjugated antibodies (Kirkegaard and Perry Laboratories,
Gaithersburg, MD) and visualized with enhanced chemilumi-
nescence reagent (Perkin Elmer, Boston, MA).

UA-induced apoptosis in human leukaemia cells

In vivo mouse xenogmft assay

NOD/SCID mice (5 weeks old) were purchased from Vital
River Laboratories (VRL, Beijing, China). All animal care
and experimental procedures were conducted according to
protocols approved by the Institutional Animal Care
and Use Committee (IACUC) of the University. U937 cells
(2 x 10° 0.2 mL™"-per mouse) were suspended in sterile PBS
and injected s.c. into the right flank of the mice. Mice were
randomized into two groups with 10 mice per group. Three
days after tumour inoculation, the treatment group received
UA (50 mg-kg™', i.p. for 20 days). The control group received
an equal volume of solvent control. Tumour size and body
weight were measured after treatment at various time inter-
vals throughout the study. At the termination of the experi-
ment, mice were killed 24 h after the last administration of
UA. The tumours were excised and weighed. Tumours were
collected at selected times and fixed in 10% paraformalde-
hyde. Paraffin-embedded tissues were sectioned and pro-
cessed for haematoxylin and eosin (H&E), terminal
deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) and immunohistochemical staining.

TUNEL assay

The apoptotic cells in tissue samples were detected using an
In Situ Cell Death Detection kit (Roche, Mannheim,
Germany) according to the manufacturer’s instructions. After
deparaffinization and permeabilization, the tissue sections
were incubated with proteinase K for 15 min at room tem-
perature. The sections were then incubated with the TUNEL
reaction mixture that contains terminal deoxynucleotidyl
transferase (TdT) and fluorescein-dUTP at 37°C for 1 h. After
being washed three times with PBS, the sections were incu-
bated with the Converter-POD that contains anti-fluorescein
antibody conjugated with horseradish peroxidase (POD) at
room temperature for 30 min. The sections were again
washed three times with PBS before being incubated with
0.05% 3-3’-diaminobenzidine tetrahydrochloride (DAB) and
analysed under a light microscope.

Histological and immunohistochemical
evaluation

At the termination of the experiments, tumour tissues from
representative mice were sectioned, embedded in paraffin
and stained with H&E for histopathological evaluation. For
immunohistochemical analysis, tissue sections of 4 um in
thickness were dewaxed and rehydrated in xylene and graded
alcohols. Antigen retrieval was performed with 0.01 M citrate
buffer at pH 6.0 for 20 min in a 95°C water bath. Slides were
allowed to cool for another 20 min followed by sequential
rinsing in PBS and TBS-T buffer. Endogenous peroxidase
activity was quenched by incubation in TBS-T containing 3%
hydrogen peroxide. Each incubation step was carried out at
room temperature and was followed by three sequential
washes (5 min each) in TBS-T. After being blocked with 10%
goat serum for 1h, sections were incubated with primary
antibodies, washed three times in PBS, incubated with bioti-
nylated secondary antibody for 1 h followed by incubation
with a streptavidin—peroxidase complex for another 1 h. After
three additional washes in PBS, diaminobenzidine working
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UA induces apoptosis in U937 human leukaemia cells in a dose- and time-dependent manner. (A) U937cells were treated without or with various
concentrations of UA as indicated for 6 and 12 h. (B) U937 cells were treated with 20 uM UA for 1, 3, 6, 9, 12 and 24 h. The cells were stained
with Annexin V/ Pl, and apoptosis was determined using flow cytometry as described in Methods. (C) U937cells were treated without or with
various concentrations of UA as indicated for 6 and 12 h. (D) U937 cells were treated without or with 20 uM UA for 1, 2, 4, 6, 9, 12 and 24 h.
After treatment of U937 cells with the indicated UA concentration or the indicated time interval, total cellular extracts were prepared and subjected
to Western blot analysis using antibodies against PARP, cleaved caspase-3 (C-Caspase-3), caspase-8, cleaved caspase-7 (C-Caspase-7) and cleaved
caspase-9 (C-Caspase-9). Each lane was loaded with 30 ng protein. Blots were subsequently stripped and re-probed with antibody against B-actin
to ensure equivalent loading and transfer. Two additional studies yielded equivalent results.

solution was applied. Finally, the slides were counterstained
in haematoxylin.

Statistical analysis

Tumour volumes, body weights and percentage of apoptotic
cells are presented as mean *+ SD. The statistical significance
of the difference between control and UA-treated groups was
evaluated using Student’s f-test. P < 0.05 or P < 0.01 was
considered significant.

Results

UA induces apoptosis in U937 leukaemia
cells in a dose- and time-dependent manner
U937 leukaemia cells were treated with various concentra-
tions of UA for 6 and 12 h, after which apoptosis was assessed
by Annexin V/PI analysis. As shown in Figure 1A, modest
degrees of apoptosis were noted with 10uM UA; this
increased substantially with 15 uM UA and became very
extensive with 20 uM UA. A time course study of cells treated
with 20 uM UA revealed a moderate increase in apoptosis as
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early as 3 h after drug treatment. These events became appar-
ent after 6 and 12 h of drug treatment and reached near-
maximal levels after 24 h of drug treatment (Figure 1B).

Western blot analysis revealed that treatment of U937
cells with 10 uM UA resulted in a slight increase in cleavage/
activation of caspase-3, -7, -8 and -9 as well as PARP degrada-
tion and a marked increase at concentrations =15uM
(Figure 1C). A time course study of cells treated with 20 uM
UA revealed moderate increases in cleavage/activation of
caspase-3, -7, -8 and -9, as well as PARP degradation after 4
and 6 h treatment. These effects were more apparent after 12
and 24 h treatment (Figure 1D).

Treatment of human leukaemia cells with UA
results in down-regulation of Mcl-1

Dose- and time-dependent effects of UA were then examined
in relation to expression of various Bcl-2 family members. A
dose-dependent study demonstrated that treatment of U937
cells with UA for 6 and 12 h at a concentration of 5 or 10 uM
resulted in a slight decrease of Mcl-1 expression. This effect
was more evident at concentrations =15 uM (Figure 2A). A
time course study revealed that treatment of U937 cells with
20 uM UA resulted in a reduction of Mcl-1 expression level
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UA-induced apoptosis in human leukaemia cells
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Effects of UA on apoptosis-related gene expression and various signal transduction pathways. (A) U937 cells were treated with the indicated
concentrations of UA for 6 and 12 h. (B) U937 cells were treated with 20 uM UAfor 1, 2, 4, 6, 9, 12 and 24 h. Total cellular extract were prepared
and subjected to Western blot analysis using antibodies against apoptosis-related proteins including XIAP, Mcl-1, Bcl-2, Bcl-xL, Bax and Bad. U937
cells were treated with UA at the indicated concentrations (C) or for the indicated time intervals (D) as described above. Total cellular extracts were
prepared and subjected to Western blot analysis using antibodies against phospho-PKB (Ser*’?), PKB, phospho-JNK and JNK. U937 cells were
treated with UA at the indicated concentrations (E) or for the indicated time intervals (F) as described above. Total cellular extracts were prepared
and subjected to Western blot analysis using antibodies against PP2A-B and PP2A-C. Each lane was loaded with 30 pg protein. Blots were
subsequently stripped and re-probed with antibody against B-actin to ensure equivalent loading and transfer. Two additional studies yielded

equivalent results.

2 h after drug treatment. This effect was more apparent after
6 h of drug treatment. The complete blockage of Mcl-1 was
noted at 24 h after drug treatment (Figure 2B). In contrast,
exposure to these doses of UA for the various times resulted in
little or no change in the expressions of XIAP, Bcl-2, Bcl-xL,
Bax and Bad.

Treatment of human leukaemia cells with UA
results in a pronounced reduction in levels of

phospho-PKB and a marked activation of JNK
Effects of UA were also determined in relation to changes in
various signal transduction pathways implicated in apoptosis
regulation. Western blot analysis indicated that treatment of
U937 cells with UA resulted in a dose-dependent reduction in
levels of phospho-PKB (Ser*”®) but had no significant effects
on total PKB (Figure 2C). In addition, treatment of cells with
UA caused a dramatic increase of JNK phosphorylation but
had no effect on the total JNK. A time course study showed
that treatment of U937 cells with 20 uM UA caused a marked
decrease in levels of phospho-PKB and a modest increase in

the phosphorylation of JNK as early as 4 h after drug treat-
ment; near-maximal effects were obtained at 12 or 24 h
(Figure 2D). In contrast, UA had little or no effect on the
expression of total or phospho-mTOR, phospho-ERK and
phospho-p38 (data not shown). To delineate the mechanism
by which UA dephosphorylates PKB, we determined the
expressions of phosphatases such as PHLPP and PP2A. The
dose and time course study revealed that UA up-regulated
the expression of PP2A (subunits B and C) (Figure 2E and F),
while the expression of PHLPP did not change (data not
shown). These results suggest that a pronounced inactivation
of PKB and activation of JNK may play important roles in
UA-induced apoptosis in U937 human leukaemia cells.

UA had similar effects on apoptosis in other
human leukaemia cell lines as well as

primary human leukaemia cells

To determine whether the induction of apoptosis induced by
UA was confined to U937 cells, parallel studies were per-
formed with other human leukaemia cell lines, including
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Figure 3

UA induces apoptosis in U937, Jurkat and HL-60 cells and in primary AML and ALL BLASTS. (A) U937, Jurkat and HL-60 cells were treated with 20 uM
UA for 12 h, after which the percentage of apoptotic cells was determined by Annexin V/PI staining and flow cytometry as described in Methods.
The values obtained from Annexin V/PI assays represent the mean = SD for three separate experiments. (B) Total cellular extracts were prepared
and subjected to Western blot analysis using antibodies against PARP, C-Caspase-3, C-Caspase-7, caspase-8 and C-Caspase-9. (C) Total cellular
extracts were also prepared and subjected to Western blot analysis using an antibody against Mcl-1. (D) Total cellular extracts were prepared and
subjected to Western blot analysis using antibodies against phospho-PKB (Ser*3), PKB, phospho-JNK and JNK. BLASTs from 12 patients with AML
(E) and six patients with ALL (F) were isolated as described in Methods. After washing and counting, isolated mononuclear cells were treated
without or with 20 uM UA for 24 h, after which the percentage of apoptotic cells was determined by Annexin V/PI staining and flow cytometry
as described in Methods. (G) Total cellular extracts of BLASTs from two AML patients were prepared and subjected to Western blot analysis using
antibodies against PARP, C-Caspase-3, C-Caspase-7, caspase-8, C-Caspase-9 as well as cell signalling protein including phospho-PKB (Ser*®) and
phospho-JNK (H). (I) Normal bone marrow mononuclear cells were treated without or with 20 uM UA for 24 h, after which the percentage of
apoptotic cells was determined by Annexin V/PI staining and flow cytometry as described in Methods. For apoptosis assay, values represent the
means * SD for 3 replicate determinations. Total cellular extracts were prepared and subjected to Western blot analysis using antibodies against
phospho-PKB (Ser*’?) and phospho-JNK. For Western blot analysis, each lane was loaded with 30 ug of protein; blots were subsequently stripped
and re-probed with antibody against B-actin to ensure equivalent loading. Two additional studies yielded equivalent results.

Jurkat T-lymphoblastic and HL-60 promyelocytic leukaemia
cells. UA exhibited similar apoptotic effects on these cells,
except that on HL-60 cells (Figure 3A). Also, UA exhibited
comparable degrees of caspase-3, -7, -8 and -9 activation and
PARP degradation in Jurkat and HL-60 cells (Figure 3B). Simi-
larly, UA down-regulated the expression of Mcl-1 but had no
effect on the expressions of XIAP, Bcl-2, Bcl-xL, Bax and Bad
in Jurkat and HL-60 cells(data not shown) (Figure 3C). Lastly,

1818 British Journal of Pharmacology (2012) 165 1813-1826

the ability of UA to trigger inactivation of PKB and activation
of JNK was essentially identical in Jurkat and HL-60 cells to
observed in U937 cells (Figure 3D). These results indicate that
the effects of UA are not cell type-specific.

To determine whether effects of UA on apoptosis were
restricted to human leukaemia cell lines, we utilized primary
human leukaemia cells isolated from 12 AML and 6 ALL
patients. Primary human leukaemia cells were treated
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UA-induced lethality was associated with down-regulation of the cytoprotective PKB pathway and reciprocal activation of the stress-related JNK
pathway. (A) U937 cells were pretreated with the caspase inhibitor Z-VAD-FMK (10 uM) for 1 h followed by treatment with 20 uM of UA for 6
and 12 h. Cells were stained with Annexin V/PI. Apoptosis was determined using flow cytometry as described in Methods. The values obtained
from Annexin V assays represent the means + SD for three separate experiments. *Values for cells treated with UA and Z-VAD-FMK were
significantly reduced compared with values obtained for UA alone by Student’s t-test; P < 0.01. (B) U937cells were pretreated with the caspase
inhibitor Z-VAD-FMK (10 uM) for 1 h followed by treatment with 20 uM UA for 6 and 12 h. Total protein extracts were prepared and subjected
to Western blot assay using antibodies against PARP, C-Caspase-3, C-Caspase-7, caspase-8 and C-Caspase-9. Total protein extracts were also
prepared and subjected to Western blot assay using antibodies against Mcl-1 (C) and cell signalling proteins including phospho-PKB (Ser*’?), PKB,
phospho-JNK and JNK (D). For Western blot analysis, each lane was loaded with 30 pg of protein; blots were subsequently stripped and re-probed

with antibody against B-actin to ensure equivalent loading.

without or with 20 uM UA for 24 h, after which apoptosis was
determined by Annexin V/PI analysis. As shown in Figure 3E
and F, treatment of AML and ALL cells with UA resulted in
pronounced increase in apoptosis. Consistent with these
results, treatment of primary leukaemia cells from two AML
patients with 20 uM UA for 24 h caused cleavage/activation
of caspases-9, -8, -7 and -3, as well as PARP degradation
(Figure 3G). These effects were also accompanied by inactiva-
tion of PKB and activation of JNK (Figure 3H). A parallel study
was also performed with normal bone marrow mononuclear
cells. As shown in Figure 31, the UA regimen induced rela-
tively little apoptosis and had no effect on the expression of
phospho-PKB and phospho-JNK in normal bone marrow
mononuclear cells. Together, these findings indicate that UA
selectively kills human leukaemia cell lines and primary leu-
kaemia cells but not normal haematopoietic cells.

UA lethality was associated with the
caspase-independent inactivation of PKB and
activation of JNK

To determine whether UA-induced inactivation of PKB and
activation of JNK were secondary to caspase-mediated degra-

dation, U937 cells were incubated with 20 uM of UA in the
presence or absence of the broad-spectrum caspase inhibitor
Z-VAD-FMK (10 pM). Addition of Z-VAD-FMK significantly
blocked UA-induced apoptosis (Figure 4A), caspase-3, -7, -8
and -9 activation, as well as PARP degradation (Figure 4B),
partially blocked UA-induced down-regulation of Mcl-1
(Figure 4C). In contrast, Z-VAD-FMK failed to prevent PKB
inactivation and JNK activation induced by UA (Figure 4D).
Together, these findings indicate that UA-mediated PKB inac-
tivation and JNK activation represent primary rather than
caspase-dependent effects, suggesting that these effects may
be involved in UA-mediated caspase activation and lethality.

PKB inactivation plays an important
functional role in UA-mediated [NK
activation, Mcl-1 down-regulation, caspase
activation and apoptosis

The preceding findings implied that inactivation of PKB
might play an important role in UA-mediated lethality. To
test this possibility, cells were co-exposed to UA and the PI3K
inhibitor LY294002, and apoptosis was monitored. As shown
in Figure 5A, co-administration of a non-toxic concentration
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of LY294002 (i.e. 20 uM) with a modestly toxic concentration
of UA (10 uM; ~15% for 12 h) resulted in a pronounced
increase in apoptosis (i.e. to ~50%). Western blot analysis
revealed that co-administration of UA and LY294002 resulted
in a pronounced increase in the activation of caspases-3, -7,
-8 and -9, and PARP degradation (Figure 5B), and potentiation
of Mcl-1 down-regulation, but not UA or LY294002 alone
(Figure 5C). In addition, co-administration of UA and
LY294002 resulted in the abolition of PKB expression/
activation and a pronounced increase in JNK activation
(Figure 5D). Together, these findings suggest that inactivation
of PKB plays a critical role in regulating the lethality of UA in
human leukaemia cells.

To further assess the functional significance of PKB inac-
tivation in UA-mediated lethality, U937 cells ectopically
expressing the constitutive active form of PKB and the
dominant-negative PKB were employed. As shown in
Figure 6A, a clone displaying constitutive PKB activation was
markedly less sensitive to UA-induced apoptosis than
pcDNA3.1 vector control cells (P < 0.01). However,
UA-induced apoptosis in PKB dominant-negative (PKB-DN)
cells was similar to that in pcDNA3.1 vector control cells.
Consistent with these findings, UA was considerably less
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effective in triggering activation of caspase-3, -7, -8, -9 and
PARP degradation in PKB constitutively active cells compared
with pcDNA3.1 vector control and PKB-DN cells (Figure 6B).
In addition, enforced activation of PKB effectively blocked
UA-mediated Mcl-1 down-regulation (Figure 6C). Western
blot analysis displayed marked increase in levels of total and
phospho-PKB in cells expressing constitutive active PKB. UA
failed to induce inactivation of PKB in these PKB constitu-
tively active cells (Figure 6D). Interestingly, the ability of UA
to induce JNK activation was essentially abolished in the cells
expressing constitutive active PKB (Figure 6D). These findings
indicate that inactivation of the PKB pathway plays a critical
role in UA-induced apoptosis, and that this event lies
upstream of Mcl-1 down-regulation and JNK activation.

JNK activation plays an important functional
role in UA-induced Mcl-1 down-regulation,
caspase activation and apoptosis

The functional significance of JNK activation in UA lethality
was then investigated using both pharmacological and
genetic approaches. U937 cells were pretreated with JNK
inhibitor SP600125 (10 uM) followed by treatment with
UA (20 uM) for 6 and 12 h, apoptosis was detected using
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Induction of activated PKB markedly protected cells from UA-induced apoptosis. U937 cells were stably transfected with constitutively active forms
of PKB (PKB-CA), dominant-negative PKB mutant (PKB-DN) and an empty vector (pcDNA3.1) as described in Methods. All cells were then treated
with 20 uM of UAfor 12 h. (A) After treatment, apoptosis was determined using Annexin V-FITC assay as described in Methods. **Values for PKB-CA
cells treated with UA were significantly decreased compared with those for pcDNA3.1 cells by Student’s t-test; P < 0.01. (B) Total cellular extracts
were prepared and subjected to Western blot analysis using antibodies against PARP, C-Caspase-3, C-Caspase-7, caspase-8 and C-Caspase-9. Total
cellular extract were also prepared and subjected to Western blot analysis using antibodies against Mcl-1 (C) and cell signalling proteins including
phospho-PKB (Ser*’?), PKB, phospho-JNK and JNK (D). For Western blot assay, each lane was loaded with 30 ug of protein; blots were subsequently
stripped and re-probed with antibody against -actin to ensure equivalent loading. Two additional studies yielded equivalent results.

Annexin V/PI. As shown in Figure 7A, pretreatment with
SP600125 essentially abolished UA-induced lethality.
Co-administration of SP600125 also blocked UA-induced
caspase-3, -7, -8 and -9 activation, and PARP degradation
(Figure 7B). Antagonism of UA-mediated Mcl-1 down-
regulation by SP600125 was also noted (Figure 7C). SP600125
also markedly reduced UA-induced phosphorylation of JNK
(Figure 7D). To further understand the functional significance
of JNK activation in UA-induced apoptosis, a genetic
approach utilizing JNK1 siRNA was employed. As shown in
Figure 7E, transient transfection of U937 cells with JNK1
siRNA reduced the expression of total J]NK1 and phospho-
JNK, and resulted in a significant reduction in UA-mediated
apoptosis. Collectively, these findings indicate that
UA-induced JNK activation plays an important functional
role in UA-related lethality.

UA exhibits significant anti-leukaemic
activity in immunodeficient mice

The ability of UA to kill both leukaemia cell lines and primary
human leukaemia cells in vitro led us to evaluate its anti-
leukaemic activity in vivo. NOD/SCID mice were inoculated

i.p. with U937 cells, after which mice received injections of
vehicle or UA (50 mg-kg™, i.p.) for 20 days starting 3 days
after the injection of U937 human leukaemia cells. Tumour
growth was measured once every 5 days, and tumour volume
(V) was calculated as V = (L x W?) x 0.5, where L is the length,
and W is the width of a tumour. As shown in Figure 8A,
treatment with UA significantly inhibited tumour growth.
The mean volume of tumours in mice treated with UA was
much smaller than that of tumours in the vehicle-control
mice (P < 0.01). There was no significant difference in the
body weights between the UA treatment and vehicle-control
group (Figure 8B), indicating that no severe toxicity was
observed.

To evaluate whether administration of UA results in mor-
phological changes and induction of apoptosis in U937 cells
in vivo, isolated tumour samples were sectioned and stained
with H&E or TUNEL as described in Methods. As shown in
Figure 8C, the sections of U937 xenografts from mice treated
with UA showed that cancer cells were markedly decreased,
with signs of necrosis with infiltration of inflammatory cells
(i.e. phagocytic cells), fibrosis, as well as apoptotic regions,
identified by their amorphous shape and condensed nuclei.
Characteristic features of apoptosis were also observed in the
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Pharmacological inhibition of JNK and transfection of JNK1 siRNA significantly protect cells from UA-induced apoptosis. U937cells were pretreated
with 10 uM of the JNK inhibitor, SP600125 (SP), for 1 h, followed by the addition of 20 uM of UA for 12 h. (A) Cells were stained with Annexin
V/PI, and apoptosis was determined using flow cytometry as described in Methods. The values obtained from Annexin V/PI assays represent the
means * SD for three separate experiments. **Values for cells treated with UA and SP were significantly less than those obtained for cells treated
with UA alone by Student’s t-test; P < 0.01. After treatment, total cellular extracts were prepared and subjected to Western blot analysis using
antibodies against PARP, C-Caspase-3, C-Caspase-7, caspase-8 and C-Caspase-9 (B), Mcl-1 (C), as well as cell signalling proteins including
phospho-JNK and JNK (D). (E) U937 cells were transiently transfected with JNK1 siRNA oligonucleotides or controls and incubated for 24 h at 37°C,
after which cells were treated with 20 pM of UA for 12 h. Total cellular extracts were prepared and subjected to Western blot analysis using
antibodies against phospho-JNK and JNK1. Apoptosis was determined using the Annexin V-FITC assay as described in Methods. **Values for cells
treated with UA after transfection with JNK1 siRNA oligonucleotides were significantly decreased compared to those for control cells treated with

UA by Student’s t-test; P < 0.01.

tumour sections stained with TUNEL. The sections of tumour
from UA-treated mice showed numerous dark brown-
coloured apoptotic cells.

To gain insights into the mechanisms involved in the
increased apoptosis in tumours of UA-treated mice, the
tumours were analysed for the expression of cleaved
caspase-3 and cleaved PARP (C-PARP) using an immunohis-
tochemistry assay. As shown in Figure 8D, the number of
C-PARP-positive cells in tissue sections of xenografts from
mice treated with UA was increased substantially compared
with vehicle-control, with morphological evidence of nuclear
fragmentation showed positive staining for C-PARP. Consis-
tent with these findings, treatment with UA resulted in a
marked increase in the expression of cleaved caspase-3 in
tissue sections of tumours.

The preceding findings imply that down-regulation of
Mcl-1, inactivation of PKB and activation of JNK might play
important roles in UA-mediated lethality in U937 cells in
vitro. To test this possibility, immunohistochemistry analysis
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was performed to evaluate the expression of Mcl-1, phospho-
PKB and phospho-JNK in tissue sections of xenografts. As
expected, tumours from vehicle-treated control mice stained
strongly for Mcl-1 and phospho-PKB (Figure 8D), which were
immunolocalized to the cytoplasm of cancer cells. Treatment
with UA resulted in a marked decrease in the expression of
Mcl-1 and phospho-PKB in tissue sections of tumours. Immu-
nostaining of tumours from mice treated with UA showed
that phospho-JNK was markedly increased.

Overall, these findings demonstrate that UA administra-
tion significantly inhibits tumour growth in xenograft mouse
model. UA-mediated anti-leukaemic activity in vivo is associ-
ated with inactivation of PKB and activation of JNK.

Discussion

In the present study, we demonstrated that UA dramatically
induces apoptosis in diverse human leukaemia cell lines as
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In vivo anti-leukaemic activity of UA in mouse tumour xenografts. Twenty NOD/SCID mice were inoculated with U937 cells (2 x 10 cells-per
mouse, s.c.) and randomly divided into two groups (10 per group) for treatment with UA (50 mg-kg™, i.p., daily, five times per week) or with
vehicle control solvent as described in Methods. (A) Average tumour volume in vehicle control mice and mice treated with 50 mg-kg™' UA. Data
are mean = SE (n=20; 10 mice-per group with tumours implanted on right flank of each mouse). P < 0.01, significantly different compared with
vehicle control by Student’s t-test. (B) Body weight changes of mice during the 20 days of study. Statistical analysis of body weight changes
showed no significant differences between UA treatment and vehicle control groups. (C) Representative photographs of biopsy samples from mice
treated for 20 days with UA (50 mg-kg™) or vehicle control. Original magnification, x400. (D) Expression of C-PARP, C-Caspase-3, Mcl-1,
phospho-JNK and phospho-PKB (Ser*’®) in tumour tissues of xenograft mouse treated with UA and vehicle control. After treatment with UA,
tumour tissues were sectioned and subjected to immunohistochemistry using antibodies against C-PARP, C-Caspase-3, Mcl-1, phospho-PKB
(Ser*”®) and phospho-JNK. The sections were lightly counterstained with haematoxylin and photographed with a Scan Scope.

well as in primary human AML or ALL BLAST cells in a dose-
and time-dependent manner. Additionally, our results indi-
cate molecular mechanism involved in these pro-apoptotic
effects of UA in human leukaemia cells (i.e. by inhibiting
phosphorylation of PKB and expression of Mcl-1 and by
inducing phosphorylation of JNK). In recent studies, UA was
shown to induce apoptosis in many cancer cells such as
prostate (Choi et al., 2000), breast (Kassi et al., 2009), mela-
noma (Manu and Kuttan, 2008), leukaemia cells (Liu and
Jiang, 2007) as well as multiple myeloma (Pathak et al., 2007)
through diverse cell signalling pathways including ROS, PKB,
NF-xB and JNK (Tu et al., 2009, Li et al., 2010; Zhang et al.,
2010a,b). However, these studies did not explore the
functional role of the PKB and JNK pathway in UA-induced
lethality in human leukaemia cells. The present study dem-
onstrates that UA-mediated caspase activation and subse-
quent lethality in human leukaemia cells are associated with
PKB inactivation and JNK activation.

PKB is a serine-threonine kinase intimately involved in
the regulation of cell survival (Kim et al., 2001). It is activated
by recruitment to the cell membrane through the actions of

PI3K, which in turn is regulated negatively by the PTEN
phosphatase (Stanbolic et al., 1998), mutations of which are
among the most commonly encountered in human cancers
(Mao et al., 2004). However, the fact that Jurkat and U937
cells do not express wild-type PTEN (Liu et al., 2000; Shan
et al., 2000), argue against this notion. A more likely possi-
bility is that UA, through a mechanism yet to be elucidated,
blocks the actions of PI3K. PKB represents a major down-
stream target of PI3K (Franke efal., 1997) and has been
linked, through both indirect and direct mechanisms, to a
wide variety of anti-apoptotic functions (Nicholson and
Anderson, 2002), and we found that LY294002, an inhibitor
of PI3K, enhanced the lethality of UA by blocking the acti-
vation of PKB and one or more of its downstream targets (i.e.
Mcl-1). Caspase-dependent down-regulation of PKB is a well-
described phenomenon (Yang and Widmann, 2002). Our
results indicate that UA induces apoptosis by activating both
caspase-8 and -9, along with caspase-3 and -7, raising the
possibility that PKB inactivation might represent a conse-
quence of engagement of the caspase cascade. In the present
study, co-treatment of U937 cells with the pan-caspase inhibi-
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tor Z-VAD-FMK, abolished UA-induced activation of caspases
(i.e. caspase-3, -7, -8 and -9) and apoptosis, but failed to
prevent PKB inactivation, JNK activation, arguing strongly
that factors other than caspase-mediated events are involved
in this phenomenon. In addition, PKB can be dephosphory-
lated and thus inactivated by phosphatases such as PP2A and
PHLPP (Sato et al., 2000 and Gao et al., 2005). The dose- and
time-dependent increase in PP2A-B and PP2A-C levels suggest
that these phosphatases might be involved in UA-induced
dephosphorylation of PKB. Additional mechanistic studies
are required to demonstrate the role of these phosphatases in
UA-induced lethality in leukaemia cells. Others and our
unpublished data have shown that UA induces oxidative
stress in leukaemia cells. Therefore, it is possible that oxida-
tive stress may be responsible for UA-induced dephosphory-
lation of PKB. In fact, in a recent study, Cao etal. (2009)
showed that 4-HPR (N-(-4-hydroxyphenyl) retinamide)-
induced oxidative stress in human leukaemia cells caused a
conformational change in PKB. 4-HPR induced an ROS-
mediated conformational change in PKB via the formation of
an intracellular disulphide bond in PKB thus inhibiting the
formation of the PKB-Hsp90 complex and increasing the
dephosphorylation of PKB by PP2A. The same phenomenon
might be true for UA-induced dephosphorylation of PKB.

A body of evidence suggests that in human leukaemia
cells, UA-induced PKB inactivation plays a critical functional
role in mediating UA lethality. Significantly, enforced activa-
tion of PKB largely reversed the lethal consequences of UA
exposure, including caspase activation, PARP cleavage and
apoptosis. It is of interest that UA exposure resulted in the
down-regulation of Mcl-1, an anti-apoptotic protein that may
play a particularly important role in regulating apoptosis in
malignant haematopoietic cells (Rinkenberger et al., 2000). It
has been reported that the anti-apoptotic gene Mcl-1 is
up-regulated by the PI3K/PKB signalling pathway (Wang
et al., 1999; Kuo et al., 2001), and down-regulation of Mcl-1
by inhibition of the PI3K/PKB pathway is required for cell
death (Araki ef al., 2002). The finding that enforced activa-
tion of PKB largely blocked UA-mediated down-regulation
of Mcl-1 suggests it may significantly contribute to
UA-mediated lethality.

Induction of caspase activation and apoptosis by UA was
also associated with activation of the stress-related JNK
pathway. JNK belongs to the superfamily of MAPKs that are
involved in the regulation of cell proliferation, differentiation
and apoptosis (Dhanasekaran and Reddy, 2008). The critical
role of JNK has been demonstrated in the lethal effects of
diverse cytotoxic stimuli, including ceramide (Verheij et al.,
1996), Fas ligand (Wilson et al., 1996) and u.v. light (Zanke
etal., 1996). The finding that pharmacological and genetic
interruption of the JNK pathway attenuated UA-mediated
lethality indicates that stress pathways play a critical func-
tional role in the induction of apoptosis by this agent. Inter-
estingly, co-administration of UA with the PI3K inhibitor
LY294002, which potentiates inactivation of PKB, enhanced
the JNK activation and apoptosis induced by UA. Furthermore,
enforced activation of PKB not only blocked UA-mediated
caspase activation and apoptosis but also prevented the strik-
ing increase in JNK activation, raising the possibility that one
of the mechanisms by which PKB protects cells from UA
lethality is by opposing JNK activation. This phenomenon
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might be explained by the following lines of evidence: firstly,
ASK-1, the protein that activates JNK, is a target of PKB
inhibitory phosphorylation. Phosphorylation by PKB inhibits
JNK activity, which is mediated by ASK1, providing the direct
link between PKB and JNK. Secondly, the interaction between
PKB and JIP1 inhibits JIP1-mediated potentiation of JNK activ-
ity by decreasing JIP1 binding to specific JNK pathway kinases,
suggesting that PKB interaction with JIP1 acts as a negative
switch for JNK activation (Kim et al., 2002).

Recent studies have shown that UA is strong inducer of
apoptosis in human leukaemia cells in vitro (Liu and Jiang,
2007). It has been shown that UA induces apoptosis through
the JNK activation pathway in human leukaemia K562 cells.
In a recent study, we found that UA induces apoptosis in
various human leukaemia cell lines (i.e. U937, Jurkat and
HL-60) and primary human AML or ALL BLAST cells, and
showed that cell signalling pathways including PKB inactiva-
tion and JNK activation are involved in these events.
However, it is still unclear whether the UA-induced apoptosis
of human leukaemia cells in vivo occurs in a similar to the
response to treatment with this compound in vitro. In the
present study, we showed that UA did stimulated the induc-
tion of apoptosis in vivo, which could be responsible for its
inhibitory effects on tumour growth. In particular, immuno-
histochemistry analysis showed that UA-induced apoptosis in
vivo involved caspase-3 activation and PARP cleavage, sug-
gesting that apoptotic pathways involving caspase-3 and
PARP are the likely major molecular target(s) in the apoptotic
responses to UA treatment. To elucidate the possible mecha-
nisms that trigger the apoptotic signalling, we also deter-
mined the expression levels of phospho-PKB, phospho-JNK
and Mcl-1 in tissue sections using immunohistochemistry
analysis. Consistent with the in vitro data, our results indicate
that suppression of phospho-PKB and Mcl-1, and induction
of phospho-JNK are closely correlated with the reduction of
tumour volume. Because UA selectively kills leukaemia cells
without a significant toxic effect on normal peripheral blood
mononuclear cells, UA could be effective in the therapy of
leukaemia and possibly other haematological malignancies.

In summary, the present study indicates that UA induces
apoptosis, caspase activation and PARP cleavage in both
human leukaemia cells and mouse tumour xenografts via
inactivation of PKB, activation of JNK and down-regulation
of Mcl-1. Collectively, these observations suggest a hierarchy
of events in UA-induced lethality in which PKB inactivation
represents the primary insult, leading in turn to JNK activa-
tion, resulting in Mcl-1 down-regulation and culminating in
caspase activation and apoptosis. Further efforts to under-
stand the mechanism(s) by which UA induces apoptosis in
human leukaemia cells and tumour xenografts could provide
a more rational basis for attempts to incorporate such agents
into anti-leukaemic regimens. Accordingly, such investiga-
tions are currently underway in our laboratory.
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