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Abstract
The first tyrosine kinase inhibitor (TKI) imatinib mesylate (imatinib) targets the kinase domain of BCR-ABL and induces apoptosis in

newly diagnosed chronic myeloid leukaemia (CML). However, resistant and relapse are common problems in imatinib-treated

patients. Although second-generation TKI such as AMN107 appears to improve the treatment of CML, TKI resistance and relapse

are also frequently occurred in the patients. To test whether arsenic trioxide (ATO) could potentiate the efficacy of AMN107 in

imatinib-resistant cells, we conducted a series of assays in TKI-resistant K562-r cells treated with AMN107 and ATO. Based on a

time-course cDNA microarray analysis, we found many genes typically involved in the endoplasmic reticulum (ER) stress signalling

were significantly up-regulated, implicating the occurrence of ER stress-mediated apoptosis in K562-r cells treated with the

combination of ATO and AMN107. Such implication was also supported by the data showing the activation of members in the

JNK pathway, which are known to be characteristic markers bridging ER-stress and apoptosis. Partial knock-down of the JNK

activities alleviated the effects of apoptosis (p< 0.05) triggered by combining AMN107 with ATO. In conclusion, this study for the

first time demonstrates a synergistic effect of AMN107 with ATO, allowing insights into the possible mechanisms underlying

imatinib-induced resistance in CML. Our data also suggest that combination of AMN107 with ATO may represent a new strategy

for the treatment of imatinib-resistant CML patients.
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Introduction

Chronic myeloid leukaemia (CML) is a myeloproliferative

disorder associated with a characteristic chromosomal

translocation t(9;22) encoding the BCR-ABL fusion protein.

This oncoprotein is the critical pathophysiological factor in

the genesis and evolution of CML, and its existence is neces-

sary and sufficient for the initiation and propagation of

CML.1,2 Imatinib mesylate (STI571, Gleevec) is the first tyro-

sine kinase inhibitor (TKI) targeting the kinase domain of

BCR-ABL and effective for newly diagnosed chronic phase

(CP)-CML.3 The clinical application of imatinib has revolu-

tionized the therapy of CML and has become the first-line

treatment for the patients, yielding remarkable results with

83% of the event-free survival at six years and 93% of the

rate of freedom from progression to accelerated phase (AP)/

blast crisis (BC).4–6 However, over one-third of the patients

either fail to respond to imatinib and progress into blast

phase/lack of tolerance.7,8 Because the resistance to imati-

nib appeared at an unprecedented rate, a complete under-

standing of the pathways tied up with these escape

mechanisms is required imminently.
Significant progresses have been made over the last

decade in revealing the molecular mechanisms of imatinib
resistance. The occurrence of resistance is BCR-ABL
dependent or independent. On the one hand, BCR-ABL
gene mutation or amplification can cause clinical resistance
to imatinib,9 in which many mutations are characterized
through sequencing, including the P-loop, C-helix, SH2
domain, substrate-binding site, A-loop and C-terminal
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lobe, and some of the mutations occurred even before the
initiation of TKI-based therapies.10 On the other hand, BCR-
ABL independent mechanisms also play a part. Drug efflux
and influx system, such as P-glycoprotein (Pgp) efflux
pump and uptake transporters, especially the organic
cation transporter (hOCT1), have also been proved as a
potential source of imatinib resistance.11–13 Other signalling
pathways such as the Src family kinases have been impli-
cated as a factor in altering responsiveness to TKIs, as well
as mediating cellular transformation and promoting disease
progression.14–16

To overcome imatinib resistance and to increase respon-
siveness of TKIs, new agents were developed. AMN107
(Tasigna, Nilotinib), while still targeting BCR-ABL, optimiz-
ing the potency and selectivity against BCR–ABL, is more
effective than imatinib not only in patients with wild-type
BCR-ABL but also with mutant forms.17–21 It has been
recently reported that there were fewer progressions to
AP or BC in the AMN107 treatment groups, compared to
the imatinib treatment group. Also, fewer CML-related
deaths have been reported in the AMN107 groups, com-
pared to the imatinib group. Overall, AMN107 shows
better efficacy than imatinib for the treatment of patients
with newly diagnosed CML in chronic phase without or
with BCR-ABL mutations.22 For CML patients acquiring
BCR-ABL independent resistance and patients in blast
phase, however, the effectiveness of AMN107 is still unsat-
isfactory, building an argument whether TKI of BCR-ABL
alone can achieve satisfactory results.19,23,24 Thus, the treat-
ment of imatinib-resistant CML remains to be challenging
and the strategy combining TKI with other anti-cancer
agents is widely considered in CML therapy studies.25,26

Despite the well-known toxicity, arsenic trioxide (ATO)
has been proven of biomedical beneficial, dating back to
traditional Chinese medicine, and is now used worldwide
to treat patients with APL who have undergone relapse
from their primary therapy.27,28 Therapeutic benefits of
ATO include antiproliferation, antiangiogenesis, promotion
of differentiation, and induction of apoptosis in a wide var-
iety of malignancies.29,30 We and others have previously
shown that ATO and arsenic sulphide (As4S4) are effective
in improving CML treatment effects.31–34 ATO exerts its
effect by affecting numerous intracellular functions, such
as production of reactive oxygen species (ROS), modifica-
tion of mitochondrial membrane potential, interfering with
signalling pathways, alteration of gene regulation, and
induction of DNA and protein damage.35–37

Due to the toxic nature of arsenic, ATO has limited clin-
ical application as a single chemotherapeutic agent.
However, it appears to be a promising therapeutic agent
in combination with a variety of chemotherapeutic
agents.38–40 Herein, we investigated the therapeutic efficacy
of AMN107 combined with ATO in the imatinib-resistant
K562-r cells, which neither has BCR–ABL mutants nor over-
expresses BCR–ABL. In this study, experiments were con-
ducted to analyse the genes modulated over the time course
through transcriptome analysis and to molecularly explore
some of the key pathways underlying the combined
therapy.

Materials and methods
Cell lines and reagents

The CML-derived cell line K562 from the American
Type Culture Collection (Manassas, VA) and the imatinib-re-
sistant K562-r41 cell line, kindly provided by Dr. Melo JV,
were cultured in RPMI 1640 (Gibco BRL, Life Technologies,
Paisley, UK) supplemented with 10% v/v foetal bovine
serum (PAA, Linz, Austria), 1% glutamine, and antibiotics
(100 U/mL penicillin and 100mg/mL streptomycin) in a
37�C incubator with a humidified atmosphere containing
5% CO2. Imatinib and AMN107 were kindly provided by
Novartis Pharmacy (Basel, Switzerland). Stock solutions
(10 mM) were prepared in dimethyl sulphoxide (DMSO,
Sigma, St Louis, MO) and stored in aliquots at �20�C.
ATO and Vitamin C were purchased from Sigma (St Louis,
MO) and dissolved in distilled water.

Cell growth and apoptosis assessments

K562-r cells were treated with 8 mM AMN107, 1.5mM ATO,
or the combination of the two for 24, 48 or 72 hrs in culture.
Cell viability was measured by counting the cells, excluding
those stained with 0.2% trypan blue. Exponentially growing
cells were used and all experiments were performed in trip-
licates. MTT assay was used to estimate cell viability and
proliferation.

Apoptosis assays were performed using Annexin
V-FITC apoptosis detection kit (BD Biosciences
PharMingen, San Diego, CA). Early apoptotic cells were
stained positively with Annexin V only and late apoptotic
cells were stained positively for both Annexin V and propi-
dium iodide (PI). Mitochondrial transmembrane potential
(��m) was evaluated using rhodamine 123 (Sigma, St
Louis, MO) plus PI staining. Cells stained positively for
rhodamine 123 were considered losing mitochondrial trans-
membrane potential. All stained cells were followed with
analysis of flow cytometry (FACSC500 flow cytometry;
Becton Dickinson, San Diego, CA).

Gene expression profiling and data preprocessing

For gene expression profiling, time-course samples of K562-
r cells were treated with 8 mM AMN107, 1.5mM ATO, or the
combination of the two, and then used for RNA extraction
and microarray hybridization. Total RNA (30mg) was used
for microarray analysis. Array fabrication, reverse tran-
scriptional labelling, and hybridization were performed as
described previously.42,33 The criteria for identifying the top
significant transcripts were based on Benjamini and
Hochberg-derived False discovery rate (FDR) <0.01. The
expression matrix was subjected to the topology-preserving
feature selection through the self-organizing map with sin-
gular value decomposition (SOM-SVD). The resulting data
were then subjected to SOM-based two-phase gene cluster-
ing. Illustration of the SOM outputs by component plane
presentations (CPPs) was conducted in the Matlab 6.5
environment as described previously.42,43 Gene functional
clustering was based on the online DAVID Bioinformatics
Resources 6.7 (http://david.abcc.ncifcrf.gov) using diverse
external annotated databases including Gene Ontology,44

Xia et al. Endoplasmic reticulum 933
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



and OMIM disorder-gene association information.45 The
transcriptome profiling is available at GEO accession
GSE24946.

Detection of spliced XBP1 mRNA

Total RNA was used to perform reverse transcription–poly-
merase chain reaction, and detected both spliced and
unspliced XBP1 mRNA. Glucose-6-phosphate dehydrogen-
ase (GAPDH) was used as a housekeeping gene control.
Products were separated on 2% agarose gels. Size of PCR
products: unspliced XBP1¼ 473 bp; spliced XBP1¼ 447 bp.
The XBP1 specific primers: sense, 5-AAACAGAG
TAGCAGCTCAGACTGC-3; antisense, 5-TCCTTCTGG
GTAGACCTCTGGGAG-3.

Quantitative real-time reverse transcription–polymer-
ase chain reaction (RT-PCR)

RT-PCR was conducted for 10 randomly selected genes.
Total RNA was isolated from K562-r cells using the
RNeasy Mini kit (Qiagen, Valencia, CA), following the
protocol suggested by the manufacturer. Then, RNA was
reverse-transcribed employing High Capacity RNA-to-
cDNA Kit (Applied Biosystems, CA). The cDNA were
used as templates for real-time PCR performed in the
7900HT Fast Real-Time PCR System using SYBR Green I
(Applied Biosystems, CA). The fold changes in expression
of the different genes were compared with that of untreated
control cells, normalized to the expression of GAPDH
mRNA. All reactions were performed in triplicates.

Western blot analyses

After K562-r cells were treated with 8 mM AMN107, 1.5 mM
ATO, or the combination of the two, cell lysates were pre-
pared as previously described.33 In brief, cells were lysed
with RIPA buffer (1% NP40, 0.5% deoxycholate, 0.1% SDS,
50 mM Tris-HCl (pH 8.0), and 150 mM sodium chloride)
supplemented with complete protease inhibitor cocktail
tablets (Roche Applied Science, Germany). Protein concen-
tration was measured by Micro BCA Protein Assay Kit
(Pierce, IL). Equal amounts of protein were resolved for
Western blot analysis. Primary antibodies were obtained
as follows: p-c-abl, c-abl, p-CrkL, p-stat5, c-Fos, p-c-Jun,
c-Jun, p-JNK, caspase-7, cleaved caspase-3, cleaved cas-
pase-9, PARP, tublin and actin from Cell Signaling
Technology (Beverly, MA), ATF6 from Santa Cruz (CA).
Proteins were visualized using Amersham ECL Plus
Western Blotting Detection Reagents kit (GE Healthcare,
UK) according to the manufacturer’s instructions.

Cell cycle analysis

K562-r cells were treated with 1.5mM ATO, 8mM AMN107,
or the combination of the two for 24 or 48 hrs. Then, cells
were harvested, fixed with ice-cold 75% ethanol overnight,
stained with 10 mg/mL propidium iodide in PBS containing
0.1 mg/mL RNase A (New England Biolabs, Hertfordshire,
UK), and followed with flow cytometry analysis.

Glutathione (GSH) detection assay

The measurement of changes in the GSH level of cell lysates
was determined with the Glutathione Apoptosis Assay Kit
(Merck KGaA, Darmstadt, Germany). In brief, K562-r cells
were treated with 1.5mM ATO, 8mM AMN107, or the com-
bination of the two for 3 or 12 hrs, rinsed three times with
PBS and harvested. According to the manufacturer’s proto-
col, cells were centrifuged at 700 g at 4�C for 5 min, resus-
pended in ice-cold cell lysis buffer and incubated on ice for
10 min. After centrifugation in a microcentrifuge at 14,000 g
for 10 mins, the supernatant was transferred to a clean tube
and the pellet was discarded. Monochlorobimane Reagent
GSTwas added. After incubation at 37�C for 15–30 mins, the
solution was measured using a fluorimeter or fluorescence
plate reader with an excitation wavelength of �380 nm and
an emission wavelength of �460 nm. A negative control
sample was prepared by adding only monochlorobimane
reagent and cell lysis buffer.

Small interfering RNA transfection

Before transfection of siRNA, cells were washed and resus-
pended in fresh culture media without antibiotics. siRNA
(25 nM) was introduced into cells with program T-003 on
the Nucleofector II system (Amaxa, Germany). After trans-
fection, cells were treated with 8mM AMN107, 1.5mM ATO,
and the combination of the two for 24 hrs and 48 hrs. Cell
viability was measured at 24 hr by MTT. The target
sequence for JNK-specific siRNA is 5-
AAAGAAUGUCCUACCUUCUTT-3. Both the control and
JNK-specific siRNAs were obtained from Qiagen (Valencia,
CA). Knockdown of JNK expression was confirmed by both
RT-PCR and western blot.

Statistical analysis

All data are reported as means� SEM, and statistical sig-
nificance was defined as *p< 0.05. One-way ANOVA fol-
lowing Student’s two-tailed t-tests were used to (SAS Inc.,
Chicago, IL) evaluate cell growth, viability and apoptosis.

Results
Potent apoptosis induced by AMN107/ATO in
imatinib-resistant K562-r cells

K562-r cells have neither BCR-ABL mutation nor its over-
expression.41 Figure 1a and b illustrate the growth inhibi-
tory effects of AMN107, ATO and the combination of the
two, under various conditions. Figure 1c demonstrates cell
apoptosis induced under conditions as indicated. Although
the treatment with ATO or AMN107 alone revealed some
effects of growth inhibition, apoptotic effects of these alone
treatments appeared to be limited during the observation
time period. The most significant apoptotic induction was
observed in the cells treated by combining AMN107 with
ATO. The apoptosis rate reached to 56.41% at 72 hr in the
combinatory treatment group, as compared to 12.23% in
ATO and 29.8% in AMN107 alone treatment groups.
Detection of mitochondrial transmembrane potential
(��m) appeared to show similar results (Figure 1d). Loss
of mitochondrial transmembrane potential reached 34.73%
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at 72 hr in the combinatory group, as compared to 10.32% in
ATO and 13.03% in AMN107 alone treatment groups. Taken
together, data shown in Figure 1 demonstrate that ATO sig-
nificantly potentiated the efficacy of AMN107 to induce
apoptosis in imatinib-resistant K562-r cells.

Identification of genes with characteristic expression
patterns

Numerous studies have shown that TKIs such as AMN107
interfere with a multitude of signalling pathways which are
abnormally perturbed by the BCR-ABL oncoprotein.17,46,47

ATO is also an agent with extensive effects on intracellular
activities.39 Therefore, it is assumable that mechanisms
underlying the apoptosis induced by combining ATO
with AMN107 can be far more complex. In an attempt to
gain sights into mechanism underlying the synergistic
induction of apoptosis, as observed in K562-r cells by com-
bining ATO with AMN107, we applied cDNA microarray
analysis, essentially as previously described.33 In brief, the
cells were cultured respectively with the presence of
AMN107 (8 mM), ATO (1.5 mM) and the combination of the
two, and harvested at the time points of 0, 3, 12, 24, 48 hr.
After hybridization and data acquisition, differentially
regulated genes were selected through the EDGE-based
method.48 An expression matrix containing expression
values of 7158 transcripts across 16 samples (four controls
and 12 drug-treated samples) was then constructed. This
matrix was then applied to our feature-selection and
noise-elimination program (SOM-SVD, Figure S1).43 The

resulting feature-only matrix with expression values of
1441 transcripts across the 12 samples was then subjected
to a gene clustering procedure, which revealed nine clusters
based on topological relationships (termed clusters 1–9)
(see Figure S2). CPPs were used to display sample-specific
transcriptome changes to facilitate direct comparisons
among three groups (Figure 2a). Real-time RT-PCR assay
was performed on a number of randomly selected genes,
represented by EGR1, FOXO3 and HSPA5, as an independ-
ent validation of the array data (Figure 2c).

Interestingly, changes in the transcriptome patterns
observed in 8mM AMN107 (Am8) series shared some simi-
larity to the patterns observed in 1.5mM ATO treatment
(A1.5) series, which appeared to somewhat depict the pat-
terns observed in the co-treatment series throughout the
time course (Figure 2a). Then, we compared the number
of regulated genes (based on 2-fold change threshold)
among the three types of treatment series (Table 1). It
appeared that the number of regulated genes in the co-treat-
ment series was much larger than that either in ATO or
AMN107 alone treatment series. Also, the number of up-
regulated genes appeared to be much larger than that of
down-regulated ones, implicating the occurrence of strong
cellular stress. Four gene clusters with the most pronounced
differences were then viewed in the hierarchical structure,
displaying synergetic patterns in the co-treatment series, as
those displayed in SOM-SVD analysis, Gene involved in
these patterns were typically represented by those coding
metabolism related enzymes, endoplasmic reticulum (ER)

Figure 1 Enhanced cytotoxicity by combined treatment with AMN107 and ATO in K562-r cells. Cells were treated with 1.5�M ATO (A1.5), 8�M AMN107 (AM8), or

the combination (AA), and were analysed at different time points. The same symbols were used in the following. (a) The cell survival rate was determined by cell counting

through trypan blue staining; (b) The cell viability was evaluated by MTT assay; (c) The apoptosis rate was determined through Annexin V–specific antibody and

propidium iodide (PI) staining; (d) The loss of mitochondria ��m, was evaluated by rhodamine123 and PI double staining. The data are the means�SE from three

independent experiments
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transport proteins, proteins rich in sulphydryl group and
members in MAPK signalling pathways. Obviously, of the
regulated genes are involved in a broad field of cellular
processes, indicating that massive cellular responses
occurred prior to the final stage of the apoptosis (Figure 2b).

During the time period of 3–12 hr, the number of genes
modulated by AMN107 was relatively small and these regu-
lated genes were largely represented by those involved in
downstream of TK (e.g. GPR44, PLK3, DUSP3) (All men-
tioned genes were indicated in Supplementary Figure S3.).
Up-regulated genes in ATO-treated series were largely
restricted to those encoding proteins of the metallothionein
family, mitochondria respiratory complexes, unfold protein
response (UPR) and those involved in the GSH redox
system (e.g. MT1G, NQO1, TOMM34, HSPA5, GCLM),
strongly suggesting the occurrence of UPR. Genes regulated
in the co-treatment series were largely overlapped with
those regulated in ATO or/and AMN107 series, and some
of them appeared to be enhanced, in terms of their fold
changes (e.g. ITGB3BP, GABRB3, CDKN1A). In the inter-
mediate stage (24 hr), transcriptome changes in the co-treat-
ment series were more dramatic, typically highlighted by
genes encoding ER proteins as well as ER stress markers,

Figure 2 CPP-SOM of microarray data. The time-course transcriptomes (0, 3, 12, 24, 48 hr) of K562-r cells treated with 1.5�M ATO (A1.5), 8�M AMN107 (AM8), or

the combination (AA) were illustrated. (a) CPP-SOM of microarray data output. Each presentation illustrated a sample-specific transcriptome map, in which all the up-

regulated (in red), down-regulated (in blue), and moderately regulated (in yellow and green) genes were well delineated. Colour index stands for log ratio with base 2; (b)

Four major regulatory categories were recognizable in the above and summarized as modulated gene clusters; (c) The fidelity of microarray data was validated by

quantitative RT-PCR of randomly chosen genes, represented by EGR1, FOXO3 and HSPA5. The data are the means�SE from three independent experiments

Table 1 Differentially expressed genes in microarray analysis

Time (h)

Up-regulated

gene numbers

Down-regulated

gene number

A1.5 Am8 AA A1.5 Am8 AA

3 12 20 47 1 6 6

12 61 60 131 8 28 87

24 64 99 203 12 48 138

48 70 89 203 26 87 137

Differentially expressed genes are screened based on a two-fold change

threshold.
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Figure 4 Persistent ER stress involved in initiating apoptosis in K562-r cells. (a) Real-time RT-PCR detected four ER stress markers in K562-r cells at a series of time

points (0, 3, 12, 24, 48 hr). The data are the means�SE from three independent experiments; (b) ER stress-induced alternative splicing of XBP1 mRNA was detected

using RT-PCR and products were separated by electrophoresis on 2% agarose gel. GAPDH was as a housekeeping gene for loading control; (c) Protein level of ATF6

was analysed by Western blotting and tubulin was as the loading control

Figure 3 Glutathione redox system of K562-r cells related to the rescue response of oxidative stress. (a) GSH levels in K562-r cells after the treatments were detected

in early and late stage. Untreated K562-r cells were used as standard control. *, p< 0.05 denotes the statistically significant level of difference between ATO alone

treated group or the combined ATO and AMN107 group at 12 hr with at 3 hr respectively; (b) mRNA level of GCLM in K562-r cells after the treatments were detected at

12 hr. (c) The apoptosis rate was determined through Annexin V-specific antibody and propidium iodide (PI) staining. K562-r cells were treated with 1.5�M ATO, 8�M

AMN107, or the combination for 48 hr and then cells were collected and evaluated. VitCþ, 10 mM vitamin C was added at 2 hr before the treatments. The data are the

means�SE from three independent experiments
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such as HSPA5, EDEM1, ATF6, and DDIT3. Later at 48 h,
transcriptome changes were more focused on the process of
cell death, as highlighted by down-regulation of metabo-
lism, cytoskeleton proteins and respiration complexes (e.g.
NQO1, NGFRAP1, NME1 and PGDS), indicating the mito-
chondrial dysfunction and irreversible ongoing apoptosis.

ATO promoted rescue response of oxidative stress
related to the GSH redox system

Genes encoding oxido-reductases were up-regulated in
ATO alone and the co-treatment series. Also, genes encod-
ing members of the metallothionein family were
up-regulated in these treatment series. Oxido-reductases

Figure 5 ER stress induced apoptosis in K562-r cells via SAPK/JNK signalling cascades. (a) Real-time RT-PCR detected four JNK-pathway members in K562-r cells

at a series of time points (0, 3, 12, 24, 48 hr). The data are the means�SE from three independent experiments; (b) Protein levels of c-Fos, c-Jun, p-c-Jun and the

cleaved caspase-9 fragment were analysed by western blotting and tubulin was as the loading control

938 Experimental Biology and Medicine Volume 238 August 2013
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



are associated with the GSH redox system and the respira-
tory chains, and members of the metallothionein family are
involved in the redox-buffering system. As shown in
Figure 3 and the microarray profile, the metallothionein
family was up-regulated since the early stage of ATO and
co-treatments when apoptosis did not initiated, coupled
with GSH level greatly reduced at 3 hr. Because the metal-
lothionein family transcription increased in the feedback
response to the ATO-causing oxidative stress in K562-r
cells, the GSH level was up again at 12 hr. Glutamate-
cysteine ligase modifier subunit (GCLM) was up-regulated
significantly at 12 hr, closely related to the uprising of GSH
level (Figure 3a and b). It was therefore deducible that mul-
tiple systems for buffering oxidative stress were activated in
ATO alone and the co-treatment series in order to prevent
extensive damage caused by oxidative stress. For example,
glutamate cysteine ligase (GCL) is a rate-limiting enzyme in
GSH biosynthesis and the increase in GCL alone is suffi-
cient to activate GSH biosynthesis.49 On the other hand, the
above data might also explicate why cellular levels of ROS
were not changed either in ATO or AMN107 treatment
series (data available upon request). Together with the
data that vitamin C failed to stop the apoptotic process trig-
gered by ATO or the co-treatment, it is logical to assume
that these treatments triggered cellular oxidative stress, and
promoted the rescue of redox homeostasis in cells by

activating multiple redox-buffering systems. However,
due to the nature of cancer cells, probably with damaged
redox homeostasis, the cells were inevitably under the
apoptosis.

Potent apoptosis accomplished through ER-stress

ER is the first intracellular compartment for posttransla-
tional modifications, such as glycosylation and disulphide
bond formation, depending on the highly oxidizing envir-
onment existing within the ER (GSH:GSSG � 3:1), as com-
pared to the reducing conditions of the cytosol. Unbalanced
GSH redox system can spoil the ER environment, inhibit
protein disulphide bond formation and result in ER stress,
which in turn can cause subsequent cellular responses,
either to recover normal homeostasis or to initiate cell apop-
tosis.50–52 In this setting, however, cell death via ER stress
mediated apoptosis is strongly evident, as highlighted by
up-regulation of ER stress markers, such as GRP78,
GADD153 and EDEM, (Figure 4a),53 and by the early-
stage spliced XBP-1, a transducer of ER-stress, and the
late-stage activated ATF6 (Figures 4b and c).54 Members
of the JNK pathway are thought to bridge ER stress
response and apoptosis.55,56 The up-regulated c-Jun and
its partner c-Fos protein, as well as their mRNA, indicated
that the JNK pathway indeed played a role in mediating
apoptosis in this setting (Figure 5).

Figure 6 Apoptosis initiated by the caspase-dependent pathway but not by cell cycle arrest in K562-r cells with ATO plus AMN107. (a) cell lysates were analysed by

western blot with antibodies against phosphorylated BCR-ABL (p-abl), total c-abl, phosphorylated CrkL (p-CrkL), phosphorylated stat5 (p-stat5). Tubulin was as a

loading control in this and the following western blotting experiments. (b) Caspase effectors and their cleaved fragments were detected by western blot. (c) Alterations in

cell cycle progression were evaluated by flow cytometry analysis. K562-r cells were treated with 1.5�M ATO, 8�M AMN107, or the combination for 24, or 48 hr. Cell

cycle phase distributions are the means�SE from three independent experiments
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Apoptosis initiated by the caspase-dependent pathway
but not by cell cycle arrest in K562-r cells co-treated
with AMN107 and ATO

These were the typical TKI key features such as down-reg-
ulation of phosphorylation of c-abl, CrkL and stat5, mem-
bers of downstream of BCR-ABL that showed in AMN107
and co-treatment series (Figure 6a). Data shown in
Figure 6b indicate the occurrence of caspase-dependent
apoptosis in the co-treatment series. Remarkably, increased
cleavage of caspase-3 and caspase-7 were detected in the
cells. The JNK pathway-bridged apoptosis was confirmed
with small interfering RNA targeting JNK (Figure 7). The
shut-down of JNK abrogated the synergistic induction of
apoptosis in the combination treatment group, which indi-
cated that the synergic effects of the co-treatment were pri-
marily mediated through the JNK signalling pathway.

Previous studies showed that ATO induced G2/M arrest
through activation of p53. Cell cycle-arrest in the G0/G1
phase was also reported in some regulatory T cells treated
with AMN107.57,58 K562-r cells, as the parental K562 cells,
are p53-deficient. In this study, however, ATO failed to
interfere with cell cycle progression, as compared to
untreated control group. Interestingly, 8mM AMN107
appeared to somewhat lead to cycle arrest at the G1 phase
at 24 hr but not at 48 hr. In the co-treatment series, a minor

accumulation of the cells in the G1 phase appeared to be
evident at 24 hr (Figure 6c), which was probably due to the
effect of AMN107, whereas cell arrest was not detectable at
48 hr. Thus, it was deducible that the cytotoxic effect of the
co-treatment with AMN107 and ATO on K562-r cells was
primarily due to cell apoptosis rather than cell arrest.

Discussion

AMN107, a second-generation TKI, has significantly
improved the efficacy of TKI in CML. In particular,
AMN107 is superior to imatinib for the treatment of
chronic-phase CML patients.22 However, recent studies
have raised questions whether TKI alone can completely
eradicate CML cells, particularly with respect to those
CML patients with BCR–ABL independent imatinib-resis-
tance.59 In this study, we showed that ATO could signifi-
cantly potentiate the efficacy of AMN107 in BCR–ABL
independent imatinib-resistant K562-r cells. We identified
that the cytotoxicity synergistically generated by AMN107
with ATO was the induction of cell apoptosis rather than
cell arrest. The transcriptome and molecular data indicated
that the apoptosis was caspase dependent and triggered by
oxidative stress/ER stress. We also confirmed that the JNK
signalling bridged ER stress and the apoptosis. In addition,
ATO may play a dual role in K562-r cells. On one hand, it
triggered oxidative stress, and on the other hand, it stimu-
lated the multiple cellular systems to restore cellular
homeostasis caused by oxidative stress. However, due to
impaired buffer/repairs systems in the co-treatment
group, the apoptosis appeared to be inevitable.

Previously, ATO alone was able to induce pre-apoptotic
events such as cytosolic cytochrome C accumulation and
caspase activation at appropriate concentrations in various
cancer cell lines.60 In imatinib-sensitive K562 cells, ATO also
induced ER stress-mediated pathway of cell apoptosis.33

However, under our experimental conditions, lower con-
centration of ATO at a relatively short treatment interval
(0–72 hr) did not induce significant apoptosis and decrease
of BCR-ABL protein level; only the combination of ATO
with AMN107 was capable of inducing the significant
apoptosis in K562-r cells (Figure 1 and Figure 6a).
Probably, ATO potentiated the efficacy of AMN107 by acti-
vating ER stress and UPR, which eventually led to cell
apoptosis. It was reported that GSH antagonized the apop-
totic effect of ATO, either through conjugating ATO or by
sequestering reactive oxygen induced by ATO.61 In this set-
ting, however, data showed that intracellular levels of GSH
were largely restored in the co-treatment series at 12 hr.
Instead of survival rescue, the cells underwent apoptosis.
A possible explanation for such phenomenon was that the
program of ER stress-mediated apoptosis was already
started at the early stage (i.e. at 3 hr) of the treatment,
although several reports showed the interplay between oxi-
dative stress and ER stress-mediated apoptosis.62,52

Mechanistic link between them remained to be investi-
gated. However, our research model, i.e. K562-r cells co-
treated with AMN107 and ATO, may provide a roadmap
to conduct such investigation effectively and efficiently in
near future.

Figure 7 JNK interference partially improved cell viability of drug-treated

groups in K562-r cells. (a) K562-r cells were transfected with control siRNA or

JNK-specific siRNA. After 72 hrs of culture, JNK mRNA expression was deter-

mined by real-time RT-PCR. The functional protein level was detected at 24 hr

and 48 hr after transfection. After siRNA transfection, JNK mRNA expression was

determined by real-time RT-PCR at 72 hr and the functional protein p-JNK was

detected by western blot at 24 hr and 48 hr (upper panel), *, p< 0.05 denotes the

statistically significant level of difference between siRNA transfection with the

non-target siRNA control (NC). Actin is used as a loading control. (b) The viability

of NC and JNK siRNA-transfected cells treated with 1.5�M ATO (A1.5), 8�M

AMN107 (AM8), or the combination (AA) for 24 hrs was determined by MTT assay.

NC denotes cell viability of non-siRNA-transfected cells as 100%. *, p< 0.05

denotes the statistically significant level of difference between NC with siRNA-

transfected cells treatment group
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In conclusion, we demonstrated that ATO synergistically
potentiated the apoptotic efficacy of the TKI AMN107 in
imatinib-resistant CML cell line K562-r. The results
obtained in this report highlighted the potential of success-
ful combination of oxidative compounds with a TKI as an
effective strategy in treating imatinib-resistant CML.
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