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Abstract

Tyrosine kinase inhibitors (TKIs) have significantly improved the prognosis of Philadelphia chromosome-positive acute lymphoblastic leu-
kaemia (Ph+ ALL), one of the most common and aggressive forms of haematological malignancies. However, TKI resistance has remained
an unsolved issue. In this study, we investigate the impact of adding arsenic trioxide (ATO) on the action of Dasatinib, a second-generation
TKI, in Ph+ ALL. We show that ATO cooperates with Dasatinib in both TKI-sensitive and resistant Ph+ ALL cell lines to increase apoptosis
and we unravel the underlying mechanisms. Indeed, combining ATO and Dasatinib leads to severe cell apoptosis by activating the UPR
apoptotic IRE1/JNK/PUMA axis, while neutralizing the UPR ATF4-dependent anti-apoptotic axis, activated by ATO alone. Additionally, ATO
and Dasatinib in combination repress the expression of several genes, which we previously showed to be associated with shorter survival
probability in ALL patients. Overall these data support the use of ATO in combination with Dasatinib as a novel therapeutic regimen for
Ph+ ALL patients.
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Introduction

Ph+ ALL accounts for 20–30% of ALL. The BCR-ABL1 fusion protein,
which is encoded by the Ph chromosome, is the main driver of Ph+

ALL. The outcome of Ph+ ALL was very poor until the use of TKIs,
which target the kinase domain of the ABL1 moiety and block the cat-
alytic activity of BCR-ABL1. However, Ph+ ALL patients only exhibit a
transient response to a single-agent TKI. Thus, in clinical practice,
multi-agent chemotherapy needs to be added in combination with
TKIs. Nevertheless, resistance to this treatment has remained an
issue and is associated with a high mortality [1]. Accumulated studies
point to apoptosis incompetence as a main hallmark of TKI resistance
[2, 3]. Therefore, new strategies should be developed to restore the
apoptosis-inducing ability of TKIs.

ATO belongs to the arsenic compound family that has been
proved to be a potent molecule in fighting various cancers, includ-
ing several haematological malignancies [4, 5]. ATO combined with
all-trans retinoic acid (ATRA) increases the 50-month overall sur-
vival rate of acute promyelocytic leukaemia (APL) patients to 99%,
a result which is superior to ATRA combined with chemotherapy
[6, 7]. In addition, ATO combined with TKI showed synergistic anti-
leukaemia effect on chronic myelogenous leukaemia (CML), which
is also caused by BCR-ABL1 [8, 9]. Recently, we found that ATO
was able to rewire the response of mantle cell lymphoma (MCL) to
the proteasome inhibitor bortezomib [10]. Notably, in this context,
the apoptosis-promoting effects of ATO were identified as the most
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prominent effects within the anti-tumour activities of this molecule.
However, whether the combination of ATO with Dasatinib also
induces synergistic effects to trigger apoptosis in Ph+ ALL has not
yet been studied.

Apoptosis is a highly regulated process involving pro- and
anti-apoptosis factors that form complex networks driving cell
fate. Proteins of the Bcl-2, IAP and Flip families are critical regula-
tors of apoptosis. As a member of the Bcl-2 family, p53-up-regu-
lated modulator of apoptosis (PUMA) induces mitochondrial
dysfunction and caspase-dependent apoptosis by binding to anti-
apoptosis Bcl-2 family members and by relieving the pro-apopto-
sis proteins Bak/Bax [11]. PUMA is activated by a wide variety of
stress signals, such as Endoplasmic Reticulum (ER) stress, and
acts as an important mediator between ER stress and apoptosis
[12].

Unfolded protein response (UPR), which is mediated by three
axes, respectively PERK/eIF2a/ATF4, ATF6 and IRE1/XBP1s, is a con-
served protective process that counteracts ER stress. However, under
the condition of unrecoverable ER stress, UPR is also able to trigger
apoptosis.

We made the hypothesis that an interesting therapeutic strategy
would be to induce UPR pro-apoptotic pathways, while inhibiting its
cell protective activities. Here, we report that ATO in combination with
Dasatinib exerts significant synergistic pro-apoptotic effects, mainly
through activating the IRE1/JNK/PUMA cell apoptosis pathway, while
neutralizing the ATF4 cell survival pathway.

Strikingly, we further found that ATO plus Dasatinib synergistically
repress some genes whose expressions are associated with shorter
survival probabilities in ALL patients. These findings suggest that
ATO and Dasatinib combined together should be a promising thera-
peutic strategy for Ph+ ALL.

Materials and methods

Cell culture

Human Ph+ ALL cell lines SUP-B15 (TKI-resistant) and TOM-1(TKI-sen-
sitive) were cultured in IMDM (Gibco, Carlsbad, CA, USA) supplemented

with 20% foetal bovine serum (Gibco) at 37°C in a 5% CO2 atmo-

sphere.

Reagents and antibodies

DMSO was purchased from Sigma-Aldrich (St. Louis, MO, USA). Dasa-

tinib was purchased from Cell Signaling Technology (CST, Danvers, MA,
USA) and dissolved in DMSO. ATO was purchased from the First Affili-

ated Hospital of Harbin Medical University. c-ABL1, Bcl-2, Mcl-1, Noxa

and p53 antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA); b-actin antibody was bought from Sigma-

Aldrich; ERK, p-ERK, STAT5, p-STAT5, PI3K, p-PI3K, AKT, p-AKT, cas-
pase-9, caspase-3, PARP, XIAP, Survivin, Bcl-w, Bik, Bak, Bad, PUMA,

Bid, p21, JNK, p-JNK, p-ATF-2, p-JUN, IRE1, ASK1 and ATF4 antibodies
were purchased from CST; TRAF2 antibody was purchased from

ABclonal Biotechnology (Wuhan, Hubei, China); PML and ATF6 were
purchased from Abcam (Cambridge, MA, USA).

Cell viability assay

5 9 104 cells were seeded in 96-well plates. After treatment with ATO

and/or Dasatinib for 24, 36 or 48 hrs, 10 ll CCK8 (Dojindo Laborato-

ries, Kumamoto, Japan) was added to each well and incubated for
another 1.5–3 hrs at 37°C. Absorbance of the samples was measured

against a background control at 450 nm with a reference wavelength of

600 nm.

Analysis for synergy

The Combination Index (CI) of ATO and Dasatinib was calculated
using Calcusyn� (Great Shelford, Cambridge, UK). CI < 1, CI = 1 and

CI > 1 indicated synergism, additive and antagonism effect, respec-

tively [13].

Western blot analysis

Total cell lysates were extracted using RIPA lysis buffer containing

19 cocktail inhibitor and 1 mM PMSF. Equal amounts of total proteins
were separated by 7.5–15% SDS-PAGEs and transferred to PVDF mem-

branes. After being blocked with 5% BSA for 1 hr at room temperature

(RT), each membrane was incubated overnight at 4°C with the primary
antibodies. After washing three times with 1 9 TBST, each membrane

was incubated with HRP-goat-anti-mouse IgG or anti-rabbit IgG (CST)

as secondary antibody for 1 hr at 4°C. The expressions of the proteins

of interest were detected by enhanced chemiluminescence kits (Milli-
pore, Billerica, MA, USA).

Co-immunoprecipitation (Co-IP)

Total cell lysates were extracted using lysis buffer [50 mM HEPES (pH

7.4), 150 mM NaCl, 2 mM CaCl2, 0.5% NP-40, 5% glycerol] containing

19 cocktail inhibitor and 1 mM PMSF for 30 min on ice and cen-
trifuged at 12,0009 g for 15 min at 4°C. The supernatants were col-

lected and incubated with protein A/G agarose beads (Santa Cruz) for

2 hrs at 4°C for pre-clear and further incubated with anti-IRE1 antibod-

ies overnight at 4°C with constant rotation for immunoprecipitation.
Subsequently, protein A/G agarose beads were added, and the mixture

was incubated for another 2 hrs at 4°C. Then, the beads were washed

six times with washing buffer [50 mM HEPES (pH 7.4), 150 mM NaCl,

2 mM CaCl2, 0.5% NP-40], followed by boiling with 25 ll 2 9 SDS-
PAGE loading buffer for 5 min. Then, the samples were centrifuged at

12,0009 g for 30 seconds (s) with the supernatants collected and

stored at �80°C.

Real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA), and the cDNA was obtained using HieffTM First Strand cDNA
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Synthesis Kit (YEASEN, Shanghai, China). Real-time PCR assay was
performed using HieffTM qPCR SYBR� Green Master Mix (Low Rox

Plus) (YEASEN). The primers were as follows: GAPDH (Forward:

GAAGGTGAAGGTCGGAGTC, Reverse: GAAGATGGTGATGGGATTTC);

AGPS (Forward: TTAGTGGCATGGGTTTACCAAC, Reverse: CTCGATCATCT
GCCTCTTGTG); CDK6 (Forward: CCAGATGGCTCTAACCTCAGT, Reverse:

AACTTCCACGAAAAAGAGGCTT); ATAD2 (Forward: AGGCTCCATTGGAAA

AACCT, Reverse: CCTGCGGAAGATAATCGGTA); ARPP19 (Forward: AAG
GAAACGGTTGCAGAAAGG, Reverse: GGAGTGGGAATGTGGTCACC); SC4

MOL (Forward: TGCCTTTGATTTGTGGAACCTATT, Reverse: GTGCCAAGT

ATCTTCAATGACTGC); ACSL1 (Forward: CGACGAGCCCTTGGTGTATTT,

Reverse: GGTTTCCGAGAGCCTAAACAA); IGFBP7 (Forward: CGAGCAAGG
TCCTTCCATAGT, Reverse: GGTGTCGGGATTCCGATGAC); STARD4 (For-

ward: AGAAGGGCTTTTATCTTGTGGA, Reverse: CCAACCACAGGGATGGTT

AT). Amplifications were performed in a 7500 Real-time PCR System

(Applied Biosystems, Foster City, CA, USA).

Preparation of lentiviral expression vectors

pLVX-shRNA2 vector was purchased from Clontech Laboratories

(Mountain View, CA, USA). Recombinant lentiviral shPUMA (with a tar-
get sequence of 50-CGTGTGACCACTGGCATTCAT-30) [14], shIRE1-1

(with a target sequence of 50-GAGAAGATGATTGCGATGGAT-30),
shIRE1-2 (with a target sequence of 50-GAAATACTCTACCAGCCTCTA-30)
[15], shATF4-1 (with a target sequence of 50-GCCTAGGTCTCTTAGATG
ATT-30) and shATF4-2 (with a target sequence of 50-GCCAAGCACTTC
AAACCTCAT-30) were constructed according to the manufacturer’s

instructions.
pLVX-IRES-Puro vector was also purchased from Clontech

Laboratories. cDNA of JNK1-a2 and JNK1-b1 was amplified by PCR

and cloned into pLVX-IRES-Puro vectors. The kinase mutants of

JNK1-a2 and JNK1-b1 (JNK1-a2-M and JNK1-b1-M) were constructed
by a Fast Mutagenesis System (TransGen Biotech, Beijing, China).

The primers were as follows: Forward 50-ACGAGTTTTATGATGGCGC
CTGCTGTAGTGACT-30; Reverse 50-GCAGGCGCCATCATAAAACTCGTTCC
TGCAGTC-30.

Construction of knockdown or overexpression
cell lines

The retroviral supernatants from HEK293T cells produced by co-

transfection of pLVX-shRNA2/pLVX-IRES-Puro, pMD2.G (Addgene,

Cambridge, MA, USA) and psPAX2 (Addgene) were filtered with a
0.22 lm Sterile Milles Filter Unit (Millipore). The filtrates were then

used to re-suspend SUP-B15 cells, centrifuged at 12009 g for

90 min and incubated for another 24 hrs at 37°C. Cells were infected

twice and selected with puromycin (Sigma-Aldrich, from 0.5 lg/ml to
4 lg/mL).

Apoptosis assays

1 9 105 cells were washed with 1 9 PBS and re-suspended in 200 lL
staining solution containing 2 lL of Annexin V–FITC and 2 lL of

20 lg/mL PI (FITC-Annexin V staining kit, Clontech). Flow cytometry

was performed to analyse 1 9 104 cells. All data were collected, stored

and analysed by FlowJo (TreeStar).

Statistical analyses

Data are expressed as the mean � S.E.M. Significance was calculated
using Student’s t-test. A two-tailed value of P < 0.05 was considered to

be significant.

Results

Combination of ATO and Dasatinib exhibit
significant synergistic adverse effects on the
viability of Ph+ ALL cell lines

To detect the effects of ATO and Dasatinib on cell viability, we firstly
treated Ph+ ALL cell lines SUP-B15 and TOM-1 with ATO or Dasatinib
for 24, 36 and 48 hrs, respectively (Fig. 1A). We found that TOM-1
cells were more sensitive to Dasatinib than SUP-B15 cells. These
results are in agreement with a previous report showing that SUP-B15
cells were resistant to TKI, while TOM-1 cells were not [2]. Then,
increasing concentrations of ATO and Dasatinib were used to treat
SUP-B15 and TOM-1 cells for different time periods (Fig. 1B). As a
result, we observed that ATO plus Dasatinib was more effective in
affecting cell viability than each drug used alone in both SUP-B15 and
TOM-1 cells, treated during either 36 or 48 hrs. Also, the Combination
Index (CI) was less than one under all the used drug concentrations,
suggesting that ATO and Dasatinib have synergistic effects (Table S1).

ATO along with Dasatinib in Ph+ ALL cell lines
neither degrade BCR-ABL1 nor synergistically
inhibit the three main downstream pathways of
BCR-ABL1

Previous research demonstrated that ATO at the concentration of 1 or
2 lΜ induces the degradation of BCR-ABL1 in CML-blast crisis cell
line, K562 [16]. We indeed found that a higher concentration of ATO
(over 4 lΜ) could down-regulate BCR-ABL1 in SUP-B15 (Fig. S1).
However, we also observed that a lower concentration of ATO, used
alone or combined with Dasatinib, has no effect on BCR-ABL1 degra-
dation (Figs S1 and S2). In comparison, the expressions of PML
(a classical target protein of ATO) in SUP-B15 or TOM-1 and of
BCR-ABL1 in K562 were both remarkably down-regulated by lower
concentrations of ATO (Fig. S2). This observation suggested that the
synergistic effects found here on cell viability using ATO and Dasa-
tinib are mainly independent from the degradation of BCR-ABL1.

The oncogenic activity of BCR-ABL1 relies on its three main
downstream pathways: Ras/MAPK (ERK), JAK/STAT5 and PI3K/AKT.
Here, we observed that JAK/STAT5 and ERK are inhibited by Dasa-
tinib, whereas PI3K/AKT is not. More importantly, no synergistic inhi-
bitory effect of ATO and Dasatinib was detected on the activity of
ERK, JAK/STAT5 or PI3K/AKT (Fig. S3). This suggested that the syn-
ergistic effects of ATO and Dasatinib on cell viability did not rely much
on BCR-ABL1 and on its three main downstream pathways.
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ATO and Dasatinib used in combination induce a
higher level of apoptosis in Ph+ ALL cell lines
than ATO or Dasatinib used alone

To clarify the mechanism underlying the synergistic actions of ATO
and Dasatinib, we measured cell apoptosis after ATO and/or Dasatinib
treatments. Our findings were that: (i) the single-agent Dasatinib
induces apoptosis in TOM-1 cells but not in SUP-B15 cells, further
confirming that SUP-B15 cells are resistant to TKI; (ii) ATO induces
apoptosis both in SUP-B15 and TOM-1 cells; and more importantly
(iii) the combination of ATO and Dasatinib induces a much higher
level of apoptosis (Fig. 2A). In addition, analysing the cleavage of
apoptosis-related proteins caspase-9, 3 and PARP suggests that the
combination of ATO plus Dasatinib induces apoptosis through the
caspase pathway (Fig. 2B).

ATO and Dasatinib combined together strongly
up-regulate the expression of the pro-apoptotic
protein PUMA

To further elucidate how ATO plus Dasatinib triggered apoptosis, we
detected the expression of several apoptosis-related proteins of the

BCL-2, IAP and Flip families. The most important change was the
expression of PUMA, which was up-regulated by the single-agent
ATO and increased dramatically after the ATO plus Dasatinib combi-
nation treatment (Figs 3A and S4). Short hairpin RNAs (shRNA) were
then used to down-regulate PUMA in SUP-B15 cells (Fig. 3B). Conse-
quently, in PUMA knock-down cells, we observed a significant
decrease in apoptosis, which was associated with lower levels of acti-
vated caspase-9, 3 and PARP (Figs 3C and D). Taken together, these
findings demonstrate that the apoptosis induced by ATO plus Dasa-
tinib is PUMA-dependent.

The activation of the JNK pathway is responsible
for PUMA up-regulation as well as for ATO plus
Dasatinib-induced apoptosis

PUMA is known to be regulated by p53, c-myc, JNK and other fac-
tors. In this study, p53 and p21, a main downstream target of p53,
were down-regulated by Dasatinib, both in SUP-B15 and TOM-1
cells. However, after the ATO plus Dasatinib combination treatment,
the expressions of p53 and p21 were down-regulated similarly as
after single-agent Dasatinib in TOM-1 cells, and no significant
differences were detected in SUP-B15 cells. In addition, although
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c-myc was down-regulated by ATO and/or Dasatinib, its regulation
modes were quite different from PUMA (Fig. S5). On the contrary,
JNK was significantly activated in cells receiving the combination
treatment group, compared to each drug used alone. Additionally,
JUN and ATF-2, the two main downstream targets of JNK, were
also activated by the combination of ATO and Dasatinib (Fig. 4A).
These results suggest that PUMA is activated by JNK in our model
system.

More interestingly, we also found that PUMA, JUN and ATF-2 are
activated by a single-agent ATO in both cell lines, whereas JNK was
only activated in TOM-1, and not in SUP-B15. To explain this observa-
tion, SUP-B15 cells were treated with ATO for 0, 3, 6, 12 and 24 hrs,
respectively. We observed the following: (i) JNK was activated after
3 hrs of ATO treatment and then was rapidly inactivated; (ii) ATF-2
was activated by ATO with a peak at 6 hrs; and (iii) PUMA began to

be activated after 6 hrs of ATO treatment with a peak at 12 hrs
(Fig. S6). These results implied that the JNK pathway was only acti-
vated temporarily by the single-agent ATO in SUP-B15. Nevertheless,
under both ATO and Dasatinib treatments, the JNK pathway was sta-
bly activated.

As previously reported, the transient activation of JNK is involved
in cell survival, while persistent activation induced cell apoptosis [17].
Next, we explored whether the activation of JNK played an important
role in PUMA up-regulation and apoptosis in SUP-B15. To this aim,
we over-expressed a kinase-dead mutant of JNK that acts as a domi-
nant negative to inactivate the endogenous JNK. There are three inde-
pendent JNK genes, namely, JNK1, 2 and 3. JNK1 and JNK2 are
widely expressed, while JNK30s expression is predominantly
restricted to the brain, heart and testis. Studies suggest that the acti-
vation of JNK1 may induce apoptosis, whereas JNK2 inhibits it [18,
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19]. At least four alternatively spliced transcript variants of JNK1
exist, including two short JNK1 isoforms (JNK1-a1 and JNK1-b1) and
two long JNK1 isoforms (JNK1-a2 and JNK1-b2). In this study,
kinase-mutated JNK1-a2 (JNK1-a2-M) and JNK1-b1 (JNK1-b1-M)
were stably transfected into SUP-B15 cells. As a result, the JNK activ-
ity was reduced significantly in both JNK1-a2-M and JNK1-b1-M

transfected cells compared with control cells (NC) (Fig. 4B). More
remarkably, apoptosis was decreased in both JNK1-a2-M and JNK1-
b1-M cells, as well as the expression of PUMA and the cleavages of
caspase-9, 3, PARP (Figs. 4C and D). Collectively, these results indi-
cated that JNK1 plays a key role in PUMA up-regulation and in the
apoptosis induced by ATO plus Dasatinib.
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IRE1 activates JNK and plays a pivotal role in
the combination of ATO and Dasatinib treatment
effects

JNK is known to be activated by ASK1/2, which is recruited and acti-
vated by IRE1 through its binding to TRAF2 during ER stress [20].
We discovered a clear interaction between IRE1 and both ASK1 and
TRAF2 in the cells treated by the combination ATO plus Dasatinib in

SUP-B15 as well as in TOM-1 cells (Fig. 5A). shRNAs were then used
to stably knock-down IRE1 (shNC, shIRE1-1 and shIRE1-2) in SUP-
B15 (Fig. 5B). We found that the knockdown of IRE1 induces a signif-
icant decrease of the apoptosis triggered by ATO plus Dasatinib and
prevents the activation of JNK and the cleavage of caspase-9,3 and
PARP (Figs. 5C and D). Collectively, these results suggested that the
combination of ATO and Dasatinib activates JNK to induce apoptosis
through the UPR axis IRE1.
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ATF4 plays a protective role in cell apoptosis

As we mentioned above, in addition to IRE1/XBP1s, there are two
other main UPR axes: PERK/eIF2a/ATF4 and ATF6, the expression of
which we also detected after ATO and/or Dasatinib treatment. We
observed that ATF4 was up-regulated by ATO, but showed no
increase when ATO was combined with Dasatinib in both SUP-B15
and TOM-1 cell lines (Fig. 6A). Under the same conditions, ATF6 did
not change significantly (data not shown). As ATF4 can either pro-
mote cell survival or induce cell apoptosis, we decided to further
explore the exact role ATF4 in our model systems. shRNAs were used
to stably knock-down ATF4 (shNC, shATF4-1 and shATF4-2) in SUP-
B15 cells (Fig. 6B). The knockdown of ATF4 significantly increased
apoptosis, as well as the cleavage of caspase-9,3 and PARP triggered

by ATO (Fig. 6C and D). This suggested that, although ATO may pro-
tect cells from apoptosis by up-regulating ATF4, this protective effect
could be abolished when ATO and Dasatinib are used in combination.

Collectively, these results demonstrate that the combination of
ATO and Dasatinib synergistically induces cell apoptosis in Ph+ ALL
cell lines both by activating the IRE1-JNK-PUMA apoptosis pathway
and abolishing the ATF4-induced cell survival pathway.

ATO and Dasatinib synergistically regulate genes
associated with shorter survival in ALL patients

Previously, we defined a six-gene signature identifying aggressive
and treatment-resistant ALL in children and adults (in our work this
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group of ALL was named ‘P3’). This situation enabled us to perform a
supervised transcriptomic analysis to look for genes differentially
expressed between these aggressive ‘P3’ ALL and ALLs associated
with higher survival probabilities that we named “P1&2” [21]
(Fig. S7A). Moreover, following this approach we discovered that a
subset of ‘P1&2’ ALL displayed a general transcriptome which was
similar to the ‘P3’ group of aggressive ALL, although their survival
probabilities remained higher. This subset of ALL was called P1&2
‘P3-like’ (Fig. S7B). Based on the hypothesis that the differences in
gene expression between P3 and P1&2 ‘P3-like’ ALL should identify
genes whose activation would be directly related to the aggressive-
ness of the ALL, we compared the transcriptomes of these two sub-
sets of ALL. This approach led to the identification of a group of 27
genes, which are particularly up-regulated in P3 ALL (Table S2) and
are hence good candidates to be drivers of the aggressive nature of
these malignancies.

Here, we took advantage of these findings to monitor the expres-
sion of these 27 genes after ATO and/or Dasatinib treatments, with
the findings that: (i) in TKI-resistant SUP-B15 cells, ACSL1 was

up-regulated by ATO, but reversed by ATO plus Dasatinib; AGPS,
ARPP19 and IGFBP7 were up-regulated by Dasatinib, but reversed
by ATO plus Dasatinib; CDK6, SC4MOL and STARD4 were down-
regulated by ATO or ATO plus Dasatinib (Fig. 7A). (ii) in TKI-sensitive
TOM-1 cells, ACSL1 and IGFBP7 were similarly regulated as in
SUP-B15 cells; ARPP19 and ATAD2 were down-regulated by ATO
and further down-regulated by ATO plus Dasatinib, but not by
single-agent Dasatinib (Fig. 7B).

Taken together, these results lead to the following conclu-
sions: (i) ATO and Dasatinib could synergistically down-regulate
some genes associated with particularly poor prognosis in ALL;
(ii) the inability of Dasatinib to down-regulate ATAD2 in TKI-resis-
tant SUP-B15 cells may partly account for TKI resistance, sug-
gesting that specifically targeting ATAD2 may improve the
outcome of TKI-resistant patients; (iii) the regulation of AGPS,
CDK6, SC4MOL and STARD4 by ATO plus Dasatinib in SUP-B15
cells may also account for the observed strong synergistic effect
of ATO and Dasatinib used in combination in treating TKI-resis-
tant Ph+ ALL.
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Fig. 7 ATO combined with Dasatinib synergistically regulates some genes associated with shorter survival in ALL. (A) ACSL1, AGPS, ARPP19,

IGFBP7, CDK6, SC4MOL and STARD4 were detected by real-time PCR in SUP-B15 cells after a 24-hr treatment with ATO and/or Dasatinib.

(B) ACSL1, IGFBP7, ARPP19 and ATAD2 were detected by real-time PCR in TOM-1 cells after a 24-hr treatment with ATO and/or Dasatinib. Bars

represent the mean � S.E.M, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion

TKI resistance is a life-threatening problem in Ph+ ALL patients. In the
present study, we demonstrate that a combination of ATO and Dasa-
tinib is extremely effective in targeting Ph+ ALL cells.

We demonstrate that ATO combined with Dasatinib trigger apop-
tosis by simultaneously activating the IRE1/JNK/PUMA apoptosis
pathway and inhibiting the ATF4 survival pathway. IRE1 is an ER
transmembrane protein possessing both Ser/Thr kinase and endori-
bonuclease (RNase) activities. Upon ER stress, the oligomerized IRE1
becomes autophosphorylated, which activates its RNase activity lead-
ing to the cleavage of XBP1 mRNA. Spliced XBP1 encodes transcrip-
tional factors, XBP1s, which enhance the ER protein folding capacity
and ER-induced protein degradation to alleviate ER stress. However,
when ER stress is unrecoverable, IRE1 also causes endonucleolytic
decay of some ER-localized mRNAs, such as GRP78, to trigger apop-
tosis [22, 23]. Another study further confirmed that pseudokinase-
activated IRE1 could also cleave the XBP1 mRNA, but not trigger
apoptosis, suggesting that phosphorylation of IRE1 is crucial for
IRE1-induced apoptosis [22]. This is in agreement with the finding
that IRE1 can form a complex with TRAF2 and ASK1, which activates
ASK1/JNK signalling pathway to trigger cell apoptosis [24]. In the
present work, we also observe that ATO plus Dasatinib promotes the
formation of IRE1-TRAF2-ASK1 complex to trigger apoptosis. How-
ever, the relationship between IRE1-dependent mRNA decay and acti-
vation of the ASK1/JNK apoptosis pathway needs to be further
investigated.

ATF4 is a cAMP response element-binding transcription factor.
Translation of ATF4 is induced by stress signals including ER
stress, amino acid deprivation, anoxia/hypoxia and oxidative stress
through phosphorylation of eIF2a. ATF4 protects cells against
adverse conditions through activating genes whose product func-
tion is involved in amino acid import and metabolism, oxidative
stress response and protein secretion [25]. In addition, ATF4 can
directly target Mcl-1, an anti-apoptosis member of the Bcl-2 fam-
ily, or genes implicated in autophagy, to protect cells from apop-
tosis [26, 27]. However, ATF4 can also trigger apoptosis through
targeting genes involved in protein synthesis, which cause ATP
depletion and oxidative stress [28].

The precise mechanism by which ATF4 switches from anti-apop-
tosis to pro-apoptosis activities has not been studied. Armstrong
reported that transcriptional activation of ATF4 mediates ER stress-
induced cell death [29]. In the present work, we found that ATO was
up-regulated ATF4 at the protein level, but not at the mRNA level (data
not shown), showing that the transcriptional activity of ATF4 was not
affected by ATO. Meanwhile, we also observed that ATF4 protected
cells from apoptosis. Thus, it seems that some transcription factors,
by regulating the transcriptional activation of ATF4, may work as
‘switches’ between anti-apoptosis and pro-apoptosis, a hypothesis
that needs to be further demonstrated.

The limitation of this work is that we did not focus on the T315I
mutation of BCR-ABL1, one of the main mechanisms of resistance to
TKIs. Future directions include the construction of a T315I-mutated
SUP-B15 cell line, using the CRISPR/CAS9 gene editing technology,

in which we would test the effectiveness of ATO plus Dasatinib. How-
ever, it is possible to predict that the combination of ATO and Dasa-
tinib would not be effective in treating T315I mutation, as Dasatinib
does not work on T315I mutation. A third-generation TKI, Ponatinib,
which can inhibit the activity of T315I mutated BCR-ABL1, might be
alternatively combined with ATO.

Translating our findings into the clinics will also require testing the
safeness and effectiveness of ATO plus Dasatinib in pre-clinical studies.
We are presently establishing Ph+ ALL patient-derived xenograft (PDX)
models. If ATO plus Dasatinib works well in these animal models, it will
set a basis to explore this combination in clinical trials on Ph+ ALL
patients with relapse and/or resistance to current treatments. However,
whether this combination strategy could be used for maintenance (after
multi-agent chemotherapy) or even up-front treatments, needs to be
evaluated, depending on the outcome of the clinical trials.

In conclusion, we have identified a synergistic anti-leukaemia
effect of ATO and Dasatinib used together in two Ph+ ALL cell lines.
The underlying mechanism involves the promotion of cell apoptosis
through IRE1 and the concomitant neutralization of the ATF4-depen-
dent cell survival. As ATO and Dasatinib are both approved by the US
Food and Drug Administration, in the near future, these findings
should lead to pre-clinical and clinical studies to determine whether
the combination is safe and effective in Ph+ ALL patients.

Acknowledgements

This study was supported by the Natural Science Foundation of China

(81670147, 81570178), the Shanghai Leading Talent Projects (2015048),
the Academic Leader Program of Shanghai Science and Technology Com-

mittee (16XD1402000), the International Cooperation Projects of Shanghai

Science and Technology Committee (15410710200), the clinical research

plan of Shanghai Hospital Development Center (16CR3008A) and the Gao-
feng Clinical Medicine Grant Support of Shanghai Municipal Education

Commission (20172002). This project specially benefited from the Sino-

French Cai Yuanpei mobility program. SK laboratory is supported by a

grant from ‘Foundation pour la Recherche Medicale (FRM)’ ‘Analyse bio-
informatique pour la recherche en biologie’ program as well as by ANR

Episperm3 program; by INCa libre program (RPT13001CCA). Additional

supports were from: Fondation ARC ‘Canc’air’ project (RAC16042CLA),
Plan Cancer (CH7-INS15B66 and ASC16012CSA) and the ‘Universit�e

Grenoble Alpes’ ANR-15-IDEX-02.

Author contributions

J.M. and T.W. designed the research study. T.W. and C.C. performed the

research, acquired data and wrote the manuscript. L.P. and M.G. participated

in performing experiments. M.X. contributed essential reagents or tools. S.R.

and J.W. analysed the data. J.M. and S.K. discussed and revised the manu-
script critically. All authors read and approved the final manuscript.

Conflicts of interest

The authors confirm that there are no conflicts of interest.

1624 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



Supporting information

Additional Supporting Information may be found online in the
supporting information tab for this article:

Figure S1. Effects of single-agent ATO on BCR-ABL1.

Figure S2. Effects of ATO and/or Dasatinib on BCR-ABL1 in
SUP-B15, TOM-1 or K562 cell lines.

Figure S3. Effects of ATO and/or Dasatinib on the three main
downstream signaling pathways of BCR-ABL1.

Figure S4. The expression of proteins of the BCL-2, IAP and
Flip families were detected by Western blots after ATO and/or
Dasatinib 24 hrs treatment in SUP-B15 cells.

Figure S5. p53, p21 and c-myc were detected by Western blot
after a 24 hrs treatment with ATO and/or Dasatinib.

Figure S6. JNK, p-JNK, p-ATF-2 and PUMA were detected by
Western blot after a treatment with ATO (2 lΜ) for the indi-
cated time courses in SUP-B15 cells.

Figure S7. Strategy for the identification of 27 genes whose
activation would be directly related to the aggressiveness of the
ALL.

Table S1. Combination Index (CI) of ATO and Dasatinib in
SUP-B15 and TOM-1 cells.

Table S2. Genes up-regulated in P3 versus P1&2 “P3-like”.

References

1. Ravandi F, O’Brien SM, Cortes JE, et al.
Long-term follow-up of a phase 2 study of

chemotherapy plus dasatinib for the initial

treatment of patients with Philadelphia chro-
mosome-positive acute lymphoblastic leuke-

mia. Cancer. 2015; 121: 4158–64.
2. Quentmeier H, Eberth S, Romani J, et al.

BCR-ABL1-independent PI3Kinase activation

causing imatinib-resistance. J Hematol

oncol. 2011; 4: 6.

3. Koss B, Morrison J, Perciavalle RM, et al.
Requirement for antiapoptotic MCL-1 in the

survival of BCR-ABL B-lineage acute lym-

phoblastic leukemia. Blood. 2013; 122:

1587–98.
4. Ling S, Xie H, Yang F, et al. Metformin

potentiates the effect of arsenic trioxide sup-

pressing intrahepatic cholangiocarcinoma:
roles of p38 MAPK, ERK3, and mTORC1. J

Hematol oncol. 2017; 10: 59.

5. Piao W, Chau D, Yue LM, et al. Arsenic tri-

oxide degrades NPM-ALK fusion protein and
inhibits growth of ALK-positive anaplastic

large cell lymphoma. Leukemia. 2017; 31:

522–6.
6. Platzbecker U, Avvisati G, Cicconi L, et al.

Improved outcomes with retinoic acid and

arsenic trioxide compared with retinoic acid

and chemotherapy in non-high-risk acute
promyelocytic leukemia: final results of the

Randomized Italian-German APL0406 trial. J

Clin Oncol. 2017; 35: 605–12.
7. Abaza Y, Kantarjian H, Garcia-Manero G,

et al. Long-term outcome of acute promye-

locytic leukemia treated with all-trans-reti-

noic acid, arsenic trioxide, and gemtuzumab.

Blood. 2017; 129: 1275–83.

8. Liu Z, Wu X, Duan Y, et al. AID expression is

correlated with Bcr-Abl expression in CML-

LBC and can be down-regulated by As2O3

and/or imatinib. Leuk Res. 2011; 35: 1355–9.
9. Xia Y, Fang H, Zhang J, et al. Endoplasmic

reticulum stress-mediated apoptosis in ima-

tinib-resistant leukemic K562-r cells trig-
gered by AMN107 combined with arsenic

trioxide. Exp Biol Med. 2013; 238: 932–42.
10. Zhao LL, Liu YF, Peng LJ, et al. Arsenic tri-

oxide rewires mantle cell lymphoma
response to bortezomib. Cancer Med. 2015;

4: 1754–66.
11. Zhao JJ, Chu ZB, Hu Y, et al. Targeting the

miR-221-222/PUMA/BAK/BAX pathway abro-
gates Dexamethasone resistance in multiple

Myeloma. Can Res. 2015; 75: 4384–97.
12. Tan S, Wei X, Song M, et al. PUMA medi-

ates ER stress-induced apoptosis in portal

hypertensive gastropathy. Cell Death Dis.

2014; 5: e1128.

13. Zhang B, Yan Y, Li Y, et al. Dimethyl cele-
coxib sensitizes gastric cancer cells to ABT-

737 via AIF nuclear translocation. J Cell Mol

Med. 2016; 20: 2148–59.
14. Nickson P, Toth A, Erhardt P. PUMA is criti-

cal for neonatal cardiomyocyte apoptosis

induced by endoplasmic reticulum stress.

Cardiovasc Res. 2007; 73: 48–56.
15. Chen L, Xu S, Liu L, et al. Cab45S inhibits

the ER stress-induced IRE1-JNK pathway

and apoptosis via GRP78/BiP. Cell Death

Dis. 2014; 5: e1219.
16. Yin T, Wu YL, Sun HP, et al. Combined

effects of As4S4 and imatinib on chronic

myeloid leukemia cells and BCR-ABL onco-

protein. Blood. 2004; 104: 4219–25.

17. Dhanasekaran DN, Reddy EP. JNK signal-

ing in apoptosis. Oncogene. 2008; 27:

6245–51.
18. Babaev VR, Yeung M, Erbay E, et al. Jnk1

deficiency in hematopoietic cells suppresses

macrophage apoptosis and increases

atherosclerosis in low-density lipoprotein
receptor null mice. Arterioscler Thromb Vasc

Biol. 2016; 36: 1122–31.
19. Mandic AD, Bennek E, Verdier J, et al. c-

Jun N-terminal kinase 2 promotes entero-
cyte survival and goblet cell differentiation in

the inflamed intestine. Mucosal Immunol.

2017; 10: 1211–23. https://doi.org/10.1038/
mi.2016.125

20. Chen JH, Kuo HC, Lee KF, et al. Global pro-
teomic analysis of brain tissues in transient

ischemia brain damage in rats. Int J Mol Sci.
2015; 16: 11873–91.

21. Wang J, Mi JQ, Debernardi A, et al. A six

gene expression signature defines

aggressive subtypes and predicts outcome
in childhood and adult acute lymphoblastic

leukemia. Oncotarget. 2015; 6: 16527–42.
22. Han D, Lerner AG, Vande Walle L, et al.

IRE1alpha kinase activation modes control
alternate endoribonuclease outputs to deter-

mine divergent cell fates. Cell. 2009; 138:

562–75.
23. Sanches M, Duffy NM, Talukdar M, et al.

Structure and mechanism of action of the

hydroxy-aryl-aldehyde class of IRE1 endori-

bonuclease inhibitors. Nat Commun. 2014;
5: 4202.

24. Zheng QY, Li PP, Jin FS, et al. Ursolic acid

induces ER stress response to activate

ASK1-JNK signaling and induce apoptosis in

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

1625

J. Cell. Mol. Med. Vol 22, No 3, 2018

https://doi.org/10.1038/mi.2016.125
https://doi.org/10.1038/mi.2016.125


human bladder cancer T24 cells. Cell Signal.
2013; 25: 206–13.

25. Harding HP, Zhang Y, Zeng H, et al. An

integrated stress response regulates amino

acid metabolism and resistance to oxidative
stress. Mol Cell. 2003; 11: 619–33.

26. B’Chir W, Maurin AC, Carraro V, et al. The
eIF2alpha/ATF4 pathway is essential for

stress-induced autophagy gene expression.
Nucleic Acids Res. 2013; 41: 7683–99.

27. Hu J, Dang N, Menu E, et al. Activation of

ATF4 mediates unwanted Mcl-1 accumula-

tion by proteasome inhibition. Blood. 2012;
119: 826–37.

28. Han J, Back SH, Hur J, et al. ER-

stress-induced transcriptional regulation

increases protein synthesis leading to
cell death. Nat Cell Biol. 2013; 15: 481–
90.

29. Armstrong JL, Flockhart R, Veal GJ, et al.
Regulation of endoplasmic reticulum stress-
induced cell death by ATF4 in neuroectoder-

mal tumor cells. J Biol Chem. 2010; 285:

6091–100.

1626 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.


