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Abstract
Chronic myeloid leukemia is driven by the BCR-ABL oncoprotein, a constitutively ac-
tive protein tyrosine kinase. Although tyrosine kinase inhibitors (TKIs) have greatly 
improved the prognosis of CML patients, the emergence of TKI resistance is an 
important clinical problem, which deserves additional treatment options based on 
unique biological properties to CML cells. In this study, we show that metabolic ho-
meostasis is critical for survival of CML cells, especially when the disease is in ad-
vanced stages. The BCR-ABL protein activates AMP-activated protein kinase (AMPK) 
for ATP production and the mTOR pathway to suppress autophagy. BCR-ABL is de-
tected in the nuclei of advanced-stage CML cells, in which ATP is sufficiently supplied 
by enhanced glucose metabolism. AMP-activated protein kinase is further activated 
under energy-deprived conditions and triggers autophagy through ULK1 phospho-
rylation and mTOR inhibition. In addition, AMPK phosphorylates 14-3-3 and Beclin 
1 to facilitate cytoplasmic translocation of nuclear BCR-ABL in a BCR-ABL/14-3-3τ/
Beclin1/XPO1 complex. Cytoplasmic BCR-ABL protein undergoes autophagic deg-
radation when intracellular ATP is exhausted by disruption of the energy balance or 
forced autophagy flux with AMP mimetics, mTOR inhibitors, or arsenic trioxide, lead-
ing to apoptotic cell death. This pathway represents a novel therapeutic vulnerability 
that could be useful for treating TKI-resistant CML.
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1  | INTRODUC TION

Chronic myeloid leukemia is a myeloproliferative neoplasm 
driven by the BCR-ABL tyrosine kinase, the product of the Ph 

chromosome.1,2 Tyrosine kinase inhibitors have greatly im-
proved the prognosis of patients with CML3; however, at least 
two problems should be resolved to fulfill unmet medical needs. 
First, TKI therapy cannot eradicate CML stem cells2; therefore, 
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continuous—often lifelong—medication is necessary to sustain 
remission. In fact, several TKI cessation studies revealed that ap-
proximately 50% of patients failed to maintain a deep molecular 
response after discontinuation of the drug.4,5 Second, TKIs alone 
cannot control the disease in advanced stages, such as CML-BC, 
due to the presence of TKI-resistant mutations of BCR-ABL and 
additional genetic events.2,6 These problems prompted us to iden-
tify novel therapeutic vulnerabilities whose targeting can syner-
gize with or operate independently of TKIs.

Because of their hyperproliferative nature, CML cells need to 
generate a sufficient amount of ATP to support cell growth and si-
multaneously satisfy the anabolic demands of macromolecular bio-
synthesis.7,8 To fulfil this requirement, BCR-ABL directly activates 
the PI3K-AKT pathway to enhance glucose uptake and glycolysis 
for ATP production,9 and also activates the mTOR pathway to facil-
itate protein synthesis and suppress autophagy.10 In response to a 
decrease in the intracellular ATP concentration or exposure to meta-
bolic stresses, such as nutrient deprivation and ischemia, the AMPK 
complex promotes catabolic processes to generate ATP through 
enhanced glycolysis and FAO, and concomitantly inhibits anabolic 
processes mainly through phosphorylation of regulatory subunits 
of mTOR.11,12 The AMPK-mediated mTOR inhibition could result 
in the induction of autophagy, which indirectly contributes to ATP 
production.

Autophagy is an intracellular disposal system, in which cyto-
plasmic components are degraded by the lysosome.13 This system 
is triggered by multiple forms of cellular stress, including nutrient 
or growth factor deprivation, hypoxia, and DNA damage, and usu-
ally acts as a mechanism of cellular defense. In CML cells, however, 
the autophagic process is suppressed by multiple mechanisms, in-
cluding AKT-mediated mTOR activation14 and BCR-ABL-induced 
Beclin 1 phosphorylation,15 and is implicated in cell survival and TKI 
resistance.16,17 Therefore, forced induction of autophagy could be 
harmful to CML cells. Indeed, it has been reported that AMPK ac-
tivators, such as acadesine and metformin, could induce autophagy 
and subsequent cell death in CML cells18,19; however, the mechanism 
underlying autophagy-associated cell death is not fully understood. 
In this study, we show that CML cells should halt the initiation of 
autophagy to prevent autophagic degradation of the BCR-ABL pro-
tein. Forced induction of autophagy could be a therapeutic option in 
TKI-resistant CML.

2  | MATERIAL S AND METHODS

2.1 | Cell lines used in the study

We used the following Ph-positive leukemia cell lines: KU812, K562, 
KOPM28, and TCC-S, established from patients with CML myelo-
blastic crisis20,21; TCC-Y and PALL-2, established from patients with 
pre-B-cell ALL; KOPM30 and KOPN30bi, established from the same 
patient with minor BCR gene rearrangement at different stages of 
the disease; and KOPN66bi, established from a patient with acute 

mixed lineage leukemia with minor BCR gene rearrangement.22 
Other cell lines were purchased from the Health Science Research 
Resources Bank, where cell line authenticity and Mycoplasma con-
tamination status were routinely checked by DNA fingerprinting 
and PCR. We undertook genotyping of the BCR-ABL gene using PCR 
primers shown in Table S1.

2.2 | Exogenous expression of BCR-ABL using 
retroviral vectors

We purchased the MSCV-(pBabe mcs)-human p210BCR-ABL-IRES-
GFP vector from Addgene. Recombinant retrovirus was generated by 
transfecting the vector into Platinum-A packaging cells (Cell Biolabs) 
using FuGENE Transfection Reagent (Promega) and transduced into 
human bone marrow-derived CD34+ cells or human embryonic kid-
ney 293FT cells using ViraDuctin Retrovirus Transduction Reagent 
(Cell Biolabs).23

2.3 | Construction and production of shRNA and 
CRISPR/Cas9 lentiviral expression vectors

We used the lentiviral shRNA/siRNA expression vector pLL3.7 for 
knockdown experiments and the lentiCRISPRv2 vector (Addgene), 
which expresses gRNA and the Cas9 nuclease, for CRISPR/Cas9-
mediated deletion of target genes. The oligonucleotides containing 
the shRNA and CRISPR/Cas9 target sequences are shown in Tables 
S2 and S3, respectively. After lentiviral transduction, we established 
stable transformants by isolating single cell clones using limiting dilu-
tion (1 cell/well in 96-well culture plates) after long-term culture. The 
knockdown efficiency was verified by immunoblotting for each clone.

2.4 | Measurement of intracellular ATP 
concentrations

Total ATP levels were measured using an ATP Bioluminescence 
Assay Kit CLS II (Sigma-Aldrich). In brief, cells were cultured at 
1  ×  105 cells/mL under nutrient-rich conditions to exclude the in-
fluence of autophagy and resuspended in 50  μL dilution buffer 
(100  mmol/L Tris-HCl, 4  mmol/L EDTA; pH 7.75), followed by the 
addition of 450 μL boiling dilution buffer and incubation at 100°C for 
2 minutes. After centrifugation, the supernatants were transferred 
to fresh tubes and immediately subjected to the assay. The ATP con-
centrations were determined as nmol/L per 105 cells by comparison 
with ATP standards supplied in the kit.

2.5 | Real-time monitoring of ATP production

The rate of ATP production was measured in real time using an 
Agilent Seahorse XFp Real-Time ATP Rate Assay Kit for the Agilent 
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Seahorse XFp Extracellular Flux Analyzer (Agilent Technologies). 
After the assessment of basal respiration, 2 × 104 cells were treated 
with 40 μg/mL oligomycin, followed by the addition of rotenone and 
antimycin A at 1  μmol/L each. An oligomycin-induced decrease in 
the oxygen consumption rate allows the estimation of mitochondrial 
ATP production. Glycolysis-mediated ATP production is calculated 
from the proton efflux rate in the presence of rotenone and anti-
mycin, the combination of which completely blocks mitochondrial 
respiration.

2.6 | Measurement of glucose uptake

We examined the glucose uptake using 2-NBDG, a fluorescent deox-
yglucose analog that can be taken up by cells through glucose trans-
porters, supplied in a 2-NBDG Glucose Uptake Assay Kit (BioVision). 
After being cultured in medium with or without drugs, including 
imatinib and phloretin, a glucose uptake inhibitor, for 1 hour, cells 
were pulsed with 2-NBDG and analyzed by flow cytometry or fluo-
rescence microscopy.

2.7 | Immunofluorescence staining and 
fluorescence microscopy

We generated an anti-BCR-ABL (e14a2) junction-specific Ab 
for immunocytochemistry by immunizing rabbits with the pep-
tide C  +  KQSSVPTSSKENLL corresponding to amino acids 78-91 
(EU394718.1) of the e14a2-type BCR-ABL protein (Figure  S1). 
Specificity of the antibody was validated by peptide blocking and 
negative staining of e1a2-type BCR-ABL protein in Ph-positive ALL 
cells (Figure S2). For immunofluorescent staining, cells were placed 
on a glass slide using a Cytospin centrifuge (Shandon Scientific) or 
cultured on a chamber slide and fixed using an Image-iT Fixation/
Permeabilization Kit (Thermo Fisher Scientific).24 These specimens 
were stained with a rabbit BCR-ABL junction-specific Ab and anti-
p62 (MBL), anti-CD34, or anti-pan 14-3-3 (Santa Cruz Biotechnology) 
Abs. We used Alexa Fluor 594-conjugated anti-rabbit IgG and Alexa 
Fluor 488-conjugated anti-mouse IgG Abs (Invitrogen) as secondary 
Abs. Finally, nuclei were counterstained with ProLong Gold Antifade 
Reagent with DAPI (Cell Signaling Technology). Stained samples 
were observed under a BZ-X fluorescence microscope (Keyence).

Other conventional techniques and reagents are described in 
Document S1.

3  | RESULTS

3.1 | BCR-ABL-mediated AMPK activation ensures 
excessive ATP production in CML cells

It is easy to speculate that CML cells consume a large amount of 
ATP because the BCR-ABL protein is a constitutively active tyrosine 

kinase. We confirmed this notion and investigated the mechanisms by 
which CML cells maintain high intracellular ATP concentrations. First, 
we cultured various malignant hematopoietic cells under nutrient-
rich conditions to inhibit the execution of autophagy, and measured 
intracellular ATP concentrations with a bioluminescence assay im-
mediately after harvesting. Intracellular ATP levels were significantly 
higher in CML-BC cell lines (K562, KOPM28, TCC-S, and KU812) than 
in other BCR-ABL-negative leukemia/lymphoma cell lines (Figure 1A, 
left panel). Despite their relatively lower intracellular ATP concentra-
tions among the CML-BC group, KOPM28 cells produced more ATP 
than BCR-ABL nonexpressing cells (Figure S3). Exogenous expression 
of BCR-ABL significantly increased intracellular ATP concentrations 
(Figure 1A, middle panel) and mitochondrial respiration (Figure 1A, 
right panel) in human embryonic kidney 293FT cells, suggesting the 
direct role of BCR-ABL in active ATP production. Mechanistically, 
introduction of BCR-ABL increased the abundance of phosphoryl-
ated AMPKα and its substrate ACC, which mediates fatty acid syn-
thesis, and upregulated the expression levels of the GLUT1 glucose 
transporter and CPT1α, a critical regulator of FAO, in 293FT cells 
(Figure 1B, right panel; Table S4 for data quantification). The BCR-
ABL-mediated increase in AMPKα phosphorylation was at least partly 
mediated by reduced phosphorylation of LKB1 at serine 428, which 
facilitates the conformational change of AMPKα to an active config-
uration,25 although the mechanism of LKB1 dephosphorylation re-
mains to be elucidated (Figure 1B, right panel). In addition, BCR-ABL 
activated the mTOR pathway, as evidenced by increased phosphoryl-
ation of ribosomal protein S6 kinase 1 at serine 411. The same pattern 
was observed in CML-BC cells but not BCR-ABL-negative Jeko-1 cells: 
AMPKα was highly phosphorylated at threonine 172 and was thus 
activated, whereas ACC was highly phosphorylated at serine 79 and 
was thus inactivated in CML-BC cells (Figure 1B, left panel). These 
results indicate that BCR-ABL facilitates ATP production through 
AMPK-mediated activation of FAO and concomitant suppression of 
fatty acid synthesis as well as through glucose-dependent mecha-
nisms. Intracellular ATP levels were significantly reduced by short-
term (24-hour) treatment with the first-in-class TKI imatinib mesylate 
before the decline in cell viability in CML cells (Figure 1C, left panel). 
This reduction was associated with a decrease in both the abundance 
of GLUT1 (Figure 1C, middle panel, and Table S5 for data quantifi-
cation) and actual glucose uptake (Figure 1D). Time-course studies 
revealed that the phosphorylation level of AMPKα was transiently 
declined after BCR-ABL inhibition (2-6 hours) but exceeded the base-
line level after 12 hours when intracellular ATP concentrations were 
<50% of untreated controls (Figure  1C, right panel). These results 
suggest that AMPKα was compensatorily activated in CML cells in 
response to imatinib-induced ATP depletion.

3.2 | Prolonged AMPK activation results in energy 
exhaustion and decreased viability of CML cells

To understand the biological significance of AMPK activation under 
energy-deprived conditions, we treated TCC-S, KOPM28, and 
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KOPM28 sublines in which p53 was deleted by CRISPR/Cas9 target-
ing of TP53 (hereafter defined as KOPM28p53KO) (Figure S4A,B), 
with AICAR, a small molecule compound capable of activating AMPK 
as an AMP mimetic.26 Brief (2-hour) exposure to AICAR significantly 
enhanced mitochondrial activity and increased intracellular ATP 
concentrations in all three cell lines (Figure 2A). The AICAR-induced 
ATP production was sustained for up to 24 hours and returned to the 
baseline level in KOPM28 cells, in which p53 is mutated in the DNA-
binding domain (A276P)20 but retains the ability to suppress AMPK 
activity in the cytoplasm27 (Figure S5). However, ATP levels declined 
after 24 hours with a loss of mitochondrial function (Figure 2A, mid-
dle panel) and cell viability (Figure 2A, left panel) in p53-deficient 
TCC-S cells. Immunoblotting of subcellular fractions revealed that 
the phosphorylation level and the cytoplasmic/nuclear localization 
ratio of AMPKα were higher in TCC-S cells than in KOPM28 cells 
2  hours after AICAR treatment, when the intracellular ATP level 
peaked (Figure 2B). At this stage, no obvious differences were ob-
served in the expression levels of autophagy-initiating proteins, such 
as ULK1 and p62, between the two cell lines. At the exhaustion phase 
of AMPK activation (24 hours), the abundance of Beclin 1, p62, and 
phosphorylated ULK1 was remarkably increased in p53-deficient 
TCC-S and p53-deleted KOPM28 cells in association with the de-
crease in cell viability (Figure 2C). These results imply that induction 
of autophagy is responsible for cell death caused by sustained AMPK 
activation in CML-BC cells. We then investigated the mechanisms 
underlying autophagy-induced cell death, which should be unique to 
CML cells because autophagy is generally cytoprotective.

3.3 | Autophagy is associated with cytoplasmic 
translocation and subsequent degradation of BCR-
ABL protein

It is widely believed that the BCR-ABL protein is localized exclusively 
in the cytoplasm to promote efficient signal transduction in chronic-
phase CML cells.28,29 The BCR-ABL protein has three nuclear 

localization signals and only a single nuclear export signal in the 
c-ABL portion.30-32 This structure supports the idea that BCR-ABL 
shuttles between the two cellular compartments in contrast to the 
current view. Indeed, a substantial portion of BCR-ABL was detected 
in the nuclei of CML-BC cells (Figure  3A), BCR-ABL-transfected 
CD34-positive bone marrow mononuclear cells (Figure  3B), and 
BCR-ABL-transduced 293FT cells (Figure 3C) by immunoblotting of 
subcellular fractions and immunocytochemistry using a BCR-ABL-
specific Ab (Figure S2). Nuclear BCR-ABL protein was translocated 
to the cytoplasm together with the regulators of intracellular protein 
localization, XPO1 and 14-3-3, in both CML-BC (Figure 2B) and BCR-
ABL-transduced 293FT (Figure  3C) cells following AICAR-induced 
artificial energy depletion. These results suggest that BCR-ABL re-
sides in the nucleus when ATP supply is sufficient or cellular demand 
of ATP is relatively low and is translocated to the cytoplasm under 
energy-deprived conditions for ATP supplementation.

Next, we sought to determine whether cytoplasmic BCR-ABL 
protein undergoes autophagic degradation in starved CML cells. 
Treatment of CML-BC cells with ATO, a strong inducer of auto-
phagy,33 triggered cytoplasmic translocation of BCR-ABL and its 
subsequent degradation, which was readily suppressed by the ly-
sosomal inhibitor chloroquine (Figure  3D), without a decrease but 
rather with a compensatory increase in the abundance of BCR-ABL 
mRNA (Figure S6). Cytoplasmic accumulation of the autophagy pro-
teins Beclin 1 and p62 was concomitantly observed in ATO-treated 
cells and was also enhanced by chloroquine (Figure 3D). Consistent 
with a previous attempt using a PROTAC (proteolysis-targeting 
chimera) against BCR-ABL,34 BCR-ABL degradation led to immedi-
ate death of CML cells (Figure S6). In contrast, the mTOR inhibitor 
rapamycin alone elicited modest levels of cytoplasmic translocation 
of BCR-ABL and apoptotic cell death despite the induction of au-
tophagic flux (Figure S7). Furthermore, ATO-treated CML cells did 
not undergo apoptosis when BCR-ABL degradation was inhibited 
by shRNA against ULK1 (Figures 4 and S7C). These results suggest 
that both cytoplasmic translocation and degradation of BCR-ABL are 
prerequisite for autophagy-associated cell death in CML cells.

F I G U R E  1   BCR-ABL-mediated AMP-activated protein kinase (AMPK) activation ensures excessive ATP production in CML cells. A, 
Intracellular ATP concentration was measured using a bioluminescence assay in various hematopoietic cell lines (AML, acute myeloid 
leukemia; CML-BC, CML in blast crisis; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; T-ALL, T-cell acute lymphoblastic leukemia) 
(left panel) and BCR-ABL-transduced human embryonic kidney 293FT cells (middle panel) after culture in fresh medium for 24 h. The 
means ± SD (bars) of the relative ratios compared with Namalwa cells or empty vector-transfected 293FT cells (control) are shown (n = 3). 
*P < .05 between CML-BC and other groups by one-way ANOVA with Tukey’s multiple comparison test. The rate of ATP production was 
measured in empty vector- or BCR-ABL-transfected 293FT cells using the Agilent Seahorse XFp Extracellular Flux Analyzer (right panel). 
Data shown are representative of three independent experiments. FCCP, carbonyl cyanide-4-phenylhydrazone; OCR, oxygen consumption 
rate. B, CML-BC and NHL (Jeko-1) cell lines (left panel) or BCR-ABL-transduced 293FT cells (right panel) were cultured in fresh medium for 
24 h and subjected to immunoblot analysis of the indicated molecules. C, Left panel, CML cells were cultured with the indicated doses of 
imatinib mesylate for 24 h and subjected to intracellular ATP measurement (upper) and an MTT reduction assay (lower). Means ± SD (bars) 
of three independent experiments are shown (*P < .01 against untreated controls). Middle panel, CML cells were cultured with the indicated 
doses of imatinib mesylate for 24 h and subjected to immunoblotting. Right panel, KOPM28 cells were cultured with 50 nmol/L imatinib 
for the indicated periods and subjected to immunoblotting. D, KOPM28 and TCC-S cells were cultured with 2-deoxy-2-[(7-nitro-2,1,3-
benzoxadiazol-4-yl) amino]-d-glucose (2-NBDG) for 30 min and examined under phase-contrast and fluorescence microscopy (left panel) 
or cultured with 2-NBDG in the absence or presence of either phloretin, a glucose transport inhibitor, or imatinib for 1 h and analyzed by 
flow cytometry (right panel). ACC, acetyl-CoA carboxylase; CPT1a, carnitine palmitoyltransferase 1α; GLUT1, glucose transporter 1; S6K1, 
ribosomal protein S6 kinase 1
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In previous studies, BCR-ABL localization was examined 
mostly by immunofluorescent detection of exogenous proteins 
with Abs against BCR and/or c-ABL.35-37 However, this experi-
mental system cannot distinguish BCR-ABL from normal BCR and 
c-ABL proteins derived from residual alleles. To circumvent this 
issue, we generated a BCR-ABL junction-specific Ab to detect 
only the e14a2-type BCR-ABL protein by immunocytochemis-
try (Figure  S2). Using the new Ab, we confirmed that BCR-ABL 
was localized mainly in the nucleus in untreated CML-BC cells 

(Figures 3E, S8, and S9 for lower-power magnification images). In 
contrast, BCR-ABL was mostly detected in the cytoplasm in pri-
mary CML cells isolated from the bone marrow of chronic-phase 
patients probably due to p53-mediated energy homeostasis 
(Figure  S10). Nuclear BCR-ABL protein was appreciably translo-
cated to the cytoplasm during autophagic flux induced by ATO 
(Figure  3E) or the combination of the AMPK activator AICAR 
and the mTOR inhibitor rapamycin (Figure S11). Colocalization of 
BCR-ABL and p62 was clearly visualized in CML cells undergoing 

F I G U R E  2   Prolonged AMP-activated protein kinase (AMPK) activation results in energy exhaustion and decreased viability of CML 
cells. A, Left panel, CML cells were cultured with 250 µmol/L 5-aminoimidazole-4-carboxamide-1-β-d-ribofuranoside (AICAR) and subjected 
to an MTT reduction assay to assess mitochondrial activity and cell viability at the indicated time points. Middle panel, Mitochondrial 
activity was determined by measuring the oxygen consumption rate (OCR) with the Agilent Seahorse XFp Extracellular Flux Analyzer 
in CML cells immediately and 24 h after the addition of 250 µmol/L AICAR. Means ± SD (bars) of three independent experiments are 
shown (*P < .05 between the two groups by Student’sttest). Right panel, The relative concentrations of intracellular ATP were measured 
in KOPM28 and TCC-S cells cultured with either 250 or 500 µmol/L AICAR for the indicated durations. B, KOPM28 and TCC-S cells were 
cultured in the absence (−) or presence (+) of 250 µmol/L AICAR for 2 h and expression of the indicated molecules was examined along with 
Lamin B1 (nuclear marker) and GAPDH (cytoplasmic marker) in the separated cytoplasmic and nuclear fractions. C, KOPM28, TCC-S, and 
KOPM28p53KO cells were cultured in the absence (−) or presence (+) of 250 µmol/L AICAR for 24 h, and cytoplasmic fractions were isolated 
for immunoblot analysis of the indicated proteins. ACC, acetyl-CoA carboxylase; CPT1a, carnitine palmitoyltransferase 1α; GLUT1, glucose 
transporter 1; S6K1, ribosomal protein S6 kinase 1
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autophagy when lysosomal degradation of the two proteins was 
inhibited with chloroquine (Figures 3E and S9).

3.4 | BCR-ABL is translocated from the nucleus in 
complex with 14-3-3, XPO1, and Beclin 1

Finally, we attempted to clarify the mechanism regulating the subcel-
lular localization of the BCR-ABL protein and its relationship with the 

priming of autophagy. It has been reported that binding to 14-3-3 
proteins disrupts the nuclear localization of the c-Abl protein.35 As 
shown in Figure 4A, the BCR-ABL protein harbors six 14-3-3-bind-
ing sites: five in the BCR portion and one in the c-ABL portion.38 The 
BCR kinase phosphorylates 14-3-3τ,38 which positively regulates 
the expression of Beclin 1.39 Beclin 1 is exported from the nucleus 
to the cytoplasm in a complex with XPO1 during autophagy.40 These 
findings prompted us to examine whether BCR-ABL forms a com-
plex with 14-3-3, XPO1, and Beclin 1 when BCR-ABL is translocated 

F I G U R E  3   Autophagy is associated with cytoplasmic translocation and subsequent degradation of the BCR-ABL protein. A, We isolated 
the cytoplasmic and nuclear fractions of K562, KOPM28, TCC-S, and KU812 cells cultured under nutrient-rich conditions, and examined 
the expression of BCR-ABL, Lamin B1, and GAPDH. B, CD34+human bone marrow mononuclear cells were transfected with a BCR-ABL-
expression vector and subjected to sequential immunofluorescence staining with the anti-BCR-ABL junction-specific rabbit polyclonal Ab, 
followed by staining with Alexa Fluor 488-conjugated anti-rabbit IgG (green), and anti-CD34 mouse polyclonal Ab, followed by staining 
with Alexa Fluor 594-conjugated anti-mouse IgG (red). Nuclei were counterstained with DAPI (blue). Scale line, 50 μm. Data shown are 
representative of multiple independent experiments. C, Human embryonic kidney 293FT cells were transduced with either empty or 
BCR-ABL-expression vector, cultured in the absence (–) or presence (+) of 5-aminoimidazole-4-carboxamide-1-β-d-ribofuranoside (AICAR; 
250 µmol/L) for 24 h, and subjected to immunoblot analysis of the indicated molecules in the separated cytoplasmic and nuclear fractions. 
D, KOPM28 and TCC-S cells were cultured with the indicated combinations of arsenic trioxide (ATO; 2.5 μmol/L for KOPM28 and 5 μmol/L 
for TCC-S) and chloroquine (CQ) (30 μmol/L) for 24 h, and subjected to immunoblot analysis of the indicated molecules in the separated 
cytoplasmic and nuclear fractions. E, Left panel, KOPM28 and TCC-S cells were cultured in the absence or presence of ATO (2.5 μmol/L for 
KOPM28 and 5 μmol/L for TCC-S) and CQ (30 μmol/L) for 24 h. Cytospin specimens were stained with the anti-p62 mouse polyclonal Ab, 
followed by staining with Alexa Fluor 488-conjugated anti-mouse IgG (green), and with anti-BCR-ABL junction-specific rabbit polyclonal 
Ab, followed by staining with Alexa Fluor 594-conjugated anti-rabbit IgG (red). Nuclei were counterstained with DAPI (blue). Scale bar, 
50 μm. Data shown are representative of approximately 30 independent experiments. Right panel, Subcellular localization of BCR-ABL was 
quantified using BZ-X Analyzer fluorescence microscope software. *P < .05 between the control and ATO + CQ treatment by Student’sttest 
(n = 30). AMPK, AMP-activated protein kinase; GLUT1, glucose transporter 1; XPO1, exportin 1
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to the cytoplasm following the induction of autophagy in CML-BC 
cells. For this purpose, we established KOPM28 and TCC-S sublines 
in which the initiation of autophagy was halted by shRNA against 
ULK1 (Figure S4C) to visualize these changes more clearly. As ex-
pected, the BCR-ABL protein was not degraded after ATO treat-
ment in ULK1-knockdown cells (Figure 4B). In these cells, BCR-ABL 
was exported from the nucleus and accumulated in the cytoplasm 
together with 14-3-3, XPO1, and Beclin 1 (Figure  4C). To confirm 
complex formation, we undertook immunoprecipitation on whole-
cell extracts from AICAR-treated KOPM28 and TCC-S cells with 
Abs against c-ABL and XPO1, followed by immunoblotting with Abs 
against 14-3-3, Beclin 1, and BCR-ABL. BCR-ABL directly bound to 
14-3-3, particularly 14-3-3τ, and Beclin 1; moreover, it indirectly 
bound to XPO1 through 14-3-3 (Figure  4D). Notably, AMPK acti-
vation enhanced the formation of the complex between BCR-ABL 
and 14-3-3τ as well as the complex between XPO1 and 14-3-3τ in 
CML cells. Similarly, both BCR-ABL and XPO1 bound to 14-3-3τ dur-
ing autophagy induction by ATO treatment (Figures  4E and S12). 
Morphological examination confirmed the colocalization of BCR-
ABL and 14-3-3 in clinical samples from CML patients (Figure S13). 
These results indicate that AMPK triggers autophagy through phos-
phorylation of ULK1 and mTOR components, such as Raptor and 
TSC2, and regulates subcellular localization of BCR-ABL through 
phosphorylation of cargo proteins 14-3-3 and Beclin 1 (Figure 4F). 
Balance of the two processes critically determines the fate of CML 
cells, as exemplified by therapeutic effects of AMPK activation.18

4  | DISCUSSION

In this study, we show the functional link between intracellular ATP 
levels and the subcellular localization of BCR-ABL in CML cells. 
Chronic myeloid leukemia cells produce a large amount of ATP to 
suppress the initiation of autophagy and subsequent degradation 
of BCR-ABL in the cytoplasm. To support the high demand for ATP, 
BCR-ABL facilitates glucose uptake through AKT-mediated upreg-
ulation and stabilization of the GLUT1 and GLUT4 transporters.41 
During the chronic phase of CML, p53 acts as a metabolic gate-
keeper to maintain intracellular ATP concentrations at a balanced 
level for proliferation and differentiation.42 Under these conditions, 
cytoplasmic localization is suitable for the BCR-ABL protein to trans-
duce proliferative signals efficiently and generate ATP sufficiently. 

In CML-BC cells, ATP is overproduced by unlimited AMPK activation 
due to loss of p53 functions. Because the intracellular ATP concen-
tration is sufficient, BCR-ABL is no longer required to stay in the cy-
toplasm and thus translocates to the nucleus in CML-BC cells. When 
energy depletion is imposed on CML-BC cells, for example, through 
an AICAR-mediated artificial increase in AMP, BCR-ABL returns to 
the cytoplasm to support the ATP supply and could be degraded by 
autophagy, which is inevitably activated for urgent energy supple-
mentation, at the expense of intracellular energy equilibrium.

Our data indicate that the subcellular localization of BCR-ABL 
is actively regulated by the AMPKα-related machinery. AMP-
activated protein kinase is constitutively activated in CML cells 
to remodel the net cellular metabolism toward catabolism.11 
Activation of AMPKα results in increased expression of substrates 
crucial for the maintenance of intracellular ATP levels, including 
TXNIP13 and TBC1D1, which stabilize glucose transporters on 
the cell surface,43 ACC1/2, which catalyzes the first step of lipid 
synthesis and the generation of malonyl Co-A to inhibit the FAO 
regulator CPT1,43 and TSC2 and Raptor, which negatively regulate 
mTOR activity to repress protein synthesis and promote autoph-
agy.44 In addition to targeting metabolic regulators, AMPKα tar-
gets the molecules governing the subcellular localization of various 
cargo proteins. The AMPKα-induced phosphorylation of 14-3-3 
enhances the binding of 14-3-3 to BCR-ABL for shuttling between 
the cytoplasmic and nuclear compartments. Furthermore, AMPK 
regulates the cytoplasmic translocation of nuclear BCR-ABL by fa-
cilitating its binding to XPO1. Indeed, an XPO1 inhibitor, leptomy-
cin B, induces the death of CML cells through nuclear entrapment 
of BCR-ABL.45,46 Sustained nuclear localization of BCR-ABL could 
be harmful to CML cells because of disturbance of proliferative 
and antiapoptotic signal transduction. Together with our data, 
these findings suggest that the context-dependent nuclear-cyto-
plasmic shuttling of BCR-ABL is important for cellular homeostasis 
in CML. Mutations at the sites regulating subcellular localization, 
such as the F-actin binding domain, nuclear export signals, and 
nuclear localization signals (Figure  4A), could direct the nuclear 
localization of BCR-ABL in CML-BC cells. We excluded this possi-
bility by undertaking targeted sequencing of these regions (data 
deposited in the DDBJ/EMBL/GenBank database under accession 
numbers LC493097, LC493098, LC493099, and LC493100).

Autophagy contributes to the elimination of dysfunctional mito-
chondria and redox-active protein aggregates, which are the source 

F I G U R E  4   BCR-ABL is translocated from the nucleus in complex with 14-3-3, exportin 1 (XPO1), and Beclin 1. A, Structure of the 
BCR-ABL protein; the red dots indicate the 14-3-3 binding sites. B, KOPM28 cells were lentivirally transduced with either the pLL3.7-sh-
control (−) or pLL3.7-sh-ULK1 (+) vector and cultured with 2.0 μmol/L arsenic trioxide (ATO) for 24 h. Whole cell lysates were subjected 
to immunoblot analysis of the indicated molecules. C, KOPM28 and TCC-S cells were lentivirally transduced with either the pLL3.7-sh-
control (−) or pLL3.7-sh-ULK1 (+) vector, and cultured with or without ATO (2.0 μmol/L) for 24 h. The cytoplasmic and nuclear fractions 
were subjected to immunoblot analysis of the indicated molecules. D, We cultured KOPM28 and TCC-S cells with or without 250 µmol/L 
5-aminoimidazole-4-carboxamide-1-β-d-ribofuranoside (AICAR) for 24 h, and extracted whole cell lysates for immunoprecipitation (IP) 
with anti-c-ABL1 or anti-XPO1 Abs. Immunoprecipitates were analyzed by immunoblotting for the presence of the indicated molecules. 
E, KOPM28 cells were cultured with the indicated combinations of ATO (2.5 μmol/L) and CQ (30 μmol/L) for 24 h and subjected to the same 
analysis shown in the panel D. F, Graphical summary of the findings of the present study. AMPK, AMP-activated protein kinase; CML-BC, 
CML in blast crisis; NES, nuclear export signal; NLS, nuclear localization signal

info:ddbj-embl-genbank/LC493097
info:ddbj-embl-genbank/LC493098
info:ddbj-embl-genbank/LC493099
info:ddbj-embl-genbank/LC493100
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of genotoxic reactive oxygen species, to maintain genomic stabil-
ity.47 Baseline autophagic activity acts to eliminate the byproducts 
of normal cellular processes to maintain cellular homeostasis.13 
Similarly, autophagic degradation of BCR-ABL triggered by nutri-
ent exhaustion might protect CML cells from acquiring phenotypes 
promoting disease progression, even if AMPKα is activated to en-
hance cell growth. This view is compatible with a recent description 
of autophagic elimination of T315I-mutated BCR-ABL protein.19 
The mTOR pathway is constitutively active in CML cells to synthe-
size proteins required for cell proliferation and halt the induction of 
autophagy.10,29 BCR-ABL degradation occurs when these two pro-
cesses—activation of AMPKα to regulate the subcellular localization 
of BCR-ABL and repression of mTOR to promote autophagy—are 
coupled. Drugs that produce both of these effects are candidates 
for the treatment of TKI-resistant CML cells. In fact, CML-BC cells 
underwent BCR-ABL degradation and subsequent cell death when 
treated with ATO, a canonical autophagy inducer, or the combination 
of the AMPK activator AICAR and the mTOR inhibitor rapamycin 
(Figure S11), both of which obviously enhanced the effects of TKIs 
on CML-BC cells (Figures S14 and S15). Overall, these results point 
to a novel therapeutic vulnerability that could be useful for treating 
TKI-resistant CML.
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