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Abstract

BCR-ABL positive (+) acute lymphoblastic leukemia (ALL) accounts for ~30% of cases of ALL. 

We recently demonstrated that 2-deoxy-D-glucose (2-DG), a dual energy (glycolysis inhibition) 

and ER-stress (N-linked-glycosylation inhibition) inducer, leads to cell death in ALL via ER-

stress/UPR-mediated apoptosis. Among ALL subtypes, BCR-ABL+ ALL cells exhibited the 

highest sensitivity to 2-DG suggesting BCR-ABL expression may be linked to this increased 

vulnerability. To confirm the role of BCR-ABL, we constructed a NALM6/BCR-ABL stable cell 

line and found significant increase in 2-DG-induced apoptosis compared to control. We found that 
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Mcl-1 was downregulated by agents inducing ER-stress and Mcl-1 levels correlated with ALL 

sensitivity. In addition, we showed that Mcl-1 expression is positively regulated by the MEK/ERK 

pathway, dependent on BCR-ABL, and further downregulated by combining ER-stressors with 

TKIs. We determined that energy/ER stressors led to translational repression of Mcl-1 via the 

AMPK/mTOR and UPR/PERK/eIF2α pathways. Taken together, our data indicate that BCR-ABL

+ ALL exhibits heightened sensitivity to induction of energy and ER- stress through inhibition of 

the MEK/ERK pathway, and translational repression of Mcl-1 expression via AMPK/mTOR and 

UPR/PERK/eIF2α pathways. This study supports further consideration of strategies combining 

energy/ER-stress inducers with BCR-ABL TKIs for future clinical translation in BCR-ABL+ ALL 

patients.
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1. INTRODUCTION

Acute Lymphoblastic Leukemia (ALL) is the most common malignancy in children and 

adolescents [1]. BCR-ABL positive ALL (BCR-ABL+ ALL, t(9;22)) is present in 5% and 

25% of pediatric and adult cases of ALL, respectively [2]. Recent strategies combining 

intensive multi-agent chemotherapy plus a tyrosine kinase inhibitor (TKI) have improved 

outcomes for BCR-ABL+ ALL patients albeit with significant toxicity [3, 4]. Therefore, 

finding novel strategies that synergize with TKIs against BCR-ABL+ ALL and are less toxic 

is desirable.

Tumor metabolism has emerged as a hallmark of cancer [5]. Oncogenes such as BCR-ABL, 

Akt, and Ras have the ability to both upregulate glucose metabolism and prevent cell death 

[6]. The BCR-ABL fusion upregulates Glut1 through activation of the PI3K/Akt signaling 

pathway [7], and inhibition of BCR-ABL with TKIs leads to decreased glucose uptake and 

cell death [8, 9]. Additionally, increased glucose uptake and metabolism has been reported 

to protect cells by blocking GSK-3β mediated degradation of Mcl-1, a member of the anti-

apoptotic Bcl2 family [10]. Expression of the Mcl-1 protein has been shown to be important 

for BCR-ABL+ ALL cell survival [11–13], whereas reduced Mcl-1 levels allow the pro-

apoptotic proteins (Noxa, Bim, Puma) to promote cell death via Bax and Bak [14]. In CML, 

BCR-ABL has been shown to promote Mcl-1 expression through the RAS/RAF/MEK/ERK 

and STAT5 pathways [15].

The dual glycolysis and N-linked glycosylation inhibitor, 2-deoxy-D-glucose (2-DG), 

induces both energy and ER-stress. As a glucose analog, 2-DG inhibits hexokinase (HK) and 

phosphoglucose isomerase (PGI), and as a mannose analog it interferes with N-linked 

glycosylation by incorporating into lipid-linked oligosaccharide (LLO) chains leading to 

premature termination of LLO synthesis (Figure S1) [16]. We recently demonstrated that 2-

DG induces ALL cell death preferentially by inhibition of N-linked glycosylation resulting 

in ER-stress/unfolded protein response (UPR)-mediated apoptosis, although inhibition of 
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glycolysis contributes to cell death in a phenotype specific-manner [17]. Among ALL 

subtypes, BCR-ABL+ ALL cell lines exhibited the highest sensitivity to 2-DG, suggesting 

that BCR-ABL expression may be linked to this phenotype [17]. Our group also 

demonstrated that in ALL cells, AMPK is a central regulator of the UPR under conditions of 

metabolic stress [18], acting as a sensor of ER-stress through CaMKKβ, independent of 

LKB1 signaling [19].

In this study, we investigated the role of BCR-ABL expression in heightening the sensitivity 

of ALL cells to the induction of energy and ER-stress, and examined the role of Mcl-1 in 

BCR-ABL+ ALL cells under these conditions of stress.

2. MATERIALS AND METHODS

2.1 Reagents

2-deoxy-D-glucose, D-mannose, thapsigargin, and tunicamycin (Sigma-Aldrich). Imatinib, 

dasatinib, nilotinib, bortezomib, and PD98059 (Selleck Chemicals), and qVD-OPH (SM 

Biochemicals). PERK inhibitor GSKA, a kind gift from Drs. Rakesh Kumar and Jeffrey 

Axten (GlaxoSmithKline, Collegeville, PA) [20].

2.2 Cell culture, cell proliferation and apoptosis assays

CCRF-CEM (T-ALL), NALM6 (Bp-ALL), and K562 (CML, BCR-ABL p210) cell lines 

were grown in RPMI 1640 medium [17], and BCR-ABL+ ALL SUPB15 and TOM-1 cells 

were grown in Iscove’s DMEM medium and RPMI 1640, respectively [17]. Cell 

proliferation and apoptosis were determined as previously described [18]. Data were 

analyzed by one-way ANOVA or by Student’s t test using GraphPad PRISM (Version 5.0c).

2.3 Plasmids, trasnfection, construction of stable cell lines, and shRNA

To construct pSG5-P190-Neo, a 1.7 kbp fragment containing the neomycin gene from pCI-

Neo plasmid was PCR amplified using oligonucleotides designed with BamHI sites, inserted 

into the BamHI site of pSG5-P190 (Addgene #31285), and characterized by restriction 

enzyme digestions and DNA sequence. Transfections in ALL cells were carried out using 

the Nucleofector II device (program C-005) (Lonza). Stable transfectants were selected in 

presence of geneticin (G418) [500 μg/mL] (Life Technologies). Plasmids: pCI-neo 

(Promega, #E1841), pCDNA3.1 (Invitrogen, #V790-20), and pCDNA3.1-hMcl-1 (gift from 

Roger Davis, Addgene plasmid # 25375) [21].

Mcl-1 was downregulated using a pool of lentiviral particles encoding specific shRNAs 

against Mcl-1 (sc-35877-V; Santa Cruz Biotechnology) or scrambled shRNA sequence 

(sc-108080) as previously described [17].

2.4 SYBR Green real-time qRT-PCR

Mcl-1 and GAPDH mRNA expression were measured by real-time quantitative RT-PCR 

using Mcl-1 (Hs Mcl-1_1_SG #QT00094122) and GAPDH (Hs GAPDH_1_SG 

#QT00079247) Quantitect Primers (Qiagen) as described elsewhere [22].
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2.5 Western immunoblots

Immunoblots were done as previously described [18] using antibodies from Active Motif 

(ATF6, 40962), Santa Cruz Biotechnology (c-ABL, sc131; NOXA, sc-30209) and Cell 

Signaling: β-actin (4967), p-Akt/S473 (4060), p-AMPK/T172 (2535), Bak (3814), Bax 

(2772), Bcl-2 (2870), Bcl-xL (2764), Bid (2002), Bim (2933), p-cABL (#5300), CHOP 

(2895), GRP78 (3177), GRP94 (2104), p-eIF2α (9721), p-ERK1/2 (9101), GSK-3β (9315), 

p-GSK-3β/S9 (9322), IRE1α (3294), Mcl-1 (4572), p-MEK1/2 (9154), p-mTOR/S2448 

(2971), PUMA (4976), p-4EBP1/T70 (9455), p-p70S6K/T389 (9205), p-p70S6K/T421/S424 

(9204).

2.6 Fluorophore-Assisted Carbohydrate Electrophoresis (FACE)

LLOs were analyzed as previously described [16].

3. RESULTS

3.1 BCR-ABL expression leads to increased ALL sensitivity to the dual energy/ER-stress 
inducing agent 2-DG

We previously reported that 2-DG induces cell death in ALL cell lines and primary cells 

[17]. Among ALL subtypes, BCR-ABL+ ALL SUPB15 and TOM1 cells consistently 

exhibited the highest sensitivity to 2-DG (Figure 1A). In contrast, the CML cell line K562 

also expressing BCR-ABL exhibited the highest resistance to 2-DG (Figure 1A). These 

findings suggested that expression of the BCR-ABL fusion protein in ALL cells is linked to 

their sensitivity to energy/ER-stress. To directly investigate the role that BCR-ABL played 

in heightened sensitivity of ALL cells to 2-DG, we constructed NALM6 stable cell lines 

expressing the BCR-ABL fusion p190 (NALM6/BCR-ABL), and assessed their sensitivity 

to 2-DG. Expression of the BCR-ABL p190 fusion in these stable transfectants was 

confirmed by immunoblot analysis (Figure 1B). More importantly, we found that expression 

of BCR-ABL in these stable transfectants significantly increased 2-DG-induced apoptosis 

compared to mock transfected NALM6 cells (NALM6/pCI-Neo) (Figures 1A and 1C), 

indicating that expression of BCR-ABL sensitizes ALL cells to 2-DG. In addition, the level 

of 2-DG induced cytotoxicity in NALM6/BCR-ABL was dose dependent (Figure 1C) [17].

3.2 2-DG induces ER-stress/UPR in BCR-ABL + and − ALL via inhibition of Lipid-linked 
oligosccharides (LLOs) synthesis

Co-treatment of BCR-ABL+ and BCR-ABL− ALL cells with 2-DG and D-mannose 

demonstrated that D-mannose, known to reverse the cytotoxicity associated with inhibition 

of N-linked glycosylation but not of glycolysis [23], conferred only partial protection 

(≈50%) against 2-DG-induced apoptosis (Figure 2A), indicating that inhibition of N-linked 

glycosylation was not solely responsible for the observed enhanced cell death. In addition, 

LLOs synthesis (the precursors of N-linked oligosaccharides) was analyzed by FACE in 2-

DG-treated ALL cells, and ER-stress/UPR markers assessed by immunoblots. 2-DG 

inhibited LLOs synthesis in both BCR-ABL+ SUPB15 and BCR-ABL− NALM6 ALL cells 

(Figure 2B) which correlated with induction of ER stress/UPR markers (GRP78, CHOP, 

Figure 2C). Co-treatment with D-mannose reduced the inhibitory effects of 2-DG on LLO 

synthesis which was consistent with the reduction in ER stress/UPR markers indicating a 
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causal relationship between 2-DG’s inhibition of N-linked glycosylation and ER stress/

UPR-mediated cell death (Figure 2D).

3.3 ER-stress inducing agents lead to downregulation of Mcl-1 expression in BCR-ABL+ 
and − ALL

Mcl-1 was shown to promote survival of BCR-ABL expressing myeloid and lymphoid cells 

[11–13, 15]. This prompted us to determine the role of Mcl-1 expression in 2-DG-induced 

cell death in BCR-ABL+ and BCR-ABL− ALL, and compare it to CML cells. Figure 3A 

shows that constitutive expression of Mcl-1 is lower in BCR-ABL+ ALL (SUPB15, TOM1) 

than in CML (KU812, K562) cells, which inversely correlates with their sensitivity to 2-DG 

(Figure 1A). Moreover, we found that Mcl-1 expression was reduced in BCR-ABL+/− ALL 

cells treated with 2-DG as well as with other ER stressors, i.e. tunicamycin (TUN), or 

thapsigargin (TG) (Figure 3B), which correlated with apoptotic death (Figure 1A). Analysis 

of anti-apoptotic and pro-apoptotic factors in 2-DG-treated BCR-ABL+/− ALL cells 

demonstrated that the only anti-apoptotic factor downregulated was Mcl-1, whereas no 

discernible differences was seen among pro-apoptotic proteins except for PUMA which was 

reduced (Figure 3C).

To investigate whether there is a causal relationship between Mcl-1 expression and 

increased vulnerability to 2-DG-induced energy/ER-stress, we used lentiviral-based shRNAs 

to knock-down Mcl-1 expression in NALM6 cells, and found that Mcl-1 knockdown 

sensitized NALM6 cells to low dose 2-DG (2 mM) as compared to control NALM6/

shCTRL (35% vs. 13% cell death; p < 0.001; Figure 3D). Similar knockdown experiments in 

SUPB15 cells led to cell death even in the absence of treatment with 2-DG (not shown), 

highlighting the pro-survival role of Mcl-1 in BCR-ABL+ ALL cells. To further confirm the 

importance of Mcl-1 expression in the sensitivity to 2-DG, we examined the effect of 

lowering Mcl-1 expression in the highly 2-DG resistant CML cell line K562 (Figure 1A), 

which exhibited higher level of Mcl-1 (Figure 3A). We found that down-regulation of Mcl-1 

expression through inhibition of the PI3K/Akt/GSK-3β pathway using LY294002 sensitized 

K562 cells to 2-DG (Figure S2). Conversely, Mcl-1 over-expression in NALM6 cells 

transfected with pCDNA3.1-hMCL-1, lowered their sensitivity to 2-DG compared to mock 

transfectants (NALM6/pCDNA3.1) (Figure S3). These data indicate a central role for Mcl-1 

expression in the sensitivity to induction of energy and ER-stress by 2-DG, and provide 

evidence for a causal relationship between Mcl-1 expression and the survival of BCR-ABL+ 

ALL.

3.4 Energy/ER-stress-induced Mcl-1 downregulation is mediated by decreased 
phosphorylation of MEK/ERK in BCR-ABL+ ALL

In CML cells, Mcl-1 expression is regulated by the RAF/MEK/ERK pathway in a BCR-

ABL-dependent manner [15]. To investigate the BCR-ABL-dependent role of the 

RAF/MEK/ERK pathway on Mcl-1 expression in BCR-ABL+ ALL cells, we treated 

SUPB15 cells with TKIs (imatinib and dasatinib) and examined p-MEK1/2, p-ERK1/2, and 

Mcl-1 expression. Treatment with TKIs downregulated p-MEK1/2 and p-ERK1/2 

expression in SUPB15 cells (Figure 4A) which correlated with decreased Mcl-1 expression, 

indicating constitutive expression of Mcl-1 is BCR-ABL-dependent in ALL. We next 
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examined the effect of energy/ER-stress on MEK/ERK expression in BCR-ABL+ SUPB15 

cells, and found that the energy/ER-stress inducer 2-DG and the pure ER-stressor TUN 

downregulated p-ERK1/2 (Figure 4B) which correlated with decreased Mcl-1 expression. 

This suggest that energy and/or ER-stress inducing agents downregulate Mcl-1 via the 

MEK/ERK pathway in ALL. Consistent with these findings, when ER-stress inducing 

agents were combined with a TKI (imatinib), further downregulation of p-ERK1/2 and 

Mcl-1 expression was observed (Figure 4B). Similar results were seen following 

pharmacological inhibition of MEK phosphorylation by PD98059, and further p-ERK1/2 

and Mcl-1 downregulation were seen when PD98059 was combined with 2-DG or imatinib 

(Figure 4C). In addition, we found no correlation between the known regulator of Mcl-1 

expression glycogen synthase kinase-3β (GSK-3β) [24] and Mcl-1 levels in BCR-ABL+ 

(SUPB15 and TOM-1) and BCR-ABL− (NALM6) ALL cells (Figure S4). These data 

suggest that in contrast to CML (K562), Mcl-1 downregulation in BCR-ABL+ and BCR-

ABL− ALL cells treated with 2-DG is independent of the Akt/GSK-3β pathway.

3.5 Energy/ER-stress inducing agents downregulate Mcl-1 in BCR-ABL+ ALL through 
translational mechanisms mediated by the AMPK/mTOR and UPR/PERK/eIF2α pathways

Initial experiments into the mechanism of Mcl-1 downregulation in BCR-ABL+/− ALL 

cells ruled out transcriptional control (Figure S5), caspase cleavage [25] (Figure S6A), and 

post-translational (ubiquitin-mediated proteasomal degradation) [26, 27] (Figure S6B) 

mechanisms.

Translational control mediated by the AMPK/mTOR pathway has been implicated in Mcl-1 

downregulation in lymphoid malignancies [28, 29]. As reported for NALM6 [17], we found 

that energy/ER-stressors led to AMPK activation (p-AMPK/T172) and downstream 

downregulation of p-mTOR, p-p70S6K and p-4EBP1 in BCR-ABL+ SUPB15 cells [30] 

(Figures 5A and 5B). These data suggest that energy/ER-stressors could induce translational 

repression of the Mcl-1 protein via an AMPK/mTOR-dependent manner. To test this, we 

treated SUPB15 cells with 2-DG ± the mTOR inhibitor rapamycin, a translation inhibitor. 

We found that rapamycin + 2-DG led to greater p-mTOR/p-4EBP1 downregulation 

(compared to single agent), lowered Mcl-1 expression (Figure 5C), and led to enhanced cell 

death (Figure 5D). Therefore, we conclude that Mcl-1 downregulation by energy/ER-stress 

inducers such as 2-DG, occurs through translational control mediated by AMPK/mTOR.

Based on the known function of the ER-stress-induced UPR/PERK pathway in shutting 

down protein synthesis via p-eIF2α, we use the PERK inhibitor GSKA to assess the role of 

the UPR/PERK/eIF2α pathway on Mcl-1 expression [20]. SUPB15 cells were co-treated 

with 2-DG or TUN ± GSKA (100 μM), and Mcl-1 expression assessed. As expected, 2DG 

and TUN induced the UPR as evidenced by upregulation of GRP78 and CHOP (Figure 6). 

More importantly, PERK inhibition by GSKA decreased p-eIF2α expression, known to 

relieve inhibition of general protein synthesis, which correlated with increased Mcl-1 

expression. These data suggest that Mcl-1 expression is downregulated through a 

translational mechanism mediated by the UPR/PERK/p-eIF2α pathway in BCR-ABL+ ALL 

cells under conditions of ER-stress.
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3.6 Combining BCR-ABL TKIs with energy/ER-stress inducing agents heightens cell death 
in BCR-ABL+ ALL

Similar to the effect in myeloid leukemia [9, 31–33], TKIs lowered ATP (~ 50%) and 

induced energy stress in BCR-ABL+ ALL cells, and the combination 2-DG + TKIs further 

decreased ATP production (Table I). Therefore, we examined the cytotoxicicity of 

combining TKIs (imatinib, dasatinib, nilotinib) with ER-stressors (2-DG, TUN, TG) in 

SUPB15 cells, and found these combinations induced greater cell death in SUPB15 cells 

than either drug alone (Figure 7A). As expected, Mcl-1 expression was decreased by each of 

these agents alone and further downregulated in the combinations TKIs + ER-stressors 

(Figure 7B). Under all conditions, greater Mcl-1 downregulation correlated with increased 

cell death (Figure 7A) confirming that decreased Mcl-1 expression is responsible for the 

heightened cell death exhibited by BCR-ABL+ ALL cells treated with TKIs ± ER-stress 

inducing agents. Imatinib was shown to downregulate the UPR in HepG2 hepatoma cells 

undergoing ER-stress [6]. We found a similar effect in SUPB15 ALL cells (lower GRP78) 

treated with TKIs ± ER-stressors (Figure 7B). On this basis, we propose that downregulation 

of the MEK/ERK/Mcl-1 pathway coupled with the inability of BCR-ABL+ ALL cells to 

effectively engage the UPR synergize to induce cell death in BCR-ABL+ ALL undergoing 

energy/ER-stress.

4. DISCUSSION

We reported for the first time that ALL cell models and primary cells are vulnerable to ER-

stress leading to UPR-mediated apoptotic cell death [17]. We also demonstrated that among 

ALL subtypes, BCR-ABL+ ALL cells exhibited the highest sensitivity to 2-DG-induced 

energy/ER-stress [17]. Our original findings were recently corroborated by a report 

indicating that normal and leukemic lymphoid cells are uniquely vulnerable to agents that 

block the UPR pathway and induce ER stress [34]. Herein, we investigated the role of the 

BCR-ABL fusion in heightening the sensitivity of ALL cells to perturbations in energy and 

ER-stress. To this effect we focused on the role, the regulation, and the contribution of the 

anti-apoptotic protein Mcl-1.

Using genetic models, we demonstrated that BCR-ABL expression was sufficient to 

sensitize ALL cells to the dual energy/ER-stressing agent 2-DG, suggesting BCR-ABL 

expression regulates signaling pathways involved in energy (ATP) and/or ER homeostasis in 

ALL. We showed that the increased sensitivity of BCR-ABL+ ALL cells to 2-DG was not 

due to the induction of ER-stress alone because treatment with D-mannose only partially 

rescued ALL cells, suggesting that simultaneous induction of energy and ER-stress are 

required for maximal induction of apoptotic death in ALL cells harboring the BCR-ABL 

fusion.

Recently, the antiapoptotic protein Mcl-1 was shown to be required for cell survival in BCR-

ABL+ leukemia [11], and to play a role in the survival of ALL [12, 13], CML [15], 

hematopoietic stem cells [35], T-lymphocytes [36], and plasma cells [37]. Herein, we 

demonstrate that Mcl-1 plays a crucial role in the survival of BCR-ABL+ ALL cells 

undergoing energy/ER-stress. We found that treatment with energy/ER-stressors (2-DG), 

pure ER-stressors (TUN, TG), or energy stressors (TKIs) decreased the level of Mcl-1 

Leclerc et al. Page 7

Leuk Res. Author manuscript; available in PMC 2017 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression which correlated with apoptotic death. More importantly, when BCR-ABL+ 

ALL cells were simultaneously challenged with energy and ER-stress, further 

downregulation of Mcl-1 leading to increased cell death was observed. Similar observations 

were reported in alveolar rhabdomyosarcoma cell lines treated with 2-DG [38].

In agreement with reports in B-cell lymphoma [39–41], T-ALL [28, 41], rhabdomyosarcoma 

[38], and non-small cell lung cancer cells [29], our data also supports a translational 

mechanism via AMPK/mTOR as responsible for Mcl-1 downregulation under energy/ER-

stress. In addition to the AMPK/mTOR pathway, we uncovered that the UPR/PERK/p-

eIF2α pathway also contributes to the translational downregulation of Mcl-1 expression in 

BCR-ABL+ ALL cells undergoing ER-stress. Interestingly, ER-stress-induced 

phosphorylation of eIF2α was recently found to be coupled with mitochondrial control of 

apoptosis via translational repression of Mcl-1 [42]. Based on the new function we recently 

reported for AMPK in sensing ER-stress in addition to sensing energy stress [17, 19], these 

findings suggest that Mcl-1 expression is translationally downregulated by energy stress via 

AMPK/mTOR pathway, and by ER-stress via both the UPR/PERK/eIF2α and AMPK/

mTOR pathways. Therefore, in BCR-ABL+ ALL cells treated with energy and/or ER-stress 

inducing agents, AMPK/mTOR and UPR/PERK/eIF2α cooperate to downregulate Mcl-1 

via inhibition of protein translation.

BCR-ABL promotes Mcl-1 expression mediated by the RAS/RAF/MEK/ERK and STAT5 

pathways [15], and MEK/ERK positively regulates Mcl-1 expression [43, 44]. Consistent 

with this, we demonstrated that BCR-ABL upregulated MEK/ERK to promote Mcl-1 

expression in BCR-ABL+ ALL cells, and that these pathways play a crucial role in the 

survival in BCR-ABL+ ALL via Mcl-1. Further, our data suggest that ER-stressors and 

TKIs regulate MEK/ERK expression via alterations of the same pathway(s). Recently, we 

reported a novel role for AMPK as a molecular switch regulating Akt and RAS signaling in 

ALL cells [45]. We found that AMPK could inhibit RAF (phosphorylation at S621) and 

downstream MEK/ERK signaling under metabolic stress, suggesting AMPK could also 

downregulate Mcl-1 expression via decreased RAS/MEK/ERK pathway. Taken together, we 

propose that energy/ER-stress-induced AMPK activation leads to Mcl-1 downregulation via 

three pathways: i) AMPK/RAS/MEK/ERK, ii) AMPK/mTOR/p70S6K, and iii) 

AMPK/UPR/eIF2α pathways (Figure 8).

We and others have shown that TKIs lower ATP and induce energy stress (Table I) [9, 31, 

32]. In BCR-ABL+ ALL cells, treatment with TKIs alone lead to AMPK activation (data not 

shown) but induced minimal cell death. Interestingly, it was only when we combined TKIs 

with ER-stressors that cell death ensued. Our interpretation is that BCR-ABL kinase activity 

maintains energy levels in BCR-ABL+ ALL via stimulation of glycolysis, and when BCR-

ABL kinase is blocked with a TKI, energy stress is induced (in the form of lower ATP) 

leading to cell growth inhibition, whereas when combined with ER-stress it leads to 

increased cell death as evidenced by further downregulation of MEK/ERK pathway and 

Mcl-1 expression. As both TKIs and ER-stressors lead to downregulation of the MEK/ERK 

pathway and Mcl-1 expression in BCR-ABL+ ALL cells, and Mcl-1 is critical for their 

survival, the enhanced downregulation of Mcl-1 expression by these agents in combination 

is central to explain their heightened vulnerability when these forms of stress are induced 
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simultaneously. Exploiting these molecular vulnerabilities of BCR-ABL+ ALL through 

targeted approaches in combination with TKIs is highly desirable, highlighting the 

translational relevance of our findings.

Recently, small-inhibitors of Mcl-1 have been identified and shown to effectively suppress 

tumor growth in vivo using xenograft models [46, 47]. However, to our knowledge, there is 

no report of Mcl-1 downregulation in BCR-ABL-positive ALL cells in vivo using these 

pharmacological inhibitors. Recently, energy and/or ER-stress inducing agents have been 

used in humans. For instance, the proteasome inhibitor bortezomib, known to induce ER-

stress, has been approved in the U.S. for treating relapsed multiple myeloma and mantle cell 

lymphoma [48] whereas a phase I clinical trial of 2-DG in combination with docetaxel has 

been reported in patients with advanced malignancies, showing tolerable toxicity [49]. 

Based on these published findings and our data, we propose that the combination of small-

inhibitors of Mcl-1 plus energy and/or ER-stress inducing agents should lead to further 

downregulation or inhibition of Mcl-1 and induce greater cell death in cancer cells. Clinical 

trials using these combinations, or alike, will be required to established the safety and 

tolerability of the same.

In conclusion, we established that the BCR-ABL fusion is responsible for the increased 

vulnerability of BCR-ABL+ ALL cells to induction of energy and ER-stress via 

downregulation of Mcl-1 expression. We identified the antiapoptotic protein Mcl-1 as a 

crucial factor for the survival of BCR-ABL+ ALL cells treated with energy/ER-stressors ± 

TKIs. Our findings reveal that under energy/ER-stress conditions, Mcl-1 expression is 

downregulated via i) translational mechanisms mediated by AMPK/mTOR and UPR/PERK/

eIF2α and ii) by the MEK/ERK pathway in a BCR-ABL-dependent manner. Finally, our 

study demonstrates that strategies with agents that induce ER-stress plus BCR-ABL TKIs 

warrant further consideration as a novel approach for future clinical translation for BCR-

ABL+ ALL patients.
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Figure 1. BCR-ABL expression leads to increased sensitivity to 2-DG in NALM6 ALL cells
(A) Cell death in CML (K562), control ALL (NALM6), and BCR-ABL+ ALL (NALM6/

BCR-ABL, TOM-1, SUPB15) cells treated with 2-DG (4mM) for 72 h under normoxia 

(pO2 = 21%). (B) Western blot analysis of BCR-ABL p190 protein in SUPB15, NALM6, 

and NALM6 stable cell expressing BCR-ABL p190 fusion. (C) NALM6 and stable 

transfectant NALM6/BCR-ABL were treated with 2-DG (1 mM, 2 mM, and 4 mM) for 48 h 

under normoxia and assayed for cell death (apoptosis) using the Annexin V/PI staining; * 

and # denote p<0.001 and p<0.01, respectively, for NALM6 BCR-ABL vs. NALM6 cells 

treated with 2-DG. Data represents the mean ± SEM (n=3).
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Figure 2. 2-DG induces ER-stress/UPR in BCR-ABL+ and − ALL cell lines
(A) Effect of D-mannose in BCR-ABL+ and − ALL cell lines treated with 2-DG. 
SUPB15 and NALM6 cell lines were treated with 2-DG (2mM or 4mM) ± D-mannose 

(Man, 1mM or 2mM) for 72 h, and assayed for cell death using the ViCell XR Cell system. 

Data represents the mean ± SEM (n=3). (B) 2-DG interferes with N-linked glycosylation 
(inhibits LLO synthesis) in BCR-ABL+ and − ALL cell lines. SUPB15 and NALM6 cell 

lines were treated with 2-DG (4 mM) for 24 h, and LLOs analyzed by FACE. The standard 

oligosaccharides are as follows: G4 to G7, glucose oligomers; G3M9, mature 

oligosaccharide (G3M9Gn2); M5 and M9, oligosaccharides. (C) 2-DG induces UPR 
signaling factors in BCR-ABL+ and − ALL cell lines. Western blots of UPR signaling 

factors in SUPB15 and NALM6 cell lines treated with 2-DG (4 mM) for 24 h under 

normoxia. (D) Western blots of UPR signaling factors in SUPB15 and NALM6 cell lines 

treated with 2-DG (2 mM or 4 mM] and either with (+) or without (−) D-mannose (1 mM or 

2 mM) for 24 h. β-actin was used as a loading control.
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Figure 3. ER-stressors induce down-regulation of Mcl-1 in BCR-ABL+ and − ALL cells
(A) Basal levels of Mcl-1 protein expression in CML (KU812, K562) and BCR-ABL+ ALL 

(SUPB15, TOM-1) cell lines. (B) Levels of Mcl-1 protein expression in SUPB15, NALM6, 

and NALM6 BCR-ABL cells treated with 2-DG (4 mM), tunicamycin (TUN, 1μg/ml), or 

thapsigargin (TG, 50nM) for 24 h. (C) Levels of anti-apoptotic and pro-apoptotic proteins in 

SUPB15 and NALM6 cells treated with 2-DG (4 mM) for 24 h. (D) NALM6 cells 

expressing either scramble shRNAs (shCTRL) or shRNAs against Mcl-1 (shMcl-1) were 

treated with 2-DG (4 mM) for 72 h and assayed for cell death using the ViCell XR Cell 

system. Insert shows Western blot analysis of Mcl-1 expression detected in the shCTRL and 

shMcl-1 expressing NALM6 cells treated with 2-DG for 24 h. Data represents the mean ± 

SEM (n=3). β-actin was used as a loading control. * denotes p<0.001.
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Figure 4. ER-stressors and TKIs decrease Mcl-1 expression via downregulation of the 
MEK/ERK pathway in BCR-ABL+ ALL cells
(A) Western blot of p-MEK1/2 (S217/221), p-ERK1/2 (p44/p42, T202/Y204) and Mcl-1 

expression in SUPB15 cells treated with TKIs (imatinib, IM, 1 μM; dasatinib, DAS, 5 nM) 

for 24 h. (B) Western blot of p-ERK1/2 (p44/p42, T202/Y204) and Mcl-1 expression in 

SUPB15 cells treated with ER-stressors (2-DG, 4mM; tunicamycin, TUN, 1μg/ml), imatinib 

(IM, 1 μM), or the combination ER-stressors + IM for 24 h. (C) Western blot of p-ERK1/2 

(p44/p42, T202/Y204) and Mcl-1 expression in SUPB15 cells treated with 2-DG (4mM), 

imatinib (IM, 1 μM), MEK inhibitor (PD98059, PD, 50μM), or in combination (2-DG + PD 

and IM + PD) for 24 h. β-actin was used as a loading control.
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Figure 5. Mcl-1 expression is controlled by a translational mechanism mediated by the AMPK/
mTOR pathway
Western blots of AMPK (T172), p-mTOR (S2448), p-p70S6K (T389), and p-4EBP1 (T70) 

proteins in SUPB15 cells treated with (A) 2-DG (4 mM) or (B) TUN (2 μg/ml) or TG (200 

mM) for 24 h. (C) Effects of mTOR inhibition on Mcl-1 expression. Western blots of p-

mTOR (S2448), p-4EBP1 (T70) and Mcl-1 expression in SUPB15 cells treated with 2-DG 

(4 mM) ± rapamycin (1μg/ml) for 24 h. β-actin was used as a loading control. (D) Cell death 

in SUPB15 BCR-ABL+ ALL cells treated with 2-DG (2 mM) ± rapamycin (1μg/ml) for 72 

h. Data are representative of at least two independent experiments.
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Figure 6. ER-stress-induced downregulation of Mcl-1 expression is controlled by a translational 
mechanism mediated by the UPR PERK/p-eIF2α pathway
Western blots of Mcl-1 and UPR proteins (GRP78, p-eIF2α (S51), and CHOP) in SUPB15 

cells treated with ER-stressors (2-DG, 4 mM; TUN, 2μg/ml) ± PERK inhibitor (GSKA, 

200nM) for 24 h. β-actin was used as a loading control.
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Figure 7. Targeting BCR-ABL+ ALL cells with TKIs and energy/ER-stressors significantly 
increase cell death
(A) SUPB15 cells were treated with TKIs (imatinib, 1 μM; dasatinib, 5 nM; nilotinib, 

250nM), ER-stressors (2-DG, 2 mM; TUN, 1 μg/ml; TG, 50 nM), or the combination TKIs 

+ ER-stressors, and assayed for cell death at 72 h using the ViCell XR Cell system. Data 

represents the mean ± SEM (n=3). (B) Levels of Mcl-1 and UPR (IRE1α and GRP78) 

protein expression in SUPB15 cell line treated with TKIs and ER-stressors as described in 

(A) for 24 h. β-actin was used as a loading control.
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Figure 8. Proposed model for the effects of energy and/or ER-stressors (2DG, tunicamycin), and 
TKIs (imatinib) on UPR/eIF2α, AMPK/mTOR, MEK/ERK, and Mcl-1 expression in BCR-ABL
+ ALL cells
Our data indicate that treatment with energy/ER-stressors (2-DG, tunicamycin) and TKIs 

(imatinib, dasatinib) lead to Mcl-1 downregulation via AMPK activation regulating 

RAS/MEK/ERK, mTOR/p70S6K, and UPR/PERK/eIF2α pathways. In addition to AMPK 

signaling, ER-stress alone can also inhibit protein synthesis through activation of the UPR/

PERK and subsequent phosphorylation of the initiator of translation eIF2α.
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