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Abstract

We assessed the antileukemic activity of 2-deoxy-D-glucose

(2-DG) through the modulation of expression of receptor

tyrosine kinases (RTK) commonly mutated in acute myeloid

leukemia (AML). We used human leukemic cell lines cells, both

in vitro and in vivo, as well as leukemic samples from AML

patients to demonstrate the role of 2-DG in tumor cell growth

inhibition. 2-DG, through N-linked glycosylation inhibition,

affected the cell-surface expression and cellular signaling of

both FTL3-ITD and mutated c-KIT and induced apoptotic cell

death. Leukemic cells harboring these mutated RTKs (MV4-11,

MOLM-14, Kasumi-1, and TF-1 c-KIT D816V) were the most

sensitive to 2-DG treatment in vitro as compared with non-

mutated cells. 2-DG activity was also demonstrated in leukemic

cells harboring FLT3-TKD mutations resistant to the tyrosine

kinase inhibitor (TKI) quizartinib. Moreover, the antileukemic

activity of 2-DG was particularly marked in c-KIT–mutated cell

lines and cell samples from core binding factor–AML patients.

In these cells, 2-DG inhibited the cell-surface expression of

c-KIT, abrogated STAT3 and MAPK–ERK pathways, and strongly

downregulated the expression of the receptor resulting in a

strong in vivo effect in NOD/SCID mice xenografted with

Kasumi-1 cells. Finally, we showed that 2-DG decreases Mcl-

1 protein expression in AML cells and induces sensitization to

both the BH3mimetic inhibitor of Bcl-xL, Bcl-2 and Bcl-w, ABT-

737, and cytarabine. In conclusion, 2-DG displays a significant

antileukemic activity in AML with FLT3-ITD or KIT mutations,

opening a new therapeutic window in a subset of AML with

mutated RTKs. Mol Cancer Ther; 14(10); 2364–73. �2015 AACR.

Introduction

Acute myeloid leukemia (AML) is characterized by the clonal

expansion and accumulation of immature blasts in the bone

marrow (1). Among the molecular pathways involved in leuke-

mogenesis, including alterations in intracellular signal transduc-

tion, cell differentiation, DNAmethylation, spliceosomemachin-

ery or in the cohesin complex, constitutive activation of receptor

tyrosine kinases (RTK) is a crucial step for full blown leukemia

development in a large subset of AML. In fact, the classical two-hit

model proposed several years ago postulated that the combina-

tion of activating mutations of RTKs, driving cell survival and

proliferation, with lesions in transcriptional factors, leading to a

maturation block, were sufficient to induce AML (2).

FLT3 (Fms-like tyrosine kinase 3) and c-KIT are two transmem-

brane glycoprotein members of the class III RTKs expressed in

early hematopoietic progenitors involved in cell proliferation,

differentiation, and survival (3–5). Their role in leukemogenesis

has been extensively studied, setting themas attractive therapeutic

targets in some subsets of AML (6, 7). Gain-of-functionmutations

of the FLT3 gene, mostly represented by internal tandem duplica-

tions (ITD) mutations in exon 11 or 12 encoding the juxtamem-

brane domain of the protein, are found in about 30% of patients

with AML and are associated with poor outcome (8, 9). Point

mutations in the tyrosine kinase domain (TKD) are also found in

about 5% of AML patients, commonly at the D835 codon (10).

FLT3-ITD and FLT3-TKD have been shown to induce ligand-

independent cell proliferation through activation of canonical

cell survival pathways, such as MAPK/ERK, PI3K/AKT, or STAT5,

although these two mutations display differences in their signal-

ing properties (11–14). For instance, FLT3-ITD, but not FLT3-

TKD, strongly activates the STAT5 signaling pathway. In addition,
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FLT3-ITDhas been shown to differentially activate those signaling

pathways according to its cellular localization, driving STAT5

from the endoplasmic reticulum (ER) and MAPK as well as PI3K

pathways from the plasma membrane (15). Small-molecule

tyrosine kinase inhibitors (TKI) targeting FLT3 have been amatter

of intense clinical research for the past decade in AML patients

with FLT3-ITD. However, first-generation TKIs induced, at best,

peripheral blood blast clearance without complete response.

Several mechanisms of primary and secondary resistance, such

as other FLT3 mutations, including FLT3-D835, autocrine stim-

ulation, FLT3 overexpression, and poor pharmacokinetics, have

been proposed to explain these disappointing results (7). More

recently, quizartinib, a second-generation TKI with a higher

selectivity for FLT3 and better pharmacologic properties, dem-

onstrated a much more convincing efficacy (16). c-KIT muta-

tions are found in about 20% to 40% of patients with core

binding factor (CBF) AML and are associated with a higher

incidence of relapse (17). The most frequent c-KIT mutations in

CBF-AML are point mutations, insertions, or deletions in exon

17 and 8 (18), which encode the activation-loop in the kinase

domain and an extracellular region of c-KIT, respectively

(17, 19). Mutated c-KIT induces constitutive activation of

PI3K–AKT and STAT3 pathways (20). In addition, the murine

interleukin-3–dependent cell line BaF/3 modified to constitu-

tively express the c-KIT D816V mutation acquires growth factor

independence, supporting the mutation's transforming activity

in CBF-AML (21). The dual BCR-ABL/Src kinase inhibitor,

dasatinib, which also potently targets c-KIT, is currently being

assessed in clinical trials for CBF-AML patients.

As a potent inhibitor of the glycolytic pathway, the anticancer

activity of 2-deoxy-D-glucose (2-DG), has been extensively stud-

ied in solid tumors (22). Much less is known in hematologic

malignancies and particularly in AML (23, 24). However, several

cellular effects induced by 2-DG deserve further assessment of its

activity in the context of AML biology. Inhibition of glucose

metabolism through caloric restriction or 2-DG treatment has

been shown to downregulate the Bcl-2 family member, myeloid

cell leukemia 1 (Mcl-1), thereby restoring sensitivity to apoptosis

induction (25, 26). Overexpression of Mcl-1 has been demon-

strated in AML cells, and removal of Mcl-1, but not other member

of the Bcl-2 family, including Bcl-xL, Bcl-2, or Bcl-w, induced

leukemic cell death, setting Mcl-1 as a valuable therapeutic target

in AML (27, 28). Independently of its effect on glycolysis, 2-DG

can also affect protein glycosylation by interfering with N-linked

glycosylation, leading to accumulation ofmisfolded proteins and

an ER stress response (29–32). This mechanism can be alleviated

by D-mannose supplementation without affecting the inhibition

of glycolysis induced by 2-DG. It has been shown that 2-DG–

induced N-linked glycosylation inhibition led to cell death inde-

pendently of the glycolysis inhibition in some tumor types (30).

In addition, inhibition of N-linked glycosylation can prevent cell-

surface expression of immune receptors (29). Similar to other

membrane receptors for growth factors, FLT3 and c-KIT undergo a

complex maturation process, in which they undergo N-linked

glycosylation in the ER before being transported to the Golgi

apparatus where they are modified by further complex glycosyla-

tions and subsequently transported to the cell surface (33). This

maturation process is affected by constitutive tyrosine phosphor-

ylations induced by mutations of these receptors. Indeed, FLT3-

ITD andmutated c-KIT are predominantly expressed as an imma-

ture, underglycosylated form compared with their wild-type

counterparts (34). Although 2-DG has been shown to induce the

dephosphorylation of FLT3 in BaF/3 cells engineered to express

both FLT3 and oncogenic mutated Cbl (35), its impact on

mutated receptors has not been explored.

In this study, we assessed the potential anti-AML activity of 2-

DG through themodulation of RTKs expression and signalization

as well as Mcl-1 expression, focusing on AML models in which

mutated RTKs are intimately linked to leukemogenesis.

Materials and Methods

Cell lines and AML samples

Leukemic cell linesU-937, TF-1,OCI-AML3, Kasumi-1,MOLM-

14, RS4-11, andMV4-11were purchased in 2013 from the Leibniz

Institute DSMZ-German Collection of Microorganisms and Cell

Cultures (Leibniz, Germany). MOLM-14 cell line was used to

generate a FLT3-ITD-D835Y cell line (MOLM-14/TKD). The FLT3-

ITD gene was cloned into the pLKO.1-blast lentiviral expression

vector (Addgene Plasmid 26655). Mutation producing a D835Y

amino-acid substitution within FLT3 kinase domain (FLT3-ITD-

D835Y) was generated using the QuikChange II XL Site-Directed

Mutagenesis Kit (Agilent Technologies), in accordance with the

manufacturer's instructions using the following (50–30) primer:

CTTTGGATTGGCTCGATATATCATGAGTGATTCCAAC. We used

293-T packaging cells to produce FLT3-ITD and FLT3-ITD-D835Y

lentivirus through cotransfection of FLT3-containing plasmids

with lentiviral protein-encoding plasmids. Supernatants were

collected over 3 consecutive days beginning 48 hours after trans-

fection, and stored at �80�C. We plated 106/mL MOLM-14 cells

in 100 mL of a-MEM medium and added 5 mL of lentiviral

supernatant to the culture. After 3 hours, culture medium was

supplemented with 10% FBS. Puromycin selection started 48

hours after lentiviral infection and allowed enrichment for

FLT3-ITD or FLT3-ITD-D835Y-expressing MOLM-14 cells. TF1

c-KITD816V and BaF/3 c-KIT-D816Vwere a kind gift fromPatrice

Dubreuil in 2013 (CRCM, Marseille, France). Leukemic cell lines

were not authenticated in our laboratory. AML samples were

obtained from patients at the Hematology Department of Tou-

louse, after consent in accordancewith theDeclarationofHelsinki

(HIMIP collection of Inserm-U1037, n1DC-2008-307-CPTP1

HIMIP).

Antibodies and reagents

Antibodies anti-phospho-Flt-3 (Y591), anti-phospho-Stat-5

(Y694), anti-Stat-5, anti-phospho-Stat-3 (Y705), anti-Stat3,

anti-phospho-c-KIT (Y719), anti-phospho-Akt (S473), anti-Akt,

anti-phospho-p44/42 MAPK Erk1/2 (T202/Y204), anti-p44/42

MAPK Erk1/2, and anti-Mcl-1 were obtained from Cell Signaling

Technology; C-20 anti-Flt-3/Flk-2 and C-19 anti-c-KIT were from

Santa Cruz Biotechnology; mousemonoclonal anti-Flt3 was used

for immunofluorescence analysis (MAB812; R&D Systems); flow

cytometry antibodies anti-hCD117, anti-hCD135 were from BD

Pharmingen. 2-DG was from Sigma.

Western blot analysis

Proteins were resolved using 4% to 12% n-polyacrylamide gel

electrophoresis Bis–Tris gels (Life Technology) and electrotrans-

ferred to nitrocellulose membranes. After blocking in PBS–0.1%

Tween 20% to 5% bovine serum albumin, membranes were

immunostained with appropriate antibodies and horseradish

peroxidase–conjugated secondary antibodies and visualized with

an enhanced chemoluminescence detection system.

Activity of 2-DG in AML
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ATP analysis

ATP was measured using the Promega CellTiter-Glo Kit. After

treatment, 50,000 cells were resuspended in 80mL and distributed

in a 96-well plate. Cells were treated in quadruplicate with PBS,

oligomycin A, carbonyl cyanide 4-trifluoromethoxyphenylhydra-

zone (FCCP), or sodium iodoacetate both alone or in combina-

tion with oligomycin A or FCCP. After 1 hour of incubation, 100

mL of CellTiter-Glo reactionmix was added to each well for a final

volume of 200 mL. Plates were then analyzed for luminescence.

Global ATP and percentages of both glycolytic andmitochondrial

ATP were determined by comparing the different conditions.

Tumor xenograft in NOD/SCID mice

Xenograft tumors were generated by injecting subcutaneously

5�106Kasumi-1orMOLM-14 cells in 100mLof PBS cells onboth

flanks in NOD/SCID mice. Once the tumors reached 50 to 100

mm3 in size, animals were treated daily with 2-DG (500mg/kg/d,

intraperitoneally) or cytarabine (15 mg/kg/d, intraperitoneally)

or vehicle (PBS). Treatmentwith 2-DGwaswell tolerated. Tumors

were measured with a caliper and volume calculated using the

formula: v¼ A� B2/2, where A is the larger diameter and B is the

smaller diameter. All experiments were conducted in accordance

with the guidelines of the Association for Assessment and Accred-

itation of Laboratory Animal Care International.

Methods for FLT3 and cKIT RNA expression are available in

supplementary files.

Statistical analysis

Data from three independent experiments were reported as

mean � SEM. Statistical analyses were performed using unpaired

Figure 1.

2-DG inhibits cell proliferation and

induces various apoptotic responses in

AML cells. MV4-11, MOLM-14, Kasumi-1,

RS4-11, TF1, TF-1 c-KIT-D816V, OCI-

AML3, and U-937 cells were cultured 24

hours alone or with 2-DG at increasing

concentrations before analysis. A, cell

viability was quantified by the MTS

assay. Proliferation indices were

normalized to untreated controls.

Results are mean � SEM of three

independent experiments performed in

triplicate. B, apoptosis was studied

using Annexin V/7-AAD staining and

flow cytometry. Results shown are

mean � SEM and are representative of

three independent experiments.

Results were pooled for comparison

between RTKs mutated and RTK

unmutated cell lines viability (C) and

apoptosis (D). Parental BaF/3 or BaF/3

harboring FLT3-ITD, c-KIT-D816V, or

BCR-ABL were treated 24 hours with 2-

DG at different concentrations before

cell viability (E) or apoptosis (F)

analyses as previously described.

Patient samples harboring FLT3-ITD

mutations, c-KIT-D816 or wild-type for

these RTK (G) were plated at 5 � 10
5

cells/mL and treated 24 hours with

2-DG at indicated concentrations

before apoptosis analysis using

Annexin V/7-AAD staining and flow

cytometry. Results shown are

mean � SEM. � , P < 0.05; ns, not

significant.

Larrue et al.
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two-tailed Student t tests with Prism 5 software (GraphPad

Software Inc.). P < 0.05 was regarded as significant. �, P < 0.05;
��, P < 0.01; ���, P < 0.001, respectively.

Results

2-DG inhibits cell viability and induces apoptosis in leukemic

cell lines and primary AML samples bearing FLT3-ITD or c-KIT

mutations

We first assessed the impact of 2-DG exposure on cell viability

and apoptosis in leukemic cell lines with different molecular

backgrounds (Supplementary Table S1). After 24 hours, 2-DG

inhibits cell viability in a dose-dependentmanner in all tested cell

lines with an IC50 ranging from 1.2 mmol/L in the most sensitive

cell line Kasumi-1 to >20 mmol/L in OCI-AML3 (Fig. 1A). This

effect wasmainly due to apoptosis induction in Kasumi-1, TF-1 c-

KIT-D816V, MV4-11, and MOLM-14 cell lines, whereas OCI-

AML3, U-937, and RS4-11 cells, which do not express oncogenic

RTKs, displayed virtually no feature of apoptosis after 2-DG

treatment (Fig. 1B). When we compared the overall sensitivity

to 2-DGaccording toRTKmutations, cell lineswith FLT3-ITDor c-

KITmutations were significantlymore sensitive than nonmutated

cell lines (Fig. 1C and D). Moreover, both FLT3-ITD and c-KIT-

D816V mutations sensitized the BaF/3 murine cell line to 2-DG

activity while the cytosolic oncogene BCR-ABL did not (Fig. 1E

and F). Because the proapoptotic effects of 2-DG in leukemic cell

lines appeared to correlate with the expression of membrane

RTKs, such as FLT3-ITD and c-KIT, we assessed the activity of 2-

DG in primary cells from patients according to these mutations

(Supplementary Table S2). 2-DG induced apoptosis in primary

AML samples with FLT3-ITD (n¼ 9) or c-KIT-D816V (n¼ 5) in a

dose-dependent manner, whereas FLT3-wt samples were less

sensitive although the difference was not statistically significant

(Fig. 1G).

Figure 2.

Cell-surface expression of FLT3-ITD

and c-KIT-N822K/D816V is affected by

2-DG. A, FLT3-ITD or c-KIT–mutated

cell lines were treated 24 hours with

increasing 2-DG doses from 1 mmol/L

up to 10 mmol/L and then analyzed by

Western blot analysis. B, Western blot

analyses were performed to determine

the impact of 2-DG on FLT3-ITD or c-

KIT-D816V expression in primary AML

samples. C, BaF/3 FLT3-ITD cells or

BaF/3 c-KIT-D816V cells were

incubated 24 hours with 5 mmol/L

of 2-DG before cell-surface expression

analysis of CD135 (FLT3) or CD117 (KIT),

by flow cytometry. D, cell-surface

expression of FLT3-ITD (n ¼ 4)

or c-KIT-D816V after 2-DG exposure

was also assessed by flow cytometry

as previously described in patient

samples. MV4-11 (E) or TF-1 c-KIT-

D816V (F) were treated overnight

with 1 mmol/L of tunicamycin or 24

hours with 5 mmol/L of 2-DG and then

analyzed by Western blot analysis as

previously described using the

appropriate antibodies. U-937 cells

were exposed 24 hours with 5 mmol/L

2-DG before Western blot analysis (G).

Activity of 2-DG in AML
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2-DG inhibits cell-surface expression of FLT3 and KIT

FLT3 or c-KIT transport to the plasma membrane is dependent

on their glycosylation status. As 2-DG is able to interfere with this

process (29, 30), we assessed the expression of the two RTKs at the

cell surface after 2-DG exposure. In leukemic cell lines, 2-DG

induced an electrophoretic mobility suggestive of reduced glyco-

sylation of the two RTKs (Fig. 2A). This shift was also observed in

patient samples with FLT3-ITD or c-KIT-D816V mutations (Fig.

2B). Similar results were observed in cell line expressing wild-type

FLT3 (RS4-11) or c-KIT (TF-1; Supplementary Fig. S1A). We also

compared the effect of 2-DG with both tunicamycin (which

completely inhibits glycosylation) and brefeldin A (BFA; which

inhibits only mature glycosylation of receptors in the Golgi

complex). BFA induced the expression of a partially glycosylated

formof the receptor, whereas tunicamycin induced the expression

of a nonglycosylated form as previously described (Supplemen-

tary Fig. S1B; ref. 15). The level ofmigrationof FLT3 and c-KIT after

2-DG treatment was in between those obtained after tunicamycin

and BFA, suggesting that 2-DG does affect their glycosylation

status. Treatment with both the pan-caspase inhibitor ZVAD-fmk,

and the proteasome inhibitor bortezomib did not restore expres-

sion of the glycosylated full size form of each receptor, suggesting

that proteolysis mediated by apoptosis or ubiquitin–proteasome

pathway were not involved in this mechanism (Supplementary

Fig. S1C and S1D). 2-DG exposure also inhibited the phosphor-

ylation of FLT3-ITD. Interestingly, we observed a decrease of c-KIT

protein levels in Kasumi-1 and primary AML samples after 2-DG

treatment. A decrease of FLT3-ITD protein level was also observed

in some patient samples but not in MV4-11 and MOLM-14 cell

lines. 2-DGalso affected themRNAexpressionofKITbut not FLT3

in Kasumi-1 and MV4-11, respectively (Supplementary Fig. S1E).

Flow cytometry analysis demonstrated that 2-DG decreased cell-

surface expression of FLT3 and c-KIT in both murine BaF/3-FLT3-

ITD and Ba/F3-KIT-D816V cell lines (Fig. 2C) and in primary AML

samples with FLT3-ITD or c-KIT-D816V mutations (Fig. 2D).

Furthermore, immunofluorescence microscopy analysis showed

differences regarding FLT3 localization between control and 2-

DG–treated cells in which FLT3 was mainly cytoplasmic (Sup-

plementary Fig. S1F).

2-DG alters FLT3-ITD and KIT-D816V signaling

The oncogenic properties of FLT3-ITD and c-KIT-D816V are

mediated by constitutive activation of STAT3/5 as well as MAPK

and PI3K/Akt pathways. In addition, both mutated receptors

drives MAPK and PI3K/Akt activation from the cell surface,

whereas STAT3 and STAT5 signaling are induced from the ER

(15). Accordingly, tunicamycin, which inhibits glycosylation of

plasma membrane receptors thereby blocking their surface

expression, induced the dephosphorylation of Akt and ERK

while leaving intact the phosphorylation of STAT5 and STAT3

in MV4-11 and TF-1 c-KIT-D816V cell lines (Fig. 2E and F). On

the other hand, 2-DG has been shown to activate the PI3K–Akt

and MAPK pathways through IGF1-R signaling induction in

cancer cell lines (36). Thus, we assessed the impact of 2-DG on

these major signaling pathways in AML cells. In MV4-11 cells,

2-DG (5 mmol/L, 24 hours) reduced the phosphorylation of

STAT5 and ERK1/2, whereas pAkt was increased (Fig. 2E).

Consistent with the inhibition of STAT5 phosphorylation, 2-

DG treatment was also associated with a decreased in phos-

phorylation of Lyn, an upstream activator of STAT5 in FLT3-ITD

AML cells (Supplementary Fig. S2; ref. 37). In TF-1 c-KIT-D816V

cells, 2-DG inhibited the phosphorylation of STAT3 and ERK1/

Figure 3.

Inhibition of N-linked-glycosylation but

not glycolysis is responsible for

inhibition of cell-surface expression of

RTKs and induction of apoptosis after

2-DG treatment. MV4-11 and Kasumi-1

were treated6hourswith 5mmol/L or 2

mmol/L 2-DG, respectively, alone or in

combination with 10 mmol/L D-

mannose and then ATP was measured

using the CellTiter-Glo luminescent

assay (A). BaF/3 expressing FLT3-ITD

or c-KIT-D816V were treated 24 hours

with 5 mmol/L 2-DG alone or in

combination with 10 mmol/L D-

mannose before cell labeling with

CD135 or CD117 and flow cytometry

analysis (B). MV4-11 or Kasumi-1 cells

were incubated 24 hourswith 5mmol/L

or 2mmol/L 2-DG respectively, aloneor

in combination with 10 mmol/L

D-mannose before immunoblotting

analysis (C). Apoptosis (D) or cell

viability (E) was measured after 24

hours 2-DG exposure at different

concentrations, alone or in combination

with 10 mmol/L D-mannose. Results

shown are mean � SEM and are

representative of three independent

experiments. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001.
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2 but not pAkt (Fig. 2F). In U937 cells, 2-DG abrogated STAT5

and ERK1/2 phosphorylation while inducing a robust phos-

phorylation of Akt (Fig. 2G). Altogether, these results show that

2-DG consistently downregulates STATs and ERK pathways,

while activating the PI3K–Akt pathway in AML cell lines.

However, the Akt inhibitor-VIII, which fully inhibited Akt

phosphorylation, did not enhance cell death-induced by 2-DG,

indicating that the phosphorylation of Akt following 2-DG

exposure did not protect leukemic cells from apoptosis in these

models (Supplementary Fig. S3).

Inhibition of N-linked glycosylation is responsible for the

inhibition of cell-surface expression of RTKs and induction of

apoptosis after 2-DG treatment

As 2-DG inhibits both glycolysis and N-linked glycosylation,

we sought to determine which mechanism drive cell-surface

expression of the two mutated RTKs and apoptosis. Inhibition

of N-linked-glycosylation by 2-DG can be effectively reversed

by addition of exogenous D-mannose without affecting glycol-

ysis (29). Accordingly, the inhibition of global ATP content

induced by 2-DG in MV4-11 and Kasumi-1 cells was not

affected by cotreatment with D-mannose (Fig. 3A). We then

assessed the cell-surface expression of FLT3-ITD and c-KIT upon

treatment with 2-DG plus D-mannose. D-mannose cotreatment

was associated with plasma membrane expression of both

receptors in the murine BaF/3 models (Fig. 3B). Moreover,

Western blot analysis showed that the glycosylation status

of FLT3-ITD and c-KIT was also restored after cotreatment

with D-mannose in MV4-11 and Kasumi-1 cells (Fig. 3C).

Finally, D-mannose blocked 2-DG–induced apoptosis and inhi-

bition of cell growth (Fig. 3D and E). Altogether, these results

indicate that the cytotoxic effects of 2-DG are mainly mediated

by its ability to inhibit N-linked–glycosylation rather than

glycolysis in AML cells.

Figure 4.

2-DG overcomes resistance to

quizartinib (AC220) induced by

mutations in the TKD of FLT3.

Resistance of MOLM-14/TKD to

quizartinib-induced apoptosis was

evaluated by treating parental

MOLM-14 or MOLM-14/TKD cells 24

hours with 1 nmol/L, 2 nmol/L or 5

nmol/L quizartinib before Annexin

V/7-AAD labeling and flow cytometry

analysis (A). To assess the impact of

AC220 and 2-DG on FLT3 expression

andphosphorylation, cellswere treated

24 hours with different doses of

ACC220 or 2-DG and analyzed by

Western blot analysis as previously

described (B and C). Parental MOLM-14

or MOLM-14/TKD were exposed 24

hours to increasing concentrations

of 2-DG before cell growth

quantification by the MTS assay (D) or

apoptosis quantification by Annexin

V/7-AAD labeling (E). MOLM-14/TKD

cells were incubated 24 hours with

2-DG, D-mannose, or in combination

before immunoblotting analysis

(F) and Annexin V/7-AAD labeling

(G). Results are mean � SEM of

three independent experiments.
�� , P < 0.01.
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2-DG is active in quizartinib-resistant leukemic cells

Secondary point mutations in the FLT3 TKD, including the

activation loop at the D835 residue, are common causes of

acquired clinical resistance to FLT3 inhibitors such as quizarti-

nib or sorafenib (38). We hypothesized that 2-DG could be

active in quizartinib-resistant cells. For this purpose, we used

MOLM-14 cells harboring a double-mutant FLT3-ITD/TKD

protein (MOLM-14/TKD) inducing a high level of resistance

to quizartinib (AC220) as compared with the parental MOLM-

14 (Fig. 4A). As shown in Fig. 4B, AC-220 inhibited the

phosphorylation of FLT3 (to a lesser extent in MOLM-14/TKD

cells) but did not affect the glycosylation of the receptor in both

cell lines. In contrast, 2-DG treatment reduced the level of the

fully glycosylated form of FLT3 and increased its immature

form in the two cell lines (Fig. 4C). The phosphorylation of

FLT3 was also downregulated. 2-DG treatment inhibited cell

viability and induced apoptosis in MOLM-14/TKD to a similar

level than in MOLM-14 (Fig. 4D and E). Moreover, D-mannose

restored the glycosylation status of FLT3-ITD/TKD and reduced

2-DG–induced apoptosis in MOLM-14/TKD cells (Fig. 4F and

G). In one AML sample bearing the FLT3-TKD mutation, 2-DG

also affected the expression of FLT3 and induced cell death

(Supplementary Fig. S4).

2-DG decreases Mcl-1 protein expression in AML cells and

induces sensitization to ABT-737 and cytarabine in vitro

Previous studies have shown that targeting Mcl-1 may over-

come apoptotic resistance and sensitize AML cells to cytotoxic

drugs (39, 40). In addition, glycolysis inhibition by caloric restric-

tion or 2-DG treatment has been shown to downregulate Mcl-1

expression, thereby restoring sensitivity to ABT-737–induced

apoptosis in lymphoma cells (25, 26). 2-DG downregulated the

expression of Mcl-1 inMOLM-14, Kasumi-1, and U-937 cell lines

as well as in primary AML samples (Fig. 5A and B). Mcl-1 down-

regulation occurred as early as 2 hours after 2-DG treatment,

before alteration of RTK expression. Furthermore, 2-DG did not

affect the expression of Bcl-2 andBcl-xL (Fig. 5C). 2-DG (to reduce

Mcl-1 level) was then combined with ABT-737 (to neutralize

other antiapoptotic molecules, including Bcl-2 and Bcl-xL) or

cytarabine (to induce a proapoptotic signal; Fig. 5D). Compared

with single-agent treatment, the combination of 2-DGþABT-737

showed a stronger effect in U-937, MV4-11, MOLM-14, and

Kasumi-1 cell lines, whereas a stronger interaction between 2-DG

and cytarabine was observed inMV4-11,MOLM-14, and Kasumi-

1, but notU937 cell lines. These data suggest that 2-DG's ability to

target both Mcl-1 and FLT3-ITD or c-KIT may be necessary to

sensitize leukemic cells to cytarabine.

Figure 5.

2-DG targets Mcl-1 protein expression

and sensitizes to ABT-737 and

cytarabine. MV4-11, Kasumi-1, U-937 (A)

or AML primary samples (B) were

treated 24 hours with 2-DG at indicated

concentrations before cell lysis and

Western blot analysis as previously

described. MV4-11 and Kasumi-1 were

treated with 2-DG (5 nmol/L and 2

nmol/L, respectively) and collected at

different time points (C). Combination

assay between 2-DG, ABT-737, or

cytarabine was performed by treating

cells 24 hours with 5 mmol/L 2-DG

alone or in combination with

100 nmol/L ABT-737 or 1 mmol/L

cytarabine, before Annexin V/7-AAD

labeling and flow cytometry analysis

(D). Results shown aremean� SEMand

are representative of at least three

independent experiments. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ns, not

significant.
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2-DG inhibits tumor growth and sensitizes leukemic cells to

cytarabine in vivo

We established a subcutaneous xenograft model of AML using

NOD/SCIDmice,whichwere subcutaneously injected in theflank

withMOLM-14 andKasumi-1 cells.When tumors are established,

mice were treated with daily intraperitoneal injections of 2-DG

(500 mg/kg/d, both cell lines; ref. 41), cytarabine (15 mg/kg/d,

MOLM-14 only), or 2-DGþcytarabine. Correlating with in vitro

studies, 2-DGused as a single agent, strongly inhibited the growth

of Kasumi-1 (Fig. 6A–C), whereas MOLM-14 growth was not

affected at the doses used in this experiment (Fig. 6D). However,

while neither cytarabine nor 2-DG affected MOLM-14 tumor

growth as single agents, the combination had a synergistic anti-

leukemic effect (Fig. 6D–F).

Discussion

The antileukemic activity of 2-DG has only recently been

studied and mainly under the scope of its ability to inhibit

glycolysis or shift energy metabolism to fatty acid oxidation

(23, 24). We took advantage of another property of 2-DG, which

affects protein glycosylation by inhibitingN-linked glycosylation,

to describe its antileukemic activity in a subset of AML. Indeed, it

has been demonstrated that fluvastatin and others compounds of

the statin family were able to impair FLT3 glycosylation, leading

to a reduction in cell-surface expression and an increase in cell

death, specifically in leukemic cell lines with RTKmutations (42).

Another study dealing with acute lymphoblastic leukemia cells

showed that inhibition of N-linked glycosylation as well as

induction of ER stress and the unfolded protein response were

also the predominant mechanism of 2-DG's cytotoxicity (43). In

our study, we have demonstrated that 2-DG affected the cell-

surface expression and cellular signaling of both FTL3-ITD and

mutated c-KIT. This mechanism was associated with cell death

induction. We have also observed that leukemic cells harboring

mutated RTKs were the most sensitive to 2-DG treatment in vitro.

Moreover, the antileukemic activity of 2-DG was particularly

marked in the c-KIT–mutated cell line Kasumi-1 and in CBF-AML

cells. In these cells, 2-DG inhibited the cell-surface expression of c-

KIT, abrogated STAT3 and MAPK–ERK pathways and strongly

downregulated the expression of the receptor. A decrease of FLT3

protein level has also been observed in primary AML samples, but

not in MV4-11 or MOLM-14 cell lines. It has been shown that the

transcription of both FLT3 and KIT genes is under the control of

the Sp1/NF-kB dimer (44, 45). Interestingly, the glycosylation

status of Sp1 plays a critical role in its activity (46, 47). Under

Figure 6.

2-DG inhibits tumor growth of AML cells

in vivo. Kasumi-1 or MOLM-14 cells

(5 � 10
6
) were injected subcutaneously

in NOD-SCID mice. When tumors

reached 50 to 100 mm
3
, mice injected

with Kasumi-1 were treated daily with

200 mL PBS
�/�

or 200 mL 2-DG at 500

mg/kg/d (A–C). Mice injected with

MOLM-14were treatedwith injections of

200 mL PBS
�/�

, 100 mL 2-DG at

500 mg/kg/d, 100 mL cytarabine at 15

mg/kg/d, or 200 mL mix of cytarabine

and 2-DG (D–F). Tumors were

measured on indicated days. On the last

day of experiment, tumors were

dissected and weighed. C (Kasumi-1)

and F (MOLM-14) show representative

photographs of xenografted tumors

the day of dissection. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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glucose starvation, Sp1 is completely deglycosylated and degra-

dated by the proteasome (46). In addition, 2-DG inhibits Sp1

activity in HeLa cells through modulation of O-glycosylation

(32). We can therefore reasonably speculate that 2-DG interfered

with Sp1 activity in AML cells contributing to the decrease of c-KIT

as shown in our study. Thus, in addition to small-molecule RTK

inhibitors, modulating the glycosylation status of mutated RTKs

to affect both signal transduction and protein expression could

represent an alternative therapeutic strategy in AMLwithmutated

RTKs. Accordingly, we have also shown that 2-DG is also active

in quizartinib-resistant FLT3-ITD AML cells harboring TKD

mutations.

Deregulation of cell survival programs is not only a crucial step

in the leukemogenic process, but renders malignant cells resistant

to various apoptotic triggers, including cytotoxic treatments, such

as cytarabine. Compared with other Bcl-2 prosurvival family

members, Mcl-1 is consistently expressed at higher levels in AML

and is upregulated by FLT3-ITD (48). Thus, Mcl-1 represents an

important therapeutic target in AML and therapeutic compounds

that block Mcl-1 expression may improve clinical responses to

cytotoxic agents. 2-DGhas been shown to be synergistic with BH3

mimetic molecules through downregulation of Mcl-1 protein

levels in lymphoma cells (26). We also observed a strong inter-

action between 2-DG and the BH3 mimetic ABT-737 in AML cell

lines. However, 2-DG only induced sensitization to cytarabine

toxicity in the FLT3-ITD–mutated cell lines, but not inU-937 cells.

It is plausible that 2-DG increased sensitivity to cytarabine

through downregulation of Mcl-1, but also through inhibition

of FLT3-ITD or c-KIT cell-surface expression and downstream

signaling pathways, a combination of events which led tomassive

cell death.

2-DG has been recently tested in phase I trials (49, 50).

Pharmacokinetics studies have shown that mmol/L concentra-

tions of 2-DG were hardly achievable at the maximal-tolerated

doses and thus, although we do not observed significant toxicity

inmice, achieving antitumoral concentrations in human could be

challenging.

In summary, we have demonstrated that 2-DG alters RTKs

expression and downstream signaling pathways, downregulates

Mcl-1 expression and displays a significant antileukemic activity

in AML with FLT3-ITD or c-KIT mutations. 2-DG is also active on

AML cells resistant to the most potent FLT3 inhibitor currently in

clinical trials, namely quizartinib, and can restore sensitivity to

cytarabine. These results open anew therapeuticwindow in a large

subset of AML with mutated RTKs.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: C. Larrue, C. R�echer

Development of methodology: C. Larrue, J. Tamburini, C. R�echer

Acquisition of data (provided animals, acquired and managed patients,

provided facilities, etc.):C. Larrue, E. Saland, F. Vergez, N. Serhan, E.Delabesse,

V. Mansat-De Mas, M.-A. Hospital, J. Tamburini

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,

computational analysis): C. Larrue, N. Serhan, J. Tamburini, J.E. Sarry,

C. R�echer

Writing, review, and/or revision of the manuscript: C. Larrue, N. Serhan,

S. Manenti, C. R�echer

Administrative, technical, or material support (i.e., reporting or organizing

data, constructing databases):E.Delabesse,M.-A.Hospital, J.E. Sarry, C. R�echer

Study supervision: S. Manenti, C. R�echer

Acknowledgments
The authors thank all the members of the G.A.E.L (Ga€el Adolescent Espoir

Leuc�emie) association. The authors also thank Val�erie Duplan-Eche, Manon

Farc�e and Fatima L'Faqihi-Olive for technical assistance at the flow cytometry

core facility of INSERMUMR1043 and Sarah Scotland for the corrections of the

article.

Grant Support
This work has been supported by grants by the French government under the

"Investissement d'avenir" program (ANR-11-PHUC-001; to J.E Sarry and

C. R�echer), the Institut National du Cancer (INCA-PLBIO 2012-105; to J.E. Sarry

andC.R�echer), and the InnaBioSant�e foundation (RESISTAMLproject; to J.E. Sarry

and C. R�echer). C. Larrue received grant from the "Ligue Contre le Cancer."

The costs of publication of this articlewere defrayed inpart by the payment of

page charges. This article must therefore be hereby marked advertisement in

accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received February 21, 2015; revised June 24, 2015; accepted July 15, 2015;

published OnlineFirst July 23, 2015.

References
1. Vardiman JW, Thiele J, ArberDA, BrunningRD, BorowitzMJ, Porwit A, et al.

The 2008 revision of the World Health Organization (WHO) classification

of myeloid neoplasms and acute leukemia: rationale and important

changes. Blood 2009;114:937–51.

2. Kelly LM, Gilliland DG. Genetics of myeloid leukemias. Annu Rev Geno-

mics Hum Genet 2002;3:179–98.

3. Small D, Levenstein M, Kim E, Carow C, Amin S, Rockwell P, et al.

STK-1, the human homolog of Flk-2/Flt-3, is selectively expressed in

CD34þ human bone marrow cells and is involved in the proliferation

of early progenitor/stem cells. Proc Natl Acad Sci U S A 1994;91:

459–63.

4. Stirewalt DL, Radich JP. The role of FLT3 in haematopoietic malignancies.

Nat Rev Cancer 2003;3:650–65.

5. Lennartsson J, R€onnstrand L. Stem cell factor receptor/c-Kit: from basic

science to clinical implications. Physiol Rev 2012;92:1619–49.

6. Reilly JT. Class III receptor tyrosine kinases: role in leukaemogenesis. Br J

Haematol 2002;116:744–57.

7. Kindler T, Lipka DB, Fischer T. FLT3 as a therapeutic target in AML: still

challenging after all these years. Blood 2010;116:5089–102.

8. Thiede C. Analysis of FLT3-activating mutations in 979 patients with

acute myelogenous leukemia: association with FAB subtypes and

identification of subgroups with poor prognosis. Blood 2002;99:

4326–35.

9. Kottaridis PD. The presence of a FLT3 internal tandem duplication in

patients with acute myeloid leukemia (AML) adds important prognostic

information to cytogenetic risk group and response to the first cycle of

chemotherapy: analysis of 854 patients from the United King. Blood

2001;98:1752–9.

10. Yamamoto Y. Activating mutation of D835 within the activation loop of

FLT3 in human hematologic malignancies. Blood 2001;97:2434–9.

11. Hayakawa F, Towatari M, Kiyoi H, Tanimoto M, Kitamura T, Saito H, et al.

Tandem-duplicated Flt3 constitutively activates STAT5 and MAP kinase

and introduces autonomous cell growth in IL-3-dependent cell lines.

Oncogene 2000;19:624–31.

12. Brandts CH, Sargin B, Rode M, Biermann C, Lindtner B, Schw€able J, et al.

Constitutive activation of Akt by Flt3 internal tandem duplications is

necessary for increased survival, proliferation, and myeloid transforma-

tion. Cancer Res 2005;65:9643–50.

Mol Cancer Ther; 14(10) October 2015 Molecular Cancer Therapeutics2372

Larrue et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

4
/1

0
/2

3
6
4
/2

3
2
9
7
8
4
/2

3
6
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



13. Choudhary C, Schw€able J, Brandts C, Tickenbrock L, Sargin B, Kindler T,

et al. AML-associated Flt3 kinase domain mutations show signal trans-

duction differences compared with Flt3 ITD mutations. Blood 2005;106:

265–73.

14. Leischner H, Albers C, Grundler R, Razumovskaya E, Spiekermann K,

Bohlander S, et al. SRC is a signaling mediator in FLT3-ITD- but not in

FLT3-TKD-positive AML. Blood 2012;119:4026–33.

15. Choudhary C, Olsen JV, Brandts C, Cox J, Reddy PNG, B€ohmer FD, et al.

Mislocalized activation of oncogenic RTKs switches downstream signaling

outcomes. Mol Cell 2009;36:326–39.

16. Cortes JE, Kantarjian H, Foran JM, Ghirdaladze D, Zodelava M, Borthakur

G, et al. Phase I study of quizartinib administered daily to patients with

relapsed or refractory acute myeloid leukemia irrespective of FMS-like

tyrosine kinase 3-internal tandem duplication status. J Clin Oncol 2013;

31:3681–7.

17. Paschka P, Marcucci G, Ruppert AS, Mr�ozek K, Chen H, Kittles RA , et al.

Adverse prognostic significance of KIT mutations in adult acute myeloid

leukemiawith inv(16) and t(8;21): a Cancer and Leukemia Group B Study.

J Clin Oncol 2006;24:3904–11.

18. Longley BJ, Reguera MJ, Ma Y. Classes of c-KIT activating mutations:

proposedmechanisms of action and implications for disease classification

and therapy. Leuk Res 2001;25:571–6.

19. Boissel N, Leroy H, Brethon B, Philippe N, de Botton S, Auvrignon A, et al.

Incidence and prognostic impact of c-Kit, FLT3, and Ras gene mutations in

core binding factor acute myeloid leukemia (CBF-AML). Leukemia

2006;20:965–70.

20. Chian R. Phosphatidylinositol 3 kinase contributes to the transformation

of hematopoietic cells by the D816V c-Kit mutant. Blood 2001;98:

1365–73.

21. Growney JD, Clark JJ, Adelsperger J, Stone R, Fabbro D, Griffin JD, et al.

Activation mutations of human c-KIT resistant to imatinib mesylate are

sensitive to the tyrosine kinase inhibitor PKC412. Blood 2005;106:721–4.

22. Pelicano H, Martin DS, Xu R-H, Huang P. Glycolysis inhibition for

anticancer treatment. Oncogene 2006;25:4633–46.

23. Suganuma K, Miwa H, Imai N, Shikami M, GotouM, GotoM, et al. Energy

metabolismof leukemia cells: glycolysis versus oxidative phosphorylation.

Leuk Lymphoma 2010;51:2112–9.

24. Tsunekawa-Imai N, Miwa H, Shikami M, Suganuma K, Goto M, Mizuno S,

et al. Growth of xenotransplanted leukemia cells is influenced by diet

nutrients and is attenuated with 2-deoxyglucose. Leuk Res 2013;37:

1132–6.

25. Meynet O, B�en�eteauM, JacquinMA, Pradelli La, Cornille A, Carles M, et al.

Glycolysis inhibition targets Mcl-1 to restore sensitivity of lymphoma cells

to ABT-737-induced apoptosis. Leukemia 2012;26:1145–7.

26. Meynet O, Zunino B, Happo L, Pradelli LA, Chiche J, Jacquin MA , et al.

Caloric restriction modulates Mcl-1 expression and sensitizes lymphomas

to BH3 mimetic in mice. Blood 2013;122:2402–11.

27. Kasper S, Breitenbuecher F, Heidel F, Hoffarth S, Markova B, Schuler M,

et al. Targeting MCL-1 sensitizes FLT3-ITD-positive leukemias to cytotoxic

therapies. Blood Cancer J 2012;2:e60.

28. Glaser SP, Lee EF, Trounson E, Bouillet P, Wei A, Fairlie WD, et al. Anti-

apoptotic Mcl-1 is essential for the development and sustained growth of

acute myeloid leukemia. Genes Dev 2012;26:120–5.

29. Andresen L, Skovbakke SL, Persson G, Hagemann-Jensen M, Hansen KA,

Jensen H, et al. 2-deoxy D-glucose prevents cell surface expression of

NKG2D ligands through inhibition of N-linked glycosylation. J Immunol

2012;188:1847–55.

30. KurtogluM,GaoN, Shang J,Maher JC, LehrmanMA,WangpaichitrM, et al.

Under normoxia, 2-deoxy-D-glucose elicits cell death in select tumor types

not by inhibition of glycolysis but by interfering with N-linked glycosyl-

ation. Mol Cancer Ther 2007;6:3049–58.

31. Xi H, Kurtoglu M, Liu H, Wangpaichitr M, You M, Liu X, et al. 2-Deoxy-D-

glucose activates autophagy via endoplasmic reticulum stress rather than

ATP depletion. Cancer Chemother Pharmacol 2011;67:899–910.

32. Kang HT, Ju JW, Cho JW, Hwang ES. Down-regulation of Sp1 activity

through modulation of O-glycosylation by treatment with a low glucose

mimetic, 2-deoxyglucose. J Biol Chem 2003;278:51223–31.

33. Aebi M. N-linked protein glycosylation in the ER. Biochim Biophys Acta

2013;1833:2430–7.

34. Bo A, Markova B, Choudhary C, Serve H, Bo F. Tyrosine phosphorylation

regulates maturation of receptor tyrosine kinases. Mol Cell Biol 2005;

25:3690–703.

35. FernandesMS, ReddyMM, Croteau NJ,Walz C,WeisbachH, Podar K, et al.

Novel oncogenic mutations of CBL in human acute myeloid leukemia that

activate growth and survival pathways depend on increased metabolism. J

Biol Chem 2010;285:32596–605.

36. ZhongD, Xiong L, Liu T, Liu X, LiuX,Chen J, et al. The glycolytic inhibitor 2-

deoxyglucose activates multiple prosurvival pathways through IGF1R. J

Biol Chem 2009;284:23225–33.

37. OkamotoM,Hayakawa F,Miyata Y,WatamotoK, EmiN,AbeA, et al. Lyn is

an important component of the signal transduction pathway specific to

FLT3/ITD and can be a therapeutic target in the treatment of AML with

FLT3/ITD. Leukemia 2007;21:403–10.

38. Smith CC, Wang Q, Chin C-S, Salerno S, Damon LE, Levis MJ, et al.

Validation of ITDmutations in FLT3 as a therapeutic target in human acute

myeloid leukaemia. Nature 2012;485:260–3.

39. Thomas D, Powell JA, Vergez F, Segal DH, Nguyen N-YN, Baker A, et al.

Targeting acutemyeloid leukemia by dual inhibition of PI3K signaling and

Cdk9-mediated Mcl-1 transcription. Blood 2013;122:738–48.

40. Wang R, Xia L, Gabrilove J, Waxman S, Jing Y. Downregulation of Mcl-1

through GSK-3b activation contributes to arsenic trioxide-induced

apoptosis in acute myeloid leukemia cells. Leukemia 2013;27:315–24.

41. Maschek G, Savaraj N, PriebeW, Braunschweiger P, Hamilton K, Tidmarsh

GF, et al. 2-deoxy-d-glucose increases the efficacy of adriamycin and

paclitaxel in human osteosarcoma and non–small cell lung cancers in vivo

osteosarcoma and non–small cell lung cancers in vivo. Cancer Res 2004;64:

31–4.

42. Williams AB, Li L, Nguyen B, Brown P, Levis M, Small D. Fluvastatin

inhibits FLT3 glycosylation in human and murine cells and prolongs

survival of mice with FLT3/ITD leukemia. Blood 2012;120:3069–79.

43. DeSalvo J, Kuznetsov JN, Du J, Leclerc GM, Leclerc GJ, Lampidis TJ, et al.

Inhibition of Akt potentiates 2-DG-induced apoptosis via downregula-

tion of UPR in acute lymphoblastic leukemia. Mol Cancer Res 2012;10:

969–78.

44. Liu S, Wu L-C, Pang J, Santhanam R, Schwind S, Wu Y-Z, et al. Sp1/

NFkappaB/HDAC/miR-29b regulatory network in KIT-driven myeloid

leukemia. Cancer Cell 2010;17:333–47.

45. Blum W, Schwind S, Tarighat SS, Geyer S, Eisfeld A-K, Whitman S, et al.

Clinical and pharmacodynamic activity of bortezomib and decitabine in

acute myeloid leukemia. Blood 2012;119:6025–31.

46. Han I, Kudlow JE. Reduced O glycosylation of Sp1 is associated

with increased proteasome susceptibility. Mol Cell Biol 1997;17:

2550–8.

47. Yang X, Su K, Roos MD, Chang Q, Paterson AJ, Kudlow JE. O-linkage of N-

acetylglucosamine to Sp1 activation domain inhibits its transcriptional

capability. Proc Natl Acad Sci U S A 2001;98:6611–6.

48. Yoshimoto G, Miyamoto T, Jabbarzadeh-Tabrizi S, Iino T, Rocnik JL,

Kikushige Y, et al. FLT3-ITD up-regulates MCL-1 to promote survival of

stem cells in acute myeloid leukemia via FLT3-ITD-specific STAT5 activa-

tion. Blood 2009;114:5034–43.

49. Stein M, Lin H, Jeyamohan C, Dvorzhinski D, Gounder M, Bray K, et al.

Targeting tumormetabolismwith 2-deoxyglucose in patientswith castrate-

resistant prostate cancer and advanced malignancies. Prostate 2010;70:

1388–94.

50. Raez LE, Papadopoulos K, Ricart AD, Chiorean EG, Dipaola RS, Stein MN,

et al. A phase I dose-escalation trial of 2-deoxy-D-glucose alone or com-

bined with docetaxel in patients with advanced solid tumors. Cancer

Chemother Pharmacol 2013;71:523–30.

www.aacrjournals.org Mol Cancer Ther; 14(10) October 2015 2373

Activity of 2-DG in AML

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

4
/1

0
/2

3
6
4
/2

3
2
9
7
8
4
/2

3
6
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2


