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SUMMARY
Rapidly proliferating leukemic progenitor cells consume substantial glucose, which may lead to glucose
insufficiency in bone marrow. We show that acute myeloid leukemia (AML) cells are prone to fructose utiliza-
tion with an upregulated fructose transporter GLUT5, which compensates for glucose deficiency. Notably,
AML patients with upregulated transcription of the GLUT5-encoding gene SLC2A5 or increased fructose uti-
lization have poor outcomes. Pharmacological blockage of fructose uptake ameliorates leukemic pheno-
types and potentiates the cytotoxicity of the antileukemic agent, Ara-C. In conclusion, this study highlights
enhanced fructose utilization as a metabolic feature of AML and a potential therapeutic target.
INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous disorder of

hematopoietic stem cells characterized by uncontrolled prolifer-

ation of aberrant clones of myeloid progenitor cells with impaired

differentiation and by suppressed production of healthy hemato-

poietic cells. The pathogenesis of AML involves two types of

gene mutations, class I mutations that induce cellular prolifera-

tion and class II mutations that compromise normal differentia-

tion (Ferrara and Schiffer, 2013). In addition, a third class of

genes encoding epigenetic modifiers, such as DNMT3A, IDH1,

IDH2, and TET2, are found to play a major role in leukemo-

genesis (Ferrara and Schiffer, 2013). Recent studies showed

that aberrant metabolism was also critically involved in the
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pathogenesis and progression of AML (Chen et al., 2014; Los-

man et al., 2013).

Conventional drug therapy for AML usually includes a cell-cy-

cle inhibitor, arabinofuranosyl cytidine (Ara-C), which targets

cells in the S or DNA synthesis phase, and a topoisomerase II in-

hibitor, such as an anthracycline derivative (usually daunoru-

bicin). The anthracyclines also target dividing cells preferentially

by inhibiting DNA transcription/replication but are classified as

cell-cycle-independent drugs (Martincic and Hande, 2005).

Due to the diverse genetic and epigenetic abnormalities of

individual patients, treatment efficacy and prognosis may vary

significantly and there is no single treatment to cure AML

patients of different molecular subtypes (Ferrara and Schiffer,

2013; Patel et al., 2012). On the other hand, the downstream
udied in various cancers. However, little is known about the
ncers including AML. This study shows that AML cells pre-
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Figure 1. Fructose Utilization by AML Cells

(A) 13C-Fructose uptake by AML cells and normal monocytes. ns, not significant.

(B) Fructose-induced proliferation of AML cells and normal monocytes under the conditions of different glucose levels. Cells were grown in themedia for 72 hr. For

each glucose condition, p values were obtained by comparison with the cell proliferation in 0 mM fructose.

(C) Western blot showing GLUT5 knockdown in K562 cells by small interfering RNA targeting SLC2A5.

(D) Uptake of 13C-fructose by K562 cells with or without SLC2A5 inhibition.

(legend continued on next page)
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metabolic alterations involve a more limited number of core

pathways that show relatively low diversity (Cairns et al., 2011;

Jang et al., 2013). For example, increased glycolysis (Warburg

effect) is a common metabolic feature in various cancer cells,

and it has been under extensive investigation as a therapeutic

target for cancer.

A good strategy to inhibit accelerated glycolysis is to block

excessive metabolic fuel uptake. Inhibition of glycolysis using

a glucose analog, 2-deoxyglucose (2-DG), has already been

shown to re-sensitize acute lymphoblastic leukemia (ALL) cells

to prednisolone therapy (Hulleman et al., 2009). The combination

of 2-DG and anMCL1 anti-apoptotic protein inhibitor has proved

to be synergistic in overcoming prednisolone resistance in ALL

cells (Aries et al., 2013). Our recent study of AML cell lines re-

vealed enhanced expression of genes relating to both glycolysis

and the tricarboxylic acid (TCA) cycle (Chen et al., 2014). The

same study also identified a panel of six elevated serum

metabolites related to glycolysis and the TCA cycle in a cohort

of 223 de novo cytogenetically normal AML patients, which pre-

dicted poor survival outcomes independent of cytogenetic risk.

Reducing glycolysis that is upstream of the TCA cycle may

thus prove beneficial in AML.

Normal, non-proliferating cells switch to glycolysis only under

hypoxic conditions (Lum et al., 2007). Hypoxia promotes the

switch to glycolytic metabolism via the hypoxia-inducible fac-

tor-1 pathway, and progression of AML has been linked to the

expansion of hypoxia in the subendosteal bone marrow niche

relative to normal bone marrow (Tabe and Konopleva, 2014). It

has been reported that AML cells display a highly active glyco-

lytic metabolism (Herst et al., 2011). Such an increase in glyco-

lytic flux in AML cells would accelerate glucose consumption

and lead to glucose insufficiency in the bone marrow. In fact,

significantly lower glucose levels are found in leukemic bone

marrow relative to peripheral blood (Tiziani et al., 2013). Thus,

a flexible metabolic program is required for AML cells to accom-

modate a low-glucose environment. Fructose is the second

most abundant blood sugar in humans with a physiologically

normal range of 0.5–1.0 mM (Barone et al., 2009; Liu et al.,

2010). Based on these observations, we hypothesized that

AML cells will show increased expression of the fructose trans-

porter, GLUT5, and exhibit enhanced fructose utilization relative

to normal cells especially under low-glucose conditions.

RESULTS

AML Cells Exhibited Increased Fructose Utilization
under Low-Glucose Conditions
For the first set of experiments we hypothesized that AML cells

would switch to fructose utilization especially in the absence or
(E) Fructose-induced proliferation of K562 cells with or without SLC2A5 inhibitio

(F) GLUT5 expression between AML cells and normal monocytes. Relative GLUT

the value of actin signal intensity. Normalized GLUT5 was obtained by normalizin

four cases of normal monocytes.

(G) The expression of GLTU5-encoding gene SLC2A5 between normal hematop

obtained from a public microarray database.

(H) Serum fructose concentration comparison between healthy controls and AM

(I) Serum fructose concentration of paired samples from 31 AML patients at diag

Error bars represent mean ± SEM. *p < 0.05, **p < 0.01 (Student’s t test). See al
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low level of glucose. In order to assess fructose utilization in

AML cells, two parameters were selected, fructose uptake

and fructose-induced cell proliferation. Four AML cell lines

with distinct genetic backgrounds along with four different

batches of normal monocytes as controls were employed for

both assays (Table S1). All of the cells were able to import
13C-fructose (Figure 1A). However, AML cells displayed a

higher fructose transport rate than normal monocytes under

conditions of glucose deficiency (0 or 0.75 mM). Fructose up-

take was significantly increased in the leukemic cells under

glucose deficiency (0 or 0.75 mM) compared with glucose suf-

ficiency (6 mM) (p < 0.01).

The next objective was to determine if fructose uptake led to

enhanced proliferation of AML cells under glucose-deficient

conditions. The results showed that AML cells exhibited a signif-

icant increase (p < 0.01) in proliferation induced by fructose un-

der conditions of low glucose or glucose deprivation, indicating

that fructose was an important fuel source for AML cells when

glucose was limited (Figure 1B). In contrast, in the presence of

fructose, normal monocytes displayed little or no increases

in proliferation under any of the tested glucose conditions,

indicating that normal monocytes showed significantly lower

fructose utilization compared with AML cells (Figure 1B). We

concluded from these studies that AML cells not only readily uti-

lize fructose as a metabolic fuel for survival but also that their

ability to proliferate is actually enhanced by increased fructose

under glucose-limiting conditions, whereas normal monocytes

hardly rely on fructose for growth.

GLUT5 Mediated Fructose Uptake and Had Increased
Expression in AML Cells
Having established that AML cells readily utilize fructose, the

next step was to identify the sugar transporter that was being

used for fructose uptake. GLUT5, encoded by the SLC2A5

gene, has been reported to be the main transporter for fructose

with high selectivity in various cells (Burant et al., 1992; Zhao and

Keating, 2007). Thus, we hypothesized that the sugar transporter

involved in AML cell fructose utilization was in fact, GLUT5. We

tested this hypothesis by knocking down the SLC2A5 gene in

K562 cells using an RNAi technique (Figure 1C). The results

showed that both 13C-fructose uptake and fructose-induced

proliferation were suppressed (Figures 1D and 1E). SLC2A5

gene silencing did not affect glucose uptake and glucose-

induced proliferation in K562 cells (Figures S1A and S1B), indi-

cating the selectivity of this transporter for fructose. These

data demonstrated that GLUT5 mediated the fructose uptake

in AML cells.

Increased GLUT5 expression was observed in all four of the

AML cell lines compared with normal monocytes (Figure 1F).
n.

5 expression was computed by dividing the value of GLUT5 signal intensity by

g each relative GLUT5 expression to the mean of relative GLUT5 expression of

oietic cells of healthy controls and AML blast cells of patients. The data were

L patients.

nosis and at complete remission (CR).

so Figure S1 and Tables S1 and S2.
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The next question was whether GLUT5 or its encoding gene

SLC2A5 was also upregulated in primary AML blast cells

from de novo AML patients. We analyzed gene expression

patterns of the major sugar transporter genes in primary AML

blast cells using previously published microarray datasets (Stir-

ewalt et al., 2008, 2012) and determined that SLC2A5 gene

expression was significantly increased in blast cells compared

with normal hematopoietic cells, indicating the increased fruc-

tose uptake capability of patient-derived AML cells (Figure 1G).

In contrast, for the well-known glucose transporter genes,

SLC2A1, SLC2A2, and SLC2A4, there were no significant dif-

ferences between primary AML cells and normal hematopoietic

cells, while SLC2A3 showed significant reduction in primary

AML cells (Figure S1C). Subsequently, we explored the

possible mechanism for upregulating SLC2A5 in primary

AML blast cells. We analyzed the datasets including GEO:

GSE1159, GSE425, and The Cancer Genome Atlas data (Bullin-

ger et al., 2004; Valk et al., 2004) and found that SLC2A5

expression was positively correlated to AML1-ETO, NPM1 mu-

tations, and RUNX1 mutations, whereas it was negatively linked

to PML-RARA and CEBPA biallelic mutations, indicating that

overexpression of SLC2A5 may be secondary to these gene

events (Table S2).

Based on above observations, we hypothesized that in-

creased expression of SLC2A5 in primary AML blast cells

would accelerate fructose utilization thus resulting in reduced

circulating fructose in peripheral blood. To test this hypothesis,

serum samples from healthy controls (n = 446) and AML pa-

tients (n = 400) were analyzed using gas chromatograph-

time-of-flight mass spectrometry (GC-TOFMS). To avoid the

well-known confounding factors influencing circulating fructose

level, including hepatic function, diet, and therapy, we

executed the following strategies. First, we reviewed the key

parameters of hepatic function including serum alanine amino-

transferase and aspartate aminotransferase in all enrolled sub-

jects and confirmed that there was no significant difference in

hepatic function between AML patients and healthy controls

(Chen et al., 2014). Second, all serum samples were collected

from 12-hr fasting peripheral blood to minimize dietary impact.

Third, all AML serum samples were obtained from patients at

diagnosis without any therapeutic interventions. Data from

GC-TOFMS showed reduced serum fructose concentrations

in AML patients relative to controls (Figure 1H), suggesting

elevated fructose utilization of leukemic blast cells in these pa-

tients. Hypothesizing that AML blast cells were responsible for

the reduction of serum fructose, when these neoplastic cells

were eliminated by chemotherapy, the serum fructose level

would be expected to increase. To test this hypothesis, we

analyzed paired serum samples from AML patients (n = 31) at

diagnosis and at complete remission (CR) and found that serum

fructose was significantly raised in the cases at CR compared

with those at diagnosis (p = 0.04, Figure 1I), supporting our hy-

pothesis that AML blast cells contributed to the decrease of

serum fructose.

In summary, these results provided convincing evidence that

an increase in the sugar transporter GLUT5 encoded by

SLC2A5, was responsible for the increased uptake and utiliza-

tion of fructose in our test set of AML cell lines and also in the

primary leukemic cells of AML patients.
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4 Cancer Cell 30, 1–13, November 14, 2016
High Expression of SLC2A5 and Enhanced Fructose
Utilization Were Associated with Poor Outcomes in AML
Patients
Based on the above observations of increased fructose utiliza-

tion and upregulated fructose transporter GLUT5 and its en-

coding gene SLC2A5 in AML cells, we asked if there was an as-

sociation between the modified SLC2A5 expression/fructose

utilization and the therapeutic outcomes of AML patients. We

analyzed the relevance of SLC2A5 expression to the survival

of AML patients in five previously published gene expression

datasets (Bullinger et al., 2004; Metzeler et al., 2008; Valk

et al., 2004). Among those cases, patients with intermediate-

risk AML were selected for analysis due to the relatively low

heterogeneity in this subgroup. The patients of each set were

divided into two groups: those with above-median SLC2A5

expression and those with below-median SLC2A5 expression.

Above-median SLC2A5 expression was associated with inferior

overall survival, and a formal meta-analysis of all five datasets

indicated an overall hazard ratio of 1.49 (95% confidence inter-

val [CI]: 1.41–1.57) in a univariate Cox model and 1.48 (95% CI,

1.34–1.62) in a multivariate Cox model after adjustment for clin-

ical confounding factors including age, white blood cell count,

and FLT3-ITD mutations (Figure 2A). To avoid the potential sta-

tistical bias, we used the mean instead of median value of

SLC2A5 expression as the cut-off point in each dataset.

Above-mean SLC2A5 expression was also closely linked to

poor overall survival, and a formal meta-analysis of all five data-

sets demonstrated an overall hazard ratio of 1.87 (95% CI,

1.24–2.50) in the Cox model (Figure S2A).

Subsequently, we analyzed the potential correlation between

fructose utilization and therapeutic response in 262 de novo

AML patients from data collected in a previous study (Chen

et al., 2014). These patients were evenly divided into three

groups based on their serum fructose concentrations: high, me-

dium, and low fructose (Figure 2B), representing low, medium,

and high fructose utilization, respectively. We found that the

rate of treatment failure was increased and the CR rate was

reduced when fructose utilization was elevated (Figure 2C),

demonstrating that enhanced fructose utilization was associated

with poor therapeutic response in AML patients. Of note, there

was no significant difference in the overall survival and event-

free survival among these three groups of AML patients (Figures

S2B and S2C).

Enhanced Fructose Utilization Mediated by SLC2A5

Exacerbated Leukemic Phenotypes
High SLC2A5 expression and enhanced fructose utilization

were closely associated with the poor outcomes of AML pa-

tients. In addition, downregulation of SLC2A5 in K562 cells

significantly suppressed fructose-induced colony formation

(Figure S3A). Thus, we hypothesized that enhanced fructose

utilization mediated by SLC2A5 would result in a more malig-

nant phenotype. We ectopically expressed SLC2A5 in U937,

K562, and OCI-AML3 cells (Figures 3A, S3B, and S3C) as

they were typical representatives of AML with distinct genetic

aberrations and risk status (Table S1). To determine the fruc-

tose concentration to be used for the in vitro study, we first

investigated the level of this sugar in bone marrow from

AML patients that hosted living primary AML blast cells. There



Figure 2. Prognostic Value of SLC2A5 Expression Levels and Fructose Utilization Rates in AML Patients

(A) (Left) Meta-analysis of Cox hazard ratio of SLC2A5 expression levels in five datasets containing patients with intermediate-risk AML. Solid horizontal lines

denoted 95% confidence intervals; boxes denoted the relative influence of each set over the results; the diamonds indicate the summary 95% confidence in-

terval. The continuous SLC2A5 value was used in the analysis. (Right) Kaplan-Meier survival curves of five cohorts of patients in the left meta-analysis. Patients

were separated into above-median (deep pink line) and below-median (deep sky blue line) of SLC2A5 expression.

(B) AML patients were evenly divided into three groups according to the serum levels of fructose.

(C) The complete remission and no remission rates of three AML groups in (B).

See also Figure S2.
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were only three AML patients who had paired bone marrow

and peripheral blood samples in our previous metabolomic

study, and the data showed that fructose concentration was

elevated in bone marrow with a range of 0.71–4.74 mM

compared with the serum levels ranging from 0.02 to

0.41 mM (Figure S3D). In addition, we assayed unpaired

bone marrow (n = 7) and peripheral blood (n = 10) samples

from patients with hematological malignancies and also

found elevated fructose levels in bone marrow (p = 0.007,

Table S3). Hence, we used 6 mM fructose, which was patho-

physiologically relevant to AML, to perform the in vitro assays.

Compared with the control cells (U937-MigR1, K562-MigR1,

and OCI-AML3-MigR1), gene-modified cells (U937-SLC2A5,

K562-SLC2A5, and OCI-AML3-SLC2A5) displayed increased
CCELL
13C-fructose uptake (Figures 3B, S3E, and S3F). Enforced

SLC2A5 expression also increased fructose-induced prolifera-

tion under distinct glucose conditions (Figures 3C–3E and

S3G–S3L). These results indicated that enhanced fructose uti-

lization mediated by SLC2A5 conferred a proliferation advan-

tage on AML cells even in the presence of glucose.

We then investigated the proliferation of transfected AML cells

under low-fructose conditions (0.375 mM) in the absence of

glucose and found that ectopic expression of SLC2A5 acceler-

ated the proliferation of K562 and OCI-AML3, whereas trans-

fected U937 cells were unable to grow under such a fructose-

limiting condition (Figures S3M–S3O).

The next question was whether enhanced fructose utilization

influenced the malignancy of AML cells. To determine this, we
2359
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Figure 3. Enhanced Fructose Utilization Mediated by SLC2A5 Exacerbates the Leukemic Phenotypes of AML Cells

(A) Measurement of the expression of SLC2A5/GLUT5 in U937 cells transfected with the control MigR1 retrovirus (U937-MigR1) or MigR1-SLC2A5 retrovirus

(U937-SLC2A5) by qPCR and western blot.

(B) Uptake of 13C-labeled fructose by U937-MigR1 and U937-SLC2A5 cells.

(C–E) Proliferation of U937-MigR1 and U937-SLC2A5 cells in complete medium containing 6 mM fructose without glucose or with distinct levels of glucose.

(legend continued on next page)
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Figure 4. Enhanced Fructose Utilization Mediated by SLC2A5 Activates Glycolytic Flux

(A) Secretion of 13C-labeled pyruvate derived from 13C-fructose tracer by AML control cells and AML cells with ectopic SLC2A5.

(B) Secretion of 13C-labeled lactate derived from 13C-fructose tracer by AML control cells and AML cells with ectopic SLC2A5.

(C) Secretion of 13C-labeled alanine derived from 13C-fructose tracer by AML control cells and AML cells with ectopic SLC2A5.

(D) Proposed metabolic scheme depicting increased glycolytic flux activated by enhanced fructose utilization mediated by SLC2A5.

Error bars represent mean ± SEM. *p < 0.05, **p < 0.01 (Student’s t test).
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assayed the influence of enhanced fructose utilization ability on

colony formation in soft agar, a parameter positively associated

with increased cancer cell malignancy (Zebisch et al., 2012). As

depicted by the data in Figures 3F–3H and S4A–S4F, AML cells

with ectopic SLC2A5 fed with fructose exhibited increased col-

ony growth relative to control cells under distinct glucose condi-

tions. This indicated that enhanced fructose utilization mediated

by SLC2A5 exacerbated the malignant phenotype of AML cells,

even in the presence of glucose.

Finally, we investigated whether enhanced fructose utilization

was able to promote the capability of migration and invasion. As

shown in Figures 3I, 3J, and S4G–S4J, enhanced fructose utiliza-

tion mediated by SLC2A5 significantly increased the migratory

and invasive tendency of AML cells under reduced or normal

glucose conditions, implying that enhanced fructose utilization

causes a more aggressive phenotype regardless of glucose

concentration.
(F–H) Colony formation of U937-MigR1 and U937-SLC2A5 cells in soft agar fed w

levels of glucose. Cells were seeded at a density of 3,000/well (F), 2,000/well (G)

(I) Migration of U937-MigR1 and U937-SLC2A5 cells fed with complete medium

(J) Invasion of U937-MigR1 and U937-SLC2A5 cells fed with complete medium

Error bars represent mean ± SEM. *p < 0.05, **p < 0.01 (Student’s t test).

See also Figures S3 and S4 and Table S3.

CCELL
Enhanced Fructose Utilization Mediated by SLC2A5

Strongly Activated Glycolytic Flux
Logically, one would suppose that enhanced proliferation and

enhanced fuel uptake in the form of fructose would cause

increased glycolytic flux and result in increased amounts of me-

tabolites from glycolysis. We performed a metabolic flux assay

to establish whether an increased glycolytic flux was a possible

explanation for the more aggressive tendency exhibited by AML

cells. We compared the metabolic flux of 13C-labeled fructose

between non-transfected AML control cells and AML cells with

ectopic SLC2A5. All cells were cultured in 6 mM 13C-fructose

for 96 hr and then the spent media were collected for analysis.

AML cells with enhanced fructose utilization mediated by

ectopic SLC2A5 produced more 13C-pyruvate, 13C-lactate,

and 13C-alanine than the control cells (Figures 4A–4C). This indi-

cated that enhanced fructose utilization in AML cells strongly

activated glycolytic flux (Figure 4D).
ith complete medium containing 6 mM fructose without glucose or with distinct

, or 1,000/well (H). Colonies were assayed at day 23 (F) or day 16 (G and H).

containing 6 mM fructose without glucose or with different levels of glucose.

containing 6 mM fructose without glucose or with different levels of glucose.
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Figure 5. Response of AML Cells to Pharmacological Blockage of Fructose Utilization

(A) Suppressed proliferation of U937-SLC2A5 cells treated with the fructose analog 2,5-AM. Two carbon source conditions, 6 mM fructose and 6 mM fructose

plus 0.75 mM glucose, were tested. p Values were obtained by comparison with the proliferation of U937-SLC2A5 cells in 0 mM 2,5-AM.

(B andC) The colony growth of U937-SLC2A5 cells in soft agar under the condition of 6mM fructose (B) or 6mM fructose plus 0.75mMglucose (C) with or without

2,5-AM treatment.

(D) Migration assay of U937-SLC2A5 cells with or without 2,5-AM treatment in medium containing 6 mM fructose or 6 mM fructose plus 0.75 mM glucose.

(legend continued on next page)

CCELL 2359

8 Cancer Cell 30, 1–13, November 14, 2016

Please cite this article in press as: Chen et al., Enhanced Fructose Utilization Mediated by SLC2A5 Is a Unique Metabolic Feature of Acute Myeloid
Leukemia with Therapeutic Potential, Cancer Cell (2016), http://dx.doi.org/10.1016/j.ccell.2016.09.006



Please cite this article in press as: Chen et al., Enhanced Fructose Utilization Mediated by SLC2A5 Is a Unique Metabolic Feature of Acute Myeloid
Leukemia with Therapeutic Potential, Cancer Cell (2016), http://dx.doi.org/10.1016/j.ccell.2016.09.006
Pharmacological Blockage of Fructose Utilization
Alleviated Leukemic Phenotypes and Potentiated the
Cytotoxicity of an Antileukemic Drug, Ara-C, In Vitro
Due to the causal relation between enhanced fructose utilization

and exacerbation of leukemic phenotypes, we asked if in-

hibiting fructose utilization with a pharmacological agent would

be able to alleviate the leukemic phenotypes. We used 2,5-anhy-

dro-D-mannitol (2,5-AM), a fructose analog with high affinity for

GLUT5 (Yang et al., 2002), to treat AML cells with enhanced fruc-

tose utilization mediated by ectopic SLC2A5 expression. Data

showed that 2,5-AM treatment significantly suppressed fruc-

tose-induced proliferation, colony growth, and migration in the

absence of glucose or in the presence of low levels of glucose

(Figures 5A–5D and S5A–S5H). The combination of the results

supported the hypothesis that inhibition of fructose utilization

decreases the malignant leukemic phenotypes of AML cells

with enhanced fructose utilization.

Next, we investigated the efficacy of 2,5-AM on all of the four

AML cell lines enrolled in this study. This drug suppressed fruc-

tose-induced cell proliferation in a dose-dependent manner in all

AML cell lines under glucose-limiting conditions, whereas it had

little influence on the glucose-induced cell proliferation (Fig-

ure 5E). Normal monocytes were also tested using 2,5-AM and

there was negligible effect on glucose-induced cell growth

(Figure S5I). Together, these results demonstrated a high spec-

ificity for the GLUT5 inhibitor, 2,5-AM, on inhibition of fructose

utilization.

AML is usually treated with a combination of a cell-cycle-inde-

pendent drug such as daunorubicin and a cell-cycle-specific in-

hibitor such as Ara-C (Martincic and Hande, 2005; Momparler,

2013). Because cancer therapy rarely involves administration

of a single drug, we chose to replace daunorubicin with

2,5-AM and co-administer it with Ara-C to our four cell lines. Of

note, a synergistic effect between 2,5-AM and Ara-C was

observed in all AML cell lines grown in fructose without glucose

or with low levels of glucose, demonstrating that 2,5-AM poten-

tiated the cytotoxicity of the currently used AML drug, Ara-C

(Figures 5F and 5G, Table S4). To summarize these results,

2,5-AM, a GLUT5 inhibitor was cytotoxic to AML cells, but not

to normal monocytes, and also decreased the malignant pheno-

types of AML cells with enhanced fructose utilization observed in

these studies. The combination of 2,5-AM and Ara-C acts in a

synergistic way to eradicate AML cells.

Fructose Utilization Was Enhanced in AML Mice and
Pharmacological Blockage of This Metabolic Pathway
Showed Therapeutic Potential
We performed a study using an AML mouse model driven by the

fusion geneAML1-ETO andmutatedC-KIT (Wang et al., 2011) to

investigate the activity of fructose utilization and the therapeutic

potential of pharmacological blockage of this metabolic pathway

in vivo. It was reasonable to choose this mouse model because

SLC2A5 expression was positively associated with AML1-ETO
(E) Proliferation of AML cells treated with 2,5-AM. Three carbon resource condit

(F and G) The synergistic effect between 2,5-AM + Ara-C in AML cells cultured in c

glucose (G).

Error bars represent mean ± SEM. *p < 0.05, **p < 0.01 (Student’s t test).

See also Figure S5 and Table S4.
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in AML patients (Table S2), and patients with AML1-ETO and

C-KIT mutations exhibited increased fructose utilization (Fig-

ure S6). Five mouse groups were enrolled, including a normal

control group, AML mice treated with vehicle (vehicle group),

AML mice treated with 2,5-AM (2,5-AM group), AML mice

treated with Ara-C (Ara-C group), and AML mice treated with

2,5-AM and Ara-C (2,5-AM + Ara-C group). We assayed the pa-

rameters of these five groups of mice 17 days after leukemic cell

transplantation (Table S5). Compared with normal controls, AML

mice showed increased SLC2A5 expression in bone marrow

cells (Figure 6A). AML mice also exhibited reduced serum fruc-

tose levels (Figure 6B). These data indicated that fructose utiliza-

tion was enhanced in AMLmice. Administration of 2,5-AM signif-

icantly upregulated serum fructose concentrations in AML mice

of the vehicle group (p < 0.01) and the 2,5-AM + Ara-C group (p <

0.001) (Figure 6B), indicating that fructose utilization in vivo was

suppressed by this reagent. Inhibition of fructose utilization by

2,5-AM in AML mice significantly suppressed the growth of

bone marrow and peripheral AML blast cells, and ameliorated

splenomegaly (Figures 6C–6E). In addition, 2,5-AM administra-

tion improved the impaired peripheral blood cell counts as

shown by the decrease in white blood cells (p < 0.001) and

increase in red blood cells (p = 0.01), hemoglobin (p = 0.01),

and platelets (p = 0.04) (Figures 6F–6I). Furthermore, the use of

2,5-AM prolonged the overall survival of AMLmice (p = 0.01, Fig-

ure 6J). Of note, the combination of 2,5-AM and Ara-C showed

an increased efficacy in alleviating leukemic phenotypes

compared with 2,5-AM or Ara-C alone (Figures 6C, 6D, and

6F–6I). Moreover, the effect of 2,5-AM or Ara-C alone on overall

survival of the AMLmice was enhanced by the concurrent use of

2,5-AM and Ara-C (p < 0.001 and p = 0.08, respectively) (Fig-

ure 6J), demonstrating a synergistic antitumor effect between

these two agents against AML.

DISCUSSION

Considerable attention has been paid to glycolysis due to its

high activity in cancer cells and its close association with ther-

apeutic resistance and clinical outcome (Zhao et al., 2013).

Glycolysis has been found to be enhanced in AML and is linked

to poor survival in patients partially via contribution to Ara-C

resistance (Chen et al., 2014). Thus, drugs, such as 2-DG,

aiming at interrupting glucose utilization in cancer cells may

have potential for improvement of therapeutic outcome (Chen

et al., 2014). Unfortunately, since normal cells also use glucose

as their main metabolic fuel, inhibiting glucose utilization with

2-DG causes substantial adverse side effects, including hypo-

glycemia-like symptoms, gastrointestinal bleeding, hypoten-

sion, decreased respiratory frequency, as well as hematologic

and biochemical toxicity (Raez et al., 2013; Vijayaraghavan

et al., 2006). It is therefore important to fully understand the

distinct metabolic features of fuel utilization for both AML and

normal cells.
ions were tested.

omplete medium containing 6 mM fructose (F) or 6 mM fructose plus 0.75 mM
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Figure 6. Enhanced Fructose Utilization and the Therapeutic Potential of Pharmacological Blockage of this Metabolic Pathway in AMLMice

(A) SLC2A5 expression in bone marrow cells between normal controls (n = 6) and AML mice (n = 6).

(B) Serum fructose concentration measurements for normal controls (n = 6), AMLmice treated with vehicle (n = 6), AMLmice treated with 2,5-AM (n = 6), and AML

mice treated with 2,5-AM + Ara-C (n = 6).

(C) The percentage of bone marrow (BM) blast cells in normal controls (n = 6), AML mice treated with vehicle (n = 6), AML mice treated with 2,5-AM (n = 6), AML

mice treated with Ara-C (n = 6), and AML mice treated with 2,5-AM + Ara-C (n = 6).

(D) The percentage of peripheral blood (PB) blast cells in normal controls (n = 6), AMLmice treated with vehicle (n = 6), AMLmice treated with 2,5-AM (n = 6), AML

mice treated with Ara-C (n = 6), and AML mice treated with 2,5-AM + Ara-C (n = 6).

(E) Spleen weight measurements for normal controls (n = 6), AML mice treated with vehicle (n = 6) and AML mice treated with 2,5-AM (n = 6).

(F) White blood cell (WBC) counts in PB for normal controls (n = 6), AMLmice treated with vehicle (n = 8), AMLmice treated with 2,5-AM (n = 8), AMLmice treated

with Ara-C (n = 6), and AML mice treated with 2,5-AM + Ara-C (n = 6).

(G) Red blood cell (RBC) counts in PB for normal controls (n = 6), AML mice treated with vehicle (n = 8), AML mice treated with 2,5-AM (n = 8), AML mice treated

with Ara-C (n = 6), and AML mice treated with 2,5-AM + Ara-C (n = 6).

(legend continued on next page)
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In the current study in vitro AML cell line models and an in vivo

AMLmouse model were chosen to investigate whether fructose,

an alternative substrate for glycolysis, would exhibit enhanced

utilization by AML cells and normal monocyte controls in a

glucose-limiting environment. The AML cell lines were chosen

to represent four different French-American-British subtypes,

and to highlight a variety of mutations and individual different

pathways leading toward leukemogenesis. We found that these

four AML cell lines highly expressed GLUT5 and switched to

fructose utilization under glucose-limiting conditions, whereas

normal monocytes showed a low dependence on fructose for

cell survival and growth. For AML mice, their bone marrow

blast cells exhibited increased SLC2A5 expression and elevated

fructose utilization as measured by mRNA and serum levels,

respectively.

Fructose has previously been reported to alter the glycan

structures on the cell surface of tumor cells and increase their

proliferative and invasive properties when compared with

glucose in vitro (Monzavi-Karbassi et al., 2010). Our data demon-

strated that altered fructose utilization plays a key role in AML

progression as evidenced by an exacerbated leukemic pheno-

type regardless of the concentration of glucose present. In the

fructose-containing media with or without glucose, AML cells

with high SLC2A5 expression showed elevated fructose uptake,

increased proliferation and colony growth, and enhanced abili-

ties of migration and invasion. As colony formation in soft agar

is linked to cancer stem cell properties (Matsubara et al.,

2013), the high SLC2A5 expression may contribute to expansion

of the leukemic stem cell compartment. Metabolic flux analysis

demonstrated that high fructose utilization strongly activated

glycolytic flux with increased pyruvate and lactate production

in AML cells. The increased glycolytic activity has been impli-

cated in promoting aggressiveness of cancer cells (Diers et al.,

2012; Doherty and Cleveland, 2013). Consequently, enhanced

fructose utilization or high SLC2A5 expression in AML cells

may be linked to poor outcomes in AML patients.

Evidence of this is provided in this study through analysis

of five previously published gene expression datasets which

showed that above-median/mean SLC2A5 expression was

associated with inferior overall survival. Analysis of serum fruc-

tose concentrations in 262 de novo AML patients revealed an as-

sociation of serum fructose levels with the efficacy of inducing

remission using standard AML 3 + 7 treatment. Those patients

who had higher serum fructose concentrations had higher rates

of CR compared with those with low or medium serum fructose

levels. These results link enhanced AML cell fructose utilization

to a worse patient clinical outcome. Of note, the investigation

of the association between SLC2A5 expression/fructose utiliza-

tion and AML patient prognosis is a retrospective analysis. A

blinded prospective study is needed to validate these findings.
(H) Hemoglobin (HGB) measurements in PB for normal controls (n = 6), AML mic

treated with Ara-C (n = 6), and AML mice treated with 2,5-AM + Ara-C (n = 6).

(I) Platelet (PLT) counts in PB for normal controls (n = 6), AMLmice treated with veh

(n = 6), and AML mice treated with 2,5-AM + Ara-C (n = 6).

(J) Overall survival curves of AML mice treated with vehicle (n = 9), AML mice tre

treated with 2,5-AM + Ara-C (n = 10). HR, hazard ratio.

Error bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s

See also Figure S6 and Table S5.

CCELL
In conclusion, the unique fructose utilization feature of AML

cells provides a promising cancer target, and fructose inhibition

may thus provide a viable, cell-cycle-independent therapy for

AML. A fructose analog, 2,5-AM, was effective in alleviating the

neoplastic phenotypes of AML cells in vitro and in vivo. We

also observed a significant synergistic effect between 2,5-AM

and Ara-C on the elimination of AML cells. It was noticeable

that fructose utilization was heterogeneous in AML patients, as

shown by the highly diverse expression of SLC2A5 and serum

fructose in these patients. Our findings suggested that only those

AML patients whose blast cells highly expressed SLC2A5 and

exhibited enhanced fructose utilization would be able to obtain

therapeutic benefit using a fructose utilization inhibitor in combi-

nation with a chemotherapeutic agent.

EXPERIMENTAL PROCEDURES

AML Cell Lines, Normal Monocytes, Reagents, and Antibodies

Four representative AML cell lines, U937, OCI-AML3, HL-60, and K562, were

chosen for this study. U937 and OCI-AML3 were purchased from American

Type Culture Collection, and HL-60 and K562 were obtained from the National

Cancer Institute. All cell lines were maintained in RPMI 1640 (Life Technologies)

supplemented with 10% fetal bovine serum (FBS, Life Technologies) and antibi-

otics. A total of four different control samples of normal monocytes were

enrolled in this study. One control sample was purchased from STEMCELL

Technologies. The remaining controls were provided by three healthy volun-

teers. All the normal monocytes were used to perform assays immediately

after arrival. Reagents used in the study included D-fructose (Sigma-Aldrich),

D-glucose (Sigma-Aldrich), GLUT5 antibody (Santa Cruz), actin antibody (LI-

COR Biosciences), fructose analog 2,5-anhydro-D-mannitol (Santa Cruz), and

antileukemic agent arabinofuranosyl cytidine (Sigma-Aldrich).

Knockdown of SLC2A5 Expression by RNAi in AML Cells

The fructose transporter gene SLC2A5 was knocked down in K562 AML

cells using RNAi technology. K562 cells were transfected with a small inter-

fering RNA (siRNA) targeting SLC2A5 (QIAGEN) or a non-targeting control

siRNA (QIAGEN). Transfections were conducted using a Lipofectamine 3000

Transfection Reagent Kit (Life Technologies) following the manufacturer’s pro-

tocol. After 96 hr incubation, cells were harvested and protein extracts were

prepared for western blot analysis of GLUT5 expression. Meanwhile, the pro-

liferation of the transfected cells fed with fructose or glucose was measured at

different time points using a Cell Counting Kit-8 (Dojindo Molecular Technolo-

gies) following the manufacturer’s protocol.

Overexpression of SLC2A5 in AML Cells

Enforced expression of SLC2A5 in AML cells was achieved using a retrovirus

system consisting of MigR1 vector (a gift fromWarren Pear) (Pear et al., 1998),

vesicular stomatitis virus G protein, and gag/pol packaging vectors. A more

detailed description of the procedure is provided in the Supplemental Informa-

tion procedures.

Measurement of Serum Fructose

Serum fructose concentrations of AML patients and healthy volunteers were

examined as part of the metabolomic study involving a large series of AML

cases described previously (Chen et al., 2014; Wang et al., 2013). A total of
e treated with vehicle (n = 8), AML mice treated with 2,5-AM (n = 8), AML mice

icle (n = 8), AMLmice treated with 2,5-AM (n = 8), AMLmice treated with Ara-C

ated with 2,5-AM (n = 10), AML mice treated with Ara-C (n = 9), and AML mice

t test).
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400 de novo AML patients and 446 age- and gender-matched healthy controls

were enrolled in this study from the hematology centers of Shanghai, Hangzhou,

Suzhou, Shenyang, Nanjing, Dalian, and Beijing. The clinical data of these sub-

jects were reported in our previously published study (Chen et al., 2014). For

therapeutic response analysis, 262 cases who received standard DA regimen

(daunorubicin 40 mg/m2/day for 3 days and Ara-C 100 mg/m2/day for 7 days)

in remission-induction phase were analyzed. All participants provided informed

written consent in accordance with the regulation of the institutional review

boards of the related universities/hospitals in agreement with the Declaration

of Helsinki. Mouse peripheral blood serum samples were collected as

mentioned below.

Serum samples of human subjects and mice were analyzed using GC-

TOFMS as described previously (Chen et al., 2014; Wang et al., 2013). Fruc-

tose was identified by library searching and then confirmed by the standard

(Sigma-Aldrich). Calibration of fructose concentration data was performed

as reported previously (Chen et al., 2014). The absolute concentration of serum

fructose was determined from the calibration curve.

Analysis of 13C-Labeled Fructose/Glucose Uptake and 13C-Labeled

Fructose-Derived Metabolites by GC-TOFMS

To assay the fructose/glucose uptake and fructose-derived metabolites, cells

were cultured in glucose-free RPMI 1640 medium supplemented with 10%

dialyzed FBS and 6 mM [U-13C6] fructose (Cambridge Isotope Laboratories)

or 6 mM [U-13C6] glucose (Cambridge Isotope Laboratories). After incubation

for 96 hr, cell culture media were collected. Then, 20 mL of cell medium was

used for extraction of metabolites of 13C-fructose and 13C-glucose. Metabolite

derivatization and GC-TOFMS assays were performed as described previ-

ously (Chen et al., 2014; Wang et al., 2013). 13C-Fructose and 13C-glucose

were monitored using ions at m/z 220 and 323, respectively. 13C-Fructose-

derived metabolites, including 13C-pyruvate, 13C-lactate, and 13C-alanine

were monitored at m/z 177, 222, and 118, respectively. Metabolite consump-

tion and release were calculated based on the algorithm reported previously

(Jain et al., 2012).

AML Mouse Study

We enrolled five groups of mice in this study, including a normal control group,

AMLmice treated with vehicle (vehicle group), AMLmice treated with the fruc-

tose utilization inhibitor 2,5-AM (2,5-AM group), AML mice treated with Ara-C

(Ara-C group) and AML mice treated with 2,5-AM and Ara-C (2,5-AM + Ara-C

group). Eight-week-old female BALB/c mice were selected for this study. Mice

were maintained under specific pathogen-free conditions, kept on a 12-hr

light-dark cycle, and fed a normal diet. AML mice were generated using a pre-

viously reported procedure (Wang et al., 2011) with minor modifications. In

brief, 1 3 105 GFP-positive murine leukemic cells (splenic cells) with AML1-

ETO and mutated C-KITwere injected into the tail vein of each sublethally irra-

diated (3.5 Gy) mouse. For the 2,5-AM treatment group, the reagent was dis-

solved in physiological saline and intraperitoneally injected into AML mice at a

dose of 150 mg/kg/day at day 5 after leukemic cell transplantation until the

mice were either killed or died. For the Ara-C treatment group, Ara-C was dis-

solved in physiological saline and intraperitoneally injected into AML mice at a

dose of 25 mg/kg/day at day 3 after leukemic cell transplantation for 5 days.

For the 2,5-AM + Ara-C treatment group, 2,5-AM and Ara-C were given to

the mice according to the methods described in the 2,5-AM group and Ara-

C group. The same volume of physiological saline was given to the vehicle

group. Seventeen days after leukemic cell transplantation, five groups of

mice, including six normal controls, eight AML mice treated with vehicle, eight

AML mice treated with 2,5-AM, six AML mice treated with Ara-C, and six mice

treated with 2,5-AM and Ara-C, were killed to obtain peripheral blood, serum,

bone marrow, and spleen for analysis. In addition, nine AML mice treated with

vehicle, ten AMLmice treated with 2,5-AM, nine AMLmice treated with Ara-C,

and ten AML mice treated with a combination of 2,5-AM and Ara-C were

maintained for investigating overall survival. The animal experiments were

approved by the Department of Animal Experimentation at Shanghai Jiao

Tong University School of Medicine.

Statistical Analysis

Significant differences between groups were determined using the Student’s

t test. The difference for survival time was assessed using log rank test.
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Meta-analysis of survival data was performed using the survcomp package

in R software (version 2.15.0, www.r-project.org). The difference in therapeutic

response among AML patient groups with distinct serum fructose levels was

assessed using c2 test. The significance level was set at p < 0.05. The evalu-

ation of synergistic effect between fructose analog 2,5-AM and Ara-C was

executed in CompuSyn software (ComboSyn).
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Figure S1. Related to Figure 1. (A,B) The influence of SLC2A5 deletion on glucose uptake and glucose-induced 

proliferation in K562 cells; (C) The sugar transporter gene expression between normal hematopoietic cells and 

primary AML blast cells.  

(A) Uptake of 13C-glucose by K562 cells with or without SLC2A5 deletion. 

(B) Proliferation of K562 cells with or without SLC2A5 deletion in complete medium containing 6 mM glucose. 

(C) The expression of sugar transporter genes including SLC2A1, SLC2A2, SLC2A3, SLC2A4 and SLC2A5 between normal 

hematopoietic cells of healthy controls and AML blast cells of patients. The data were taken from public microarray 

database. 

Error bars represent mean ± SEM. * p < 0.05, ** p < 0.01 (Student’s t test). 

 

  



 
 

Table S1. Related to Figure 1. Characteristics of AML cell lines included in the study.  

Cell line FAB Cytogenetics Genetic aberrance Incidence Prognosis 

U937 M5 t(10;11)(p13;q14)  CALM/AF10 5% (Lillington et al., 1998) High relapse risk  

OCI-AML3 M4 Normal karyotype 
Mutated NPM1 and 

DNMT3A 
30% (Lowenberg, 2008) 

Poor survival; High  

relapse risk 

HL-60 M2 Hypotetraploid Amplified c-Myc 4% (Bruckert et al., 2000) Intermediate risk  

K562 M6 t(9;22)(q34;q11) BCR/ABL 1-3% (Keung et al., 2004) 
Poor risk;  

High relapse risk  

 

 

 

Table S2. Related to Figure 1. Spearman correlation analysis between SLC2A5 expression and fusion genes/gene 

mutations.  

Fusion gene/gene mutation 
GSE1159 (n = 260) 

 
GSE425 (n = 111) 

 
TCGA data (n = 173) 

Correlation r p 
 

Correlation r p 
 

Correlation r p 

PML-RARA -0.32 < 0.001   -0.33 < 0.001 
 

/ / 

AML1-ETO 0.26 < 0.001 
 

0.28 0.003 
 

/ / 

CBFβ-MYH11 -0.18 0.004 
 

-0.13 0.16 
 

/ / 

FLT3-ITD 0.20 0.001 
 

0.03 0.80 
 

/ / 

CEBPAζ -0.26 < 0.001 
 

/ / 
 

/ / 

NPM1 0.20 0.001 
 

/ / 
 

/ / 

RUNX1 / / 
 

/ / 
 

0.21 0.01 

ζBiallelic CEBPA mutations. 

“/” indicates not available. 

  



 
 

 

Figure S2. Related to Figure 2. The prognostic value analysis of different SLC2A5 expression levels and distinct 

serum fructose concentrations in AML patients.  

(A) (Left) Meta-analysis of Cox hazard ratio of SLC2A5 expression levels in 5 data sets. The categorical values of SLC2A5, 

divided by the mean SLC2A5 in each data set, were used in the analysis. (Right) Kaplan-Meier survival curves of AML 

patients of 5 data sets. Patients of each data set were divided into 2 groups using the mean SLC2A5 expression as the 

cut-off value.  

(B) Overall survival of 3 groups of AML patients divided by distinct serum fructose concentrations. 

(C) Event-free survival of 3 groups of AML patients divided by distinct serum fructose concentrations. 

 

  



 
 

 



 
 

Figure S3. Related to Figure 3. Enhanced fructose utilization mediated by SLC2A5 promotes AML cell growth.  

(A) Colony formation of K562 cells without or with suppressed SLC2A5 expression. Cells were seeded at a density of 

3000/well and fed with complete medium containing 6 mM fructose. Colonies were analyzed at day 30. 

(B) Analysis of the expression of SLC2A5/GLUT5 in K562 cells transfected with the control MigR1 retrovirus 

(K562-MigR1) or MigR1-SLC2A5 retrovirus (K562-SLC2A5) by Q-PCR and western blot respectively.  

(C) Analysis of the expression of SLC2A5/GLUT5 in OCI-AML3 cells transfected with the control MigR1 retrovirus 

(OCI-AML3-MigR1) or MigR1-SLC2A5 retrovirus (OCI-AML3-SLC2A5) by Q-PCR and western blot respectively. 

(D) Fructose concentrations in paired peripheral blood and bone marrow samples from 3 AML patients. 

(E) Uptake of 13C-labeled fructose by K562-MigR1 and K562-SLC2A5 cells. 

(F) Uptake of 13C-labeled fructose by OCI-AML3-MigR1 and OCI-AML3-SLC2A5 cells. 

(G-I) Proliferation of K562-MigR1 and K562-SLC2A5 cells in complete media containing 6 mM fructose without glucose 

or with distinct levels of glucose. 

(J-L) Proliferation of OCI-AML3-MigR1 and OCI-AML3-SLC2A5 cells in complete media containing 6 mM fructose 

without glucose or with distinct levels of glucose. 

(M) Proliferation of U937-MigR1 and U937-SLC2A5 cells under 0.375 mM fructose condition. 

(N) Proliferation of K562-MigR1 and K562-SLC2A5 cells under 0.375 mM fructose condition. 

(O) Proliferation of OCI-AML3-MigR1 and OCI-AML3-SLC2A5 cells under 0.375 mM fructose condition. 

  



 
 

 



 
 

Figure S4. Related to Figure 3. Enhanced fructose utilization mediated by SLC2A5 increases colony growth and 

migratory/invasive tendency of AML cells.  

(A-C) Colony formation of K562-MigR1 and K562-SLC2A5 cells in soft agar fed with complete media containing 6 mM 

fructose without glucose or with distinct levels of glucose. Cells were seeded at a density of 1,600/well (A) or 1,200/well 

(B) or 800/well (C). Colonies were assayed at day 23 (P and Q) or day 16 (R).  

(D-F) Colony formation of OCIAML3-MigR1 and OCIAML3-SLC2A5 cells in soft agar fed with complete media 

containing 6 mM fructose without glucose or with distinct levels of glucose. Cells were seeded at a density of 4,000/well 

(D) or 3,000/well (E) or 2,000/well (F). Colonies were assayed at day 16.  

(G) Migration of K562-MigR1 and K562-SLC2A5 cells fed with complete medium containing 6 mM fructose without 

glucose or with distinct levels of glucose. 

(H) Migration of OCI-AML3-MigR1 and OCI-AML3-SLC2A5 cells fed with complete medium containing 6 mM fructose 

without glucose or with distinct levels of glucose. 

(I) Invasion of K562-MigR1 and K562-SLC2A5 cells fed with complete medium containing 6 mM fructose without 

glucose or with distinct levels of glucose. 

(J) Invasion of OCI-AML3-MigR1 and OCI-AML3-SLC2A5 cells fed with complete medium containing 6 mM fructose 

without glucose or with distinct levels of glucose. 

Error bars represent mean ± SEM. * p < 0.05, ** p < 0.01 (Student’s t test). 

  



 
 

Table S3. Related to Figure 3. Fructose concentrations in unpaired peripheral blood and bone marrow samples 

from patients with hematological malignancies.  

Patient ID Disease Sample Fructose (mM) Fructose, median (range) (mM) Wilcoxon p value 

619 NHL Peripheral blood 0.925  

0.176 (0-1.456) 

 

 

 

0.007 

620 NHL Peripheral blood 0.527  

621 NHL Peripheral blood 0  

622 NHL Peripheral blood 0.030  

623 AML Peripheral blood 0.210  

624 NHL Peripheral blood 0.138  

625 AML Peripheral blood 0 

626 MM Peripheral blood 0.143  

627 AML Peripheral blood 1.043  

629 ALL Peripheral blood 1.456  

630 AML Bone marrow 5.162  

1.492 (0.337-5.168) 

631 NHL Bone marrow 1.192  

632 AML Bone marrow 1.492  

633 AML Bone marrow 5.168  

634 NHL Bone marrow 0.618  

635 NHL Bone marrow 0.337  

636 AML Bone marrow 2.707  

Abbreviation: NHL, Non-Hodgkin's lymphomas; MM, Multiple myeloma; ALL, Acute lymphoblastic leukemia.  

 

  



 
 

 



 
 

Figure S5. Related to Figure 5. Response of K562-SLC2A5, OCI-AML3-SLC2A5 and normal monocytes to 

pharmacological blockage of fructose utilization.  

(A) Suppressed proliferation of K562-SLC2A5 cells treated with the fructose analogue 2,5-AM. Two carbon source 

conditions, 6 mM fructose and 6 mM fructose plus 0.75 mM glucose, were tested. P values were obtained by comparison 

with the proliferation of K562-SLC2A5 cells in 0 mM 2,5-AM. 

(B-C) The colony growth of K562-SLC2A5 cells in soft agar under the condition of 6 mM fructose (B) or 6 mM fructose 

plus 0.75 mM glucose (C) with or without 2,5-AM treatment. Cells were seeded at a density of 2,000/well (B) or 

1,500/well (C). Colonies were assayed at day 26. 

(D) Migration assay of K562-SLC2A5 cells with or without 2,5-AM treatment in medium containing 6 mM fructose or 6 

mM fructose plus 0.75 mM glucose. 

(E) Suppressed proliferation of OCI-AML3-SLC2A5 cells treated with the fructose analogue 2,5-AM. Two carbon source 

conditions, 6 mM fructose and 6 mM fructose plus 0.75 mM glucose, were tested. P values were obtained by comparison 

with the proliferation of OCI-AML3-SLC2A5 cells in 0 mM 2,5-AM. 

(F-G) The colony growth of OCI-AML3-SLC2A5 cells in soft agar under the condition of 6 mM fructose (F) or 6 mM 

fructose plus 0.75 mM glucose (G) with or without 2,5-AM treatment. Cells were seeded at a density of 4,000/well (F) or 

3,000/well (G). Colonies were assayed at day 18 (F) or day 20 (G). 

(H) Migration assay of OCI-AML3-SLC2A5 cells with or without 2,5-AM treatment in medium containing 6 mM fructose 

or 6 mM fructose plus 0.75 mM glucose. 

(I) Influence of the fructose analogue 2,5-AM on the glucose-induced proliferation of normal monocytes. 

Error bars represent mean ± SEM. * p < 0.05, ** p < 0.01(Student’s t test). 

 

  



 
 

Table S4. Related to Figure 5. Combination indices for combination of fructose analogue 2,5-AM and Ara-C in 

AML cell lines as computed by CompuSyn.  

Cell line Carbon source Agent combination 
Combination index 

ED50 ED75 ED90 ED95 

U937 6 mM Fructose 2,5-AM + Ara-C 0.84 0.74 0.64 0.59 

OCI-AML3 6 mM Fructose 2,5-AM + Ara-C 0.66 0.61 0.59 0.58 

HL-60 6 mM Fructose 2,5-AM + Ara-C 0.48 0.29 0.17 0.12 

K562 6 mM Fructose 2,5-AM + Ara-C 0.36 0.30 0.25 0.22 

U937 6 mM Fructose + 0.75 mM Glucose 2,5-AM + Ara-C 0.96 0.71 0.65 0.65 

OCI-AML3 6 mM Fructose + 0.75 mM Glucose 2,5-AM + Ara-C 0.92 0.84 0.75 0.72 

HL-60 6 mM Fructose + 0.75 mM Glucose 2,5-AM + Ara-C 0.69 0.39 0.22 0.15 

K562 6 mM Fructose + 0.75 mM Glucose 2,5-AM + Ara-C 0.18 0.25 0.35 0.44 

 

  



 
 

 

Figure S6. Related to Figure 6. Serum fructose concentrations in normal controls, patients with AML, and patients 

with AML harboring AML1-ETO and C-KIT mutations.  

**p < 0.01 versus normal controls (Wilcoxon rank-sum test). 

 

 

 

 

Table S5. Related to Figure 6. Description of the parameters among 5 mouse groups 17 days after leukemic cell 

transplantation.  

Mouse group PB blasts (%) 

BM blasts 

(%) 

Blasts in spleen (%) WBC (× 109/L) RBC (× 1012/L) HGB (g/L) PLT (× 109/L) 

Spleen weight 

(g) 

Normal controls (n = 6) 0 0 0 5.35 ± 0.09 9.53 ± 0.05 143.50 ± 1.10 1165.83 ± 17.06 0.09 ± 0.0008 

Vehicle (n = 8) 82.33 ± 0.63 73.10 ± 1.36 89.57 ± 0.46 122.55 ± 1.93 4.65 ± 0.13 71.14 ± 1.88 345.33 ± 5.13 0.47 ± 0.004 

2,5-AM (n = 8) 69.28 ± 1.53 61.85 ± 1.10 88.48 ± 0.30 79.63 ± 1.31 5.96 ± 0.07 91.63 ± 1.53 392.50 ± 4.62 0.42 ± 0.003 

Ara-C (n = 6) 55.10 ± 0.99 56.82 ± 0.75 NA 56.03 ± 1.24 4.72 ± 0.22 71.67 ± 3.23 289.83 ± 10.25 NA 

2,5-AM & Ara-C (n = 6) 41.66 ± 1.69 46.78 ± 1.04 89.48 ± 0.56 36.40 ± 1.66 8.04 ± 0.25 119.83 ± 3.53 487.25 ± 20.67 0.38 ± 0.005 

All the parameter values were shown as mean ± standard error of mean. 

PB, peripheral blood; BM, bone marrow; WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; PLT, platelet. 

  



 
 

Supplemental experimental procedures 

Cell Proliferation and Viability Assays  

AML cells were harvested, rinsed twice in PBS and seeded into a 96-well plate at a density of 10,000 cells/well. For 

normal monocytes, cells were washed twice in PBS after thawing in a 37℃ water bath and then seeded into a 96-well plate 

at a density of 50,000 cells/well. Cells were grown in glucose-free RPMI 1640 (life technologies) containing 10% dialyzed 

FBS (dFBS, life technologies) (for AML cells) or 10% dFBS plus 5% human serum (Sigma) (for normal monocytes). For 

determination of the effect of fructose on cell proliferation, fructose solution was added in cells at a concentration range 

from 0 mM to 6 mM under defined glucose levels. For determination of the inhibitive effect of 2,5-anhydro-D-mannitol 

(2,5-AM) on fructose-induced cell proliferation, AML cells fed with 6 mM fructose, 6 mM fructose plus 0.75 mM glucose 

or 6 mM glucose were treated in a proper concentration range for this reagent. 2,5-AM and Ara-C were also used together 

to investigate their synergistic effects on AML cells. The drug concentration range for these experiments was set according 

to the suggested algorithm of CompuSyn software (ComboSyn, Inc., Paramus, NJ). Cell proliferation and cell viability 

were measured using a Cell Counting Kit-8 (CCK-8, Dojindo Laboratories) following the manufacturer’s protocol at the 

time point(s) indicated in the figures or figure legends.  

 

Overexpression of SLC2A5 in AML Cells 

A restriction endonuclease site of NcoI was added to the 2 ends of SLC2A5 complementary DNA (cDNA) by polymerase 

chain reaction (PCR) with the following primers: 5’-CATGCCATGGAGCAACAGGATCAGAGC-3’ and 

5’-CATGCCATGGACTGTTCCGAAGTGACAGG-3’. The cDNA was then subcloned into MigR1 with the unique 

internal NcoI site. The insertion of the cDNA sequence into the vector was verified by Sanger sequencing. The retrovirus 

was produced as follows: empty MigR1 vector or MigR1 vector containing SLC2A5 was cotransfected with VSVG and 

gag/pol plasmids into HEK293T cell using Lipofectamine 3000 (Life Technologies) following the manufacturer’s 

instruction. Virus-containing supernatants were collected and filtered (0.45 μm filter) to remove cells. Subsequently, AML 

cells were infected with the control MigR1 virus or MigR1 virus expressing SLC2A5 in the presence of 8 µg/mL polybrene. 

The green fluorescent protein (GFP)-positive cells were sorted 48 hours after infection using flow cytometry.  

 

GLUT5 Expression Assay by Western Blot  

Cells were washed twice with PBS (Life Technologies) and lysed in RIPA buffer (Sigma-Aldrich) containing 1% protease 

inhibitor cocktail (vol/vol, Sigma-Aldrich) on ice. Supernatants of cell lysates were obtained by centrifugation at 13,000 

rpm for 15 minutes. Protein extracts were denatured by addition of sample buffer (Bio-rad) followed by boiling for 10 

minutes, resolved by SDS-PAGE, and then transferred to PVDF membranes (Bio-rad). Subsequently, the membranes were 

blocked in Odyssey® Blocking buffer (Li-cor) and then incubated with GLUT5 or Actin primary antibodies. Primary 

antibodies were detected with fluorescent secondary antibodies (Li-cor).  

 

Quantitative Real-time PCR (Q-PCR)  

The expression of SLCA2A5 was measured by Q-PCR. 18S rRNA was used as the internal control. The assay was 

conducted using Platinum® SYBR® Green qPCR SuperMix on a Roche Light Cycler® 480 Ⅱ PCR machine (Roche, 

Indianapolis, Indiana, US). The primers for human SLCA2A5 were 5’-TCTGTAACCGTGTCCATGTTTC-3’ (forward 

primer) and 5’-CATTAAGATCGCAGGCACGATA-3’ (reverse primer). The primers for mouse SLCA2A5 were 

5’-TCTCTTCCAACGTGGTCCCTA -3’ (forward primer) and 5’-GAGACTCCGAAGGCCAAACAG-3’ (reverse primer). 

The primers for human 18S rRNA were 5’-CGGCGACGACCCATTCGAAC-3’ (forward primer) and  

5’- GAATCGAACCCTGATTCCCCGTC-3’ (reverse primer). The primers for mouse 18S rRNA were 

5’-GCAATTATTCCCCATGAACG-3’ (forward primer) and 5’-GGCCTCACTAAACCATCCAA-3’ (reverse primer).  

 

Microarray Data and Gene Mutation Data Analysis  

For the gene expression data sets including GSE 9476, GSE 37307, GSE 1159 and GSE 12417, raw data (CEL files) were 



 
 

downloaded from the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/). These data were normalized 

using MAS 5.0 algorithm (Gautier et al., 2004) followed with log2 transformation. For the data set GSE 425, online 

normalized data were used directly. Kaplan-Meier survival analysis and meta-analysis were performed using Bioconductor 

package “survcomp” (Schroder et al., 2011). All the analyses were performed with the use of R (version 2.15.0, 

www.r-project.org) and Bioconductor packages (Gentleman et al., 2004). TCGA gene mutation data were downloaded 

from the Cancer Genome Atlas database (http://cancergenome.nih.gov/). 

 

Colony Formation Assay in Soft Agar 

The colony formation assay was performed as previously described with minor changes (Rivera et al., 2012). Briefly, cells 

were harvested and rinsed twice in PBS to completely remove residual media. Then, cells were seeded on 0.35% top 

agarose (Sigma-Aldrich) overlaided onto solidified 0.7% agarose in glucose-free RPMI 1640 containing 10% dFBS and 

additive sugar(s) as indicated in figures. Cultures were fed every week. Colonies were analyzed at the time point indicated 

in figures or figure legends.  

 

Migration and Invasion Assay  

AML cell migration was assessed in Corning Transwell Permeable Supports with polycarbonate membranes (24-well plate, 

8 µm pore size). AML cells were harvested, rinsed twice in PBS, resuspended in glucose-free and serum-free RPMI 1640 

containing sugar(s) as indicated in figures, and seeded into the upper chambers of the transwell plates at a density of 2 × 

105/well. The lower chamber of each well was filled with complete medium containing 10% dFBS and sugar(s) as 

indicated in figures. After incubation of 16 hours, migrating U937 and OCI-AML3 cells were measured using the CCK-8 

kit. The migrating K562 cells were detected using the protocol previously reported (Dutta et al., 2010).   

Invasion assays were performed using the Corning Biocoat Martrigel Invasion Chamber (24-well plate, 8 µm pore 

size). The Matrigel was rehydrated prior to use by adding warm glucose-free RPMI 1640 to the interior of the insert. AML 

cells were resuspended in glucose-free and serum-free RPMI 1640 containing sugar(s) as indicated in figures, and seeded 

into the upper chambers at a density of 1 × 106/well. After incubation for 16 hours, invading U937 and OCI-AML3 cells 

were counted using the CCK-8 kit, while invading K562 cells were detected using the protocol previously reported (Dutta 

et al., 2010).    
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