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Multiple myeloma is one of numerous
malignancies characterized by increased
glucose consumption, a phenomenon
with significant prognostic implications
in this disease. Few studies have focused
on elucidating the molecular underpin-
nings of glucose transporter (GLUT) acti-
vation in cancer, knowledge that could
facilitate identification of promising thera-
peutic targets. To address this issue, we
performed gene expression profiling stud-
ies involving myeloma cell lines and pri-
mary cells as well as normal lymphocytes

to uncover deregulated GLUT family mem-
bers in myeloma. Our data demonstrate
that myeloma cells exhibit reliance on
constitutively cell surface-localized
GLUT4 for basal glucose consumption,
maintenance of Mcl-1 expression, growth,
and survival. We also establish that the
activities of the enigmatic transporters
GLUT8 and GLUT11 are required for prolif-
eration and viability in myeloma, albeit
because of functionalities probably dis-
tinct from whole-cell glucose supply. As
proof of principle regarding the therapeu-

tic potential of GLUT-targeted com-
pounds, we include evidence of the anti-
myeloma effects elicited against both cell
lines and primary cells by the FDA-
approved HIV protease inhibitor ritonavir,
which exerts a selective off-target inhibi-
tory effect on GLUT4. Our work reveals
critical roles for novel GLUT family mem-
bers and highlights a therapeutic strategy
entailing selective GLUT inhibition to spe-
cifically target aberrant glucose metabo-
lism in cancer. (Blood. 2012;119(20):
4686-4697)

Introduction

Multiple myeloma (MM) is a uniformly fatal plasma cell malig-
nancy that accounts for 20% of deaths from all hematologic
cancers.1,2 The molecular pathology of myeloma involves substan-
tial heterogeneity, including hyperdiploidy and/or aberrant chromo-
somal translocation events; therefore, new therapeutic strategies
that are active in advanced disease and target common molecular
processes between the distinct molecular subtypes of MM are
attractive. One broadly applicable feature of this disease entails an
increased avidity for glucose, the phenomenon which forms the
basis for 18fluorodeoxyglucose positron emission tomography
(FDG-PET). This imaging modality has recently been shown to
provide highly valuable prognostic and diagnostic information in
large independent clinical myeloma studies. Zamagni et al reported
that 76% of 192 myeloma patients presented with PET-positive
disease at the time of initial diagnosis,3 highlighting the early and
widespread transition to a hypermetabolic state during myeloma-
genesis. More importantly perhaps, this study revealed that incom-
plete suppression of metabolic activity and FDG uptake after
autologous stem cell transplantation is strongly associated with
inferior progression-free and overall survival rates. Another study
of 239 previously untreated MM patients found prognostic implica-
tions linked to the extent of tumor FDG uptake: patients with bone
lesions exhibiting maximum standardized uptake values greater
than 3.9 demonstrated poor event-free survival.4 Furthermore,
patients with at least 3 PET-positive focal lesions had 30-month
event-free survival rates of only 66% (vs 87% for those beneath
this threshold). These clinical data define the prevalence of
elevated metabolic activity in high-risk MM cases and suggest that
therapeutic inhibition of glucose metabolism may be an ideal

strategy to treat advanced myeloma disease. In vitro studies have
shown that glucose metabolism preserves cellular viability through
regulation of key apoptotic effectors, such as Bad,5 Mcl-1,6 Puma,
Noxa, Bim,7 and Bax.5,6,8 Bioinformatic analysis of gene expres-
sion patterns in lymphoid malignancies confirms the overexpres-
sion of numerous enzymes within the glycolytic pathway,9 suggest-
ing that FDG-PET positivity manifests because of broad alterations
at the molecular level.

The feasibility of glucose metabolism-targeted therapeutic
strategies, however, has been cast into doubt by clinical failures of
the hexokinase inhibitors 2-deoxyglucose and lonidamine. A recent
phase 1 trial of 2-deoxyglucose resulted in dose-limiting toxicities
at levels far below those required to elicit antitumor activity in
mouse models,10,11 whereas lonidamine has yielded superior toler-
ability but disappointing efficacy.12 Intriguingly, the poor efficacy
of these compounds may be explained by recent observations
suggesting that glucose transport may occupy the primary rate-
determining step of glycolysis in malignant cells.13,14 Therefore,
further investigation into the molecular mechanisms underlying
enhanced glucose transport rates in cancer is warranted.

The human GLUT gene family (solute carrier family 2A
[SLC2A]) consists of 14 members encoding integral membrane
proteins capable of ATP-independent, facilitative hexose transport.
Individual isoforms differ substantially in critical parameters of
functionality, including subcellular localization, substrate recogni-
tion, and transport kinetics. Although numerous studies correlate
the presence of the Warburg effect in solid tumors with GLUT1
overexpression,15 few functional, comprehensive analyses of the
GLUT repertoire in distinct malignancies have been performed.
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Given the clinical relevance of enhanced glucose transport to
myeloma pathogenesis and patient prognosis, we undertook an
unbiased gene expression screen of the GLUT gene family coupled
with extensive functional analyses to reveal the unanticipated
dependence of myeloma cells on the activities of GLUT4, GLUT8,
and GLUT11.

Methods

Cell culture

The MM.1S cell line was developed in our laboratory. RPMI 8226 and
U266 cell lines were obtained from ATCC. All other MM cell lines were
graciously provided by Dr Michael Kuehl (National Cancer Institute).
INA6 cells were provided with permission from Dr Renate Burger (Divi-
sion of Stem Cell Transplantation and Immunotherapy, University Medical
Center, Kiel, Germany) and were cultured in the presence of IL-6. All cells
were cultured in complete RPMI 1640 (Invitrogen) supplemented with
10% FBS, 2mM glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin,
2.5 �g/mL fungizone, and 0.5 �g/mL plasmocin (InvivoGen) and main-
tained in a 37°C incubator with 5% CO2. For glucose deprivation
experiments, cells were cultured in glucose-free medium supplemented
with dialyzed 10% FBS (Invitrogen) and the indicated concentrations of
glucose were added.

Isolation of primary myeloma cells and NBL

Approval for collection of all primary cells was obtained from the
Institutional Review Board of Northwestern University. Patients provided
written informed consent in all cases at time of enrollment in accordance
with the Declaration of Helsinki. Mononuclear cells were isolated with
Ficoll/Histopaque 1077 (Sigma-Aldrich). An AutoMacs cell sorter (Miltenyi
Biotec) was used to purify CD138� cells from MM patient bone marrow
aspirates. Normal B lymphocytes (NBLs) were purified from peripheral
blood mononuclear cells (PBMCs) using a negative selection kit (StemCell
Technologies).

In vitro B lymphocyte activation

Purified B lymphocytes were incubated with 10 �g/mL anti–human IgM
F(ab�)2 antibody fragments (Jackson ImmunoResearch Laboratories) under
standard culture conditions. Growth assays were performed during each
activation experiment to ensure that a proliferative response was observed.

Chemicals and reagents

Standard chemicals, including G418, puromycin, and phloretin, were
purchased from Sigma-Aldrich. Antibodies to GLUT1, GLUT4, and
Na�/K� ATPase were purchased from Abcam. Antibodies to pAkt, Akt,
pPKC-Ser660, pPKC-Thr440, PKC�, pGSK3, GSK3�, Puma, pBad, Bim,
Bid, Bax, p4EBP, and Bcl-xL were from Cell Signaling Technology.
Antibodies to Mcl-1, Bok, and Bcl-2 were from Santa Cruz Biotechnology.
Antibodies to PARP, GAPDH, and Noxa were from BD Biosciences,
Millipore, and ProSci, respectively. Noncommercial antisera were gener-
ously provided by these investigators: human GLUT4 by Dr S. Cushman
(National Institute of Diabetes and Digestive and Kidney Diseases,
Bethesda, MD), mouse GLUT8 by Dr K. Moley (Washington University,
St Louis, MO), and human GLUT11 by Dr A. Schürmann (German Institute
of Human Nutrition, Potsdam-Rehbrücke, Germany). Ritonavir was pur-
chased from Selleck Chemicals. Doxorubicin was purchased from PolyMed
Therapeutics. PP242 was purchased from Chemdea.

Cell growth, proliferation, and death assays

CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega)
was used to determine cell growth according to the manufacturer’s
instructions. Cell proliferation and viability were quantified using a
Beckman Coulter ViCell automated cell viability analyzer. Annexin V/4,6-

diamidino-2-phenylindole (DAPI) staining was used to assess cell death via
flow cytometry with a Dako CyAn ADP analyzer.

Glucose consumption and lactate production assays

Rates of glucose uptake and lactate extrusion were determined using the
Amplex Red Glucose/Glucose Oxidase kit (Invitrogen). For lactate measure-
ments, glucose oxidase was substituted with lactate oxidase (Sigma-
Aldrich). Concentrations of each metabolite were measured in media
samples taken at the beginning and end of each experiment.

2-NBDG uptake assay

The fluorescent glucose analog 2-NBDG was purchased from Invitrogen.
B lymphocytes were washed and resuspended in Krebs-Ringer buffer
containing 0.5% BSA. Cells were preincubated (or not) for 10 minutes with
100�M phloretin at 37°C. 2-NBDG was added at a final concentration of
200�M, and the uptake proceeded for 10 minutes at 37°C. Uptake was
stopped by the addition of ice-cold PBS. Cells were washed in ice-cold PBS
and maintained on ice until flow cytometric analysis on a Dako CyAn ADP
analyzer. Background fluorescence intensity of untreated cells was sub-
tracted from mean fluorescence intensity values. DAPI costaining was used
to gate on live cells.

Cell fractionation and plasma membrane isolation

A total of 50 � 106 myeloma cells or PBMCs were homogenized using a
QIAGEN Tissuelyser LT. Plasma membrane and cytosolic protein fractions
were extracted and purified using the BioVision Membrane Protein
Extraction Kit according to the manufacturer’s instructions.

Immunoblot analysis

Whole cell lysates were prepared with the Complete Lysis-M buffer (Roche
Applied Science) supplemented with phosphatase inhibitor cocktail tablets
(Roche Applied Science). Immunoblotting was carried out according to a
standard protocol with horseradish peroxidase–linked secondary antibodies
(Cell Signaling Technology).

RNA extraction and real-time RT-PCR

RNA isolation was performed using the RNeasy Mini Kit (QIAGEN).
Primer-probe sets recognizing GLUTs 1 to 12 and Mcl-1 cDNAs were
purchased from Applied Biosystems. Primer-probe sets recognizing
3 cDNAs used as loading controls (YWHAZ, RPL13A, and EIF4A2) were
purchased from Primerdesign. Loading normalization was performed
according to the geNorm method.16 Additional information on primer-probe
sets used in gene expression assays is included in supplemental Methods
(available on the Blood Web site; see the Supplemental Materials link at the
top of the online article).

Immunofluorescence microscopy

Cells were washed in PBS and spun onto microscope slides (Shandon
Cytoslide) using a Shandon Cytospin centrifuge (Thermo Fischer Scien-
tific). Slides were fixed in 4% freshly prepared paraformaldehyde at pH 7.4,
permeabilized with 0.03% saponin in PBS, and incubated with blocking
buffer (10% normal goat serum containing 0.03% saponin). Cells were
stained with optimized dilutions of primary and secondary antibodies in
blocking buffer for 1 hour at room temperature. Secondary antibodies used
for detection were anti–rabbit IgG-Alexa Fluor-568 or -594 or anti–mouse
IgG-AlexaFluor-488 (Invitrogen). Cells were mounted with Ultra Cruz
mounting medium (Santa Cruz Biotechnology) containing DAPI for
counterstaining. Cells were visualized at 63� (1.4 NA) oil objective with
an LSM-510 Meta, Carl Zeiss confocal microscope. Image analysis was
performed using the Zeiss Axiovision LE image browser.

DNA constructs and cloning

All shRNAs used were in the pLKO.1 lentiviral vector. Additional
information on specific GLUT-targeting shRNA sequences is included in
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supplemental Methods. GLUT1, p16INK4A, and GFP cDNAs were pur-
chased in the lentiviral vector pReceiver-Lv151 from GeneCopoeia. Mcl-1
WT and Mcl-1 5K cDNAs were a gift from Dr Navdeep Chandel
(Northwestern University, Chicago, IL) and were cloned into the lentiviral
vector pLVX-IRES-Neo (Clontech).

Lentiviral production and myeloma cell transduction

Large-scale production of high-titer lentiviral vectors was carried out
according to an established protocol.17 For transduction, myeloma cells
were plated in serum-free medium containing polybrene and centrifuged at
1500g for 90 minutes at room temperature.

Bioinformatics analysis of GLUT gene expression profiles in
primary myeloma cells

All studies involving microarray analyses of myeloma patient samples and
various control samples deposited in the Oncomine database were interro-
gated for data regarding expression of GLUT1, GLUT3, GLUT4, GLUT8,
and GLUT11. Results are shown in Table 1.

Statistical analysis

The number of independent experiments represented by each data figure is
indicated in the figure legends. One-sample and 2-sample (paired and
unpaired) Student t tests were used to calculate 1- or 2-tailed P values using
GraphPad Prism 5 software. P values less than .05 were considered to be
statistically significant.

Results

Myeloma cells are dependent on glucose availability

To examine whether FDG-PET positivity observed clinically in
myeloma translates to our in vitro disease model, we compared the
glucose consumption rates of normal PBMCs with 9 myeloma cell
lines (supplemental Figure 1A-B) and affirmed that MM cells
exhibit increased glucose avidity in culture as well. Next, we
sought to determine whether elevated glucose uptake translates to
metabolic dependency on this substrate and subjected 4 myeloma
cell lines, NBLs, and primary MM cells to glucose deprivation and
assessed the impact on cellular viability (Figure 1A; supplemental
Figure 1C). These conditions highlight a stark contrast between
normal and malignant lymphocytes, as 4 of the 5 myeloma cells

tested exhibited significant apoptosis after glucose-free culture,
whereas the viability of normal B cells was not impacted. Although
the JJN3 cell line is resistant to the cytotoxic effects of glucose
restriction, these cells as well as KMS11, L363, and U266 cells
display glucose concentration-dependent proliferation (Figure 1B).
Given the association between high-risk MM cases and high FDG
uptake, we tested whether the refractory U266 cell line could be
sensitized to doxorubicin by sublethal glucose starvation
(Figure 1C). Indeed, U266 cells display significantly greater
sensitivity to doxorubicin under glucose-limiting conditions. Impor-
tantly, the chemosensitizing effect of glucose metabolism inhibi-
tion appears to be tumor cell-specific, as a comparable response
was not observed in PBMCs (Figure 1D).

MM cell lines overexpress GLUT4, GLUT8, and GLUT11

Recent reports demonstrating that glycolytic flux control in tumor
cells resides proximally within the pathway led us to hypoth-
esize that glucose transporter deregulation may be necessary to
support the hypermetabolic phenotype observed in MM.13,14

Therefore, we established an unbiased real-time RT-PCR–based
screen to determine relative expression levels of GLUTs 1 to
12 in 9 MM cell lines and NBLs (Figure 1E). To avoid bias,
myeloma lines were selected to broadly cover different geno-
typic disease subtypes.18 Two GLUT family members were
excluded based on evidence that GLUT14 exhibits exclusive
expression in the testis and that GLUT13 functions as a
proton-coupled myo-inositol transporter.19,20 Our results demon-
strate up-regulation of GLUT4, GLUT8, and GLUT11 mRNAs
in all cell lines tested relative to normal controls. RNAi-
mediated silencing confirmed specificity of the primer-probe
sets used (see Figure 4G; supplemental Figure 1F-G). Interest-
ingly, we observe only one case of GLUT1 overexpression
(RPMI 8226) and widespread down-regulation of GLUT3.

Primary MM cells exhibit overexpression of GLUT8 and GLUT11

To establish the clinical significance of these findings, we queried
microarray studies involving primary myeloma cells deposited in
the Oncomine database for GLUTs 1, 3, 4, 8, and 11 (Table 1).
Consistent with our PCR data, MM patient samples exhibit
up-regulation of GLUT8 and GLUT11 and reduced expression of

Table 1. Microarray analyses of myeloma patient samples confirm down-regulation of GLUT3 and up-regulation of GLUT8 and GLUT11

Isoform Study title* Probe set ID Fold change P† Samples compared‡

GLUT3 Zhan myeloma M20681_at �3.219 2.13 � 10�10 MM (74) vs normal PCs from tonsil (7) and bone

marrow (37)

GLUT3 Zhan myeloma 3 202498_s_at �2.36 3.00 � 10�03 Smoldering MM (12) vs normal PCs from bone

marrow (22)

GLUT3 Zhan myeloma 3 202499_s_at �2.125 .015 Smoldering MM (12) vs normal PCs from bone

marrow (22)

GLUT8 Zhan myeloma 3 239426_at 1.382 .05 Smoldering MM (12) vs normal PCs from bone

marrow (22)

GLUT11 Mattioli myeloma 221262_s_at 1.855 3.00 � 10�03 MM (39) vs MGUS (7) and plasma cell leukemia (6)

GLUT11 Mulligan myeloma 221262_s_at 1.565 5.95 � 10�03 MM patients: dexamethasone nonresponders (42)

vs responders (28)

GLUT1 Zhan myeloma 3 201250_s_at 1.858 5.87 � 10�04 Smoldering MM (12) vs normal PCs from bone

marrow (22)

GLUT1 Zhan myeloma 3 201249_at �1.000 .5 Smoldering MM (12) vs normal PCs from bone

marrow (22)

PCs indicates plasma cells; and MGUS, monoclonal gammopathy of undetermined significance.
*Oncomine (Compendia Bioscience) was used for analysis and visualization.
†P values are from Oncomine where possible or represent results of 1-tailed, unpaired t tests between 2 clinical groups where values are not available.
‡Numbers in parentheses represent the number of samples in each clinical group.
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GLUT3 relative to normal plasma cells. In contrast to our PCR
results, we found no evidence for GLUT4 overexpression. Only
1 study demonstrated differential GLUT1 expression; however,
this was dependent on the specific probe set used. To further
explore discrepancies related to GLUT1 and GLUT4, we per-
formed immunoblot analyses to evaluate protein expression.
GLUT1 protein expression correlates tightly with mRNA levels,
supporting the conclusion that GLUT1 expression is not signifi-
cantly impacted during myelomagenesis (supplemental
Figure 1D). GLUT4 protein content is modestly elevated in
approximately half of the cell lines interrogated (supplemental

Figure 1E). Given this variable overexpression and the potential
for extensive posttranslational regulation of GLUT4 via traffick-
ing, we selected GLUT4 together with GLUT8 and GLUT11 for
more rigorous functional evaluation. GLUT1 was also included
as a standard of comparison because of its presumed role in the
pathobiology of many solid tumors.

GLUT4 activity is required for myeloma growth and viability

Transduction of 3 MM cell lines with a GLUT4-targeted shRNA
resulted in potent suppression of GLUT4 expression, glucose

Figure 1. Myeloma cells exhibit glucose dependence and overexpression of GLUT4, GLUT8, and GLUT11 mRNAs relative to NBLs. (A) Primary myeloma cells, NBLs,
and 4 MM cell lines were cultured in medium containing 0 or 5mM glucose for 48 (NBL, MM cell lines) or 72 (MM patient) hours. Cell viability was determined by flow cytometric
analysis of annexin V/DAPI staining and normalized to 5mM samples. Data are mean � SEM (n 	 2 for MM cell lines and NBL, n 	 1 for MM patient sample). (B) MM cell lines
were cultured in various glucose concentrations for 72 hours. Viable cell quantities were determined by MTS assay (represented by absorbance at 490 nm) and
normalized to 5mM samples. U266 cells (C) and normal PBMCs (D) were cultured in 11 or 0.5mM glucose-containing medium for 48 hours in the presence of the
indicated concentrations of doxorubicin. Cell death was determined by DAPI staining. (E) Expression of GLUTs 1 to 12 was determined in 9 myeloma cell lines and NBLs
(red bars) by quantitative real-time RT-PCR. Relative quantification (RQ) is displayed and normalized to the MM.1S cell line. For GLUT4, GLUT8, and GLUT11,
comparisons between each MM cell line and NBLs exhibit 1-tailed P values less than .05, with the exception of GLUT4 expression in the OCIMY1 cell line. (B-E) Data
are mean � SEM (n � 3). *P 
 .05. **P 
 .01. ***P 
 .005.
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consumption, and lactate production, suggesting that GLUT4
activity is critical for maintaining glycolytic flux (Figure 2A-B).
These effects were associated with cytotoxic outcomes in KMS11
and L363 cells and complete cytostasis in JJN3 cells (Figure 2C-H).
Importantly, these GLUT4 silencing phenotypes faithfully recapitu-
late the impact of glucose deprivation in these cell lines; only JJN3
cells are resistant to apoptosis during short-term glucose starvation,
but all 3 lines exhibit growth arrest (Figure 1A-B). Expression of an
alternative GLUT4 shRNA supports specificity of the RNAi
approach (supplemental Figure 2K-L). To place these findings in
context, more modest effects on glucose uptake, proliferation, and
cell viability are observed after GLUT1 suppression (supplemental
Figure 3A-H). Taken together, these data reveal a greater reliance
on GLUT4 activity versus that of GLUT1 for maintenance of basal
glucose supply in myeloma cells.

MM cells exhibit basal cell surface localization of GLUT4

Canonical GLUT4 activation involves a rise in plasma insulin
concentrations; the transporter is rendered inactive under basal
conditions through intracellular retention but translocates to the
plasma membrane in response to insulin receptor signaling. We
reasoned that the basal dependence of MM cells on this transporter
may be the result of constitutive trafficking of GLUT4 to the cell
surface. To test this hypothesis, we used confocal immunofluores-
cence microscopy to evaluate the subcellular distribution of
GLUT4 and GLUT1 (Figure 2I; supplemental Figures 2A-J and
3I-K). Analysis of myeloma cell lines and patient samples revealed
a GLUT4 localization pattern consistent with constitutive activa-
tion: all samples tested displayed partial localization of the
transporter at the cell surface. In contrast, the GLUT4 pool in NBLs

Figure 2. Expression of constitutively plasma mem-
brane-localized GLUT4 is necessary for glucose con-
sumption, lactate production, growth, and viability
of myeloma cells. (A) Cells were transduced with
control (C), nontargeted shRNA or GLUT4-targeted
shRNA and incubated 3 (L363) or 4 (JJN3, KMS11) days
before protein extraction, and analysis of GLUT4 protein
expression was performed. Representative blot is
shown. (B) Cells from panel A were cultured in 5mM
glucose-containing medium for 5 hours. Glucose con-
sumption rates and lactate production rates were deter-
mined and normalized to control shRNA-expressing
cells. (C-E) Cells from panel A were analyzed for
viability and proliferation. Viable cell densities are
expressed as fold change relative to the day 0 reading
of control shRNA-expressing cells. (F-H) Cells from
panels C through E were evaluated for viability via
trypan blue exclusion. Values are normalized to control
shRNA-expressing cells. (I) GLUT4 localization in
CD138� primary myeloma cells, myeloma cell lines,
and NBLs was assessed via confocal immunofluores-
cence microscopy. Arrows indicate regions of cell
surface GLUT4 immunoreactivity. Black boxes repre-
sent normal controls. Representative images are shown
(n 	 1 for primary samples). (J) KMS11 cells, L363
cells, and normal PBMCs were lysed for extraction of
plasma membrane-associated proteins or total cellular
protein content. GLUT4 immunoblot analysis was per-
formed on the resulting fractions. Na�/K� ATPase and
GAPDH serve as loading controls. (K) Densitometric
quantification of band intensities in panel G are dis-
played, normalized first to corresponding loading controls
and subsequently to KMS11 cells. (B-H,K) Data are
mean � SEM. With exception noted in panel I, n � 3 for
data in panels A through K. *P 
 .05. **P 
 .01.
***P 
 .005.
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appears to reside in an exclusively intracellular compartment based
on the punctate cytosolic staining pattern, consistent with the
classic paradigm of inducible GLUT4 activation. Subcellular
fractionation of PBMCs and KMS11 and L363 cell lines provided
quantitative validation of differential GLUT4 distribution
(Figure 2J-K). These data suggest a model in which circumvention
of GLUT4 intracellular retention mechanisms in MM cells results
in constitutive activation of this transporter and elevated rates of
glucose uptake (see Figure 6J).

B-cell activation recapitulates basal GLUT4 regulation
in myeloma

B lymphocyte activation afterB-cell antigen receptor (BCR) engage-
ment is known to involve a proliferative response21 and an
associated increase in glucose metabolic rate.22 Therefore, we were
interested in elucidating glucose transporter regulation in this
normal physiologic context. To mimic antigen-B-cell receptor
binding, we incubated cells with anti–human IgM F(ab�)2 frag-
ments to intiate crosslinking. Anti-IgM exposure induced an
increase in proliferation (Figure 3A) and glucose consumption (as
measured by uptake of the fluorescent glucose analog 2-NBDG,
Figure 3B-C). In Figure 3D, real-time RT-PCR analysis of changes
in GLUT gene family expression profiles revealed up-regulation of
GLUT4 and GLUT8 and a decline in GLUT1 and GLUT3 levels.
Assessment of GLUT1 and GLUT4 protein content by immunoflu-
orescence microscopy mirrored the trends seen at the transcrip-
tional level (Figure 3E; supplemental Figure 4). Furthermore,

GLUT4 exhibited a striking redistribution to the plasma membrane,
reminiscent of the localization of this transporter in myeloma cells.
These data suggest that the metabolic response that occurs during
B-cell activation may involve GLUT4-mediated glucose transport
and that myeloma cells may aberrantly co-opt this mechanism to
support the malignant phenotype.

GLUT8 and GLUT11 activities are essential but ambiguous

Given our data supporting GLUT4 as the primary isoform respon-
sible for enhanced glucose consumption rates in MM, we were
interested in investigating the functional contributions of GLUT8
and GLUT11. Knockdown of GLUT8 (Figure 4A) resulted in
robust cell death induction in KMS11 and L363 cells and growth
inhibition with delayed cytotoxicity in the JJN3 background
(Figure 4C-E) despite relatively modest inhibition of glucose
transport and lactate production rates (Figure 4B). The specificity
of the GLUT8 shRNA used was validated by comparison with a
second, less efficient shRNA (supplemental Figure 5A-B). In
addition to the minor impact on glucose consumption, the exclu-
sively cytoplasmic GLUT8 staining pattern in both myeloma cells
and B lymphocytes (Figures 4F and supplemental Figure 5C-E)
supports an intracellular role for GLUT8 distinct from that of
GLUT1 or GLUT4. However, the observation of any decline in
glucose consumption after suppression of a GLUT isoform devoid
of plasma membrane localization was perplexing. One potential
explanation for this phenomenon lies in the intricate crosstalk

Figure 3. Anti-IgM–mediated B lymphocyte activation is associated with an increase in GLUT4 expression and cell surface localization. (A) NBLs isolated from whole
blood were incubated with or without anti–human IgM F(ab�)2 for the indicated durations, and viable cell quantities were determined by MTS assay (represented by absorbance
at 490 nm) and normalized to control cells. Data are mean � SEM (n � 2). (B) NBLs incubated with or without anti-IgM for 15 hours and pretreated (or not) with 100�M
phloretin before evaluation of glucose consumption rates via 2-NBDG uptake assay and flow cytometric quantification of fluorescence intensity. A representative histogram is
shown. (C) Quantification of data represented in panel B is shown. Median fluorescence intensity values were derived from 3 independent experiments. Data are mean � SEM
(n 	 3). (D) Expression of GLUTs 1 to 12 was determined in a time-course analysis of B lymphocytes incubated with anti-IgM for 0, 3, and 15 hours by quantitative real-time
RT-PCR. Relative quantification (RQ) is displayed and normalized to the MM.1S cell line for reference to expression levels in myeloma. GLUTs 2, 7, 10, and 12 were
undetected. Data are mean � SEM (n � 2). (E) B lymphocytes were incubated with or without anti-IgM for 15 hours before analysis of GLUT1 and GLUT4 intracellular
distribution via confocal immunofluorescence microscopy. Arrows indicate regions of cell surface GLUT4 immunoreactivity. Representative images are shown (n 	 4).
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between cell cycle regulatory networks and metabolic path-
ways.23,24 We decided to test whether cell cycle arrest could
influence glucose metabolism independently of glucose transporter
modulation. Taking advantage of the fact that the gene encoding the
CDK4 inhibitor p16INK4A is methylated and transcriptionally re-
pressed in MM cell lines,25 we overexpressed GFP and p16INK4A

cDNAs in the KMS11 cell line (supplemental Figure 5F). Ectopic
p16INK4A expression resulted in a cytostatic effect and concomitant
reduction of glucose transport rates of approximately 40% (supple-

mental Figure 5G-H). Considering expression of GLUT1, GLUT4,
and GLUT8 shRNAs all reduce MM cell growth, these data
indicate that the lack of additivity in glucose transport inhibition
between these experiments may be the result of a substantial
contribution from cell cycle arrest in each case and reinforce our
conclusion that the function of GLUT8 is distinct from whole-cell
glucose supply.

GLUT11 elimination results in down-regulation of glucose
consumption and lactate extrusion rates comparable with that seen

Figure 4. RNAi-mediated suppression of GLUT8 or
GLUT11 compromises the viability of myeloma cell
lines. (A) Cells were transduced with the indicated
shRNAs and incubated 2 days before protein extraction.
Representative blot is shown. (B) Cells from panel A were
cultured in 5mM glucose-containing medium for 5 hours.
Glucose consumption rates and lactate production rates
were determined and normalized to control shRNA-
expressing cells. (C-E) Cells from panel A were analyzed
for viability and proliferation. Viable cell densities are
expressed as fold change relative to the day 0 reading of
control shRNA-expressing cells. (F) GLUT8 subcellular
localization in KMS11 cells, L363 cells, and NBLs was
assessed via confocal immunofluorescence microscopy.
Representative images are shown. (G) Cells were trans-
duced with the indicated shRNAs and incubated 3 days
before RNA extraction. (H) Cells from panel G were
cultured in 5mM glucose-containing medium for 5 hours.
Glucose consumption rates and lactate production rates
were determined and normalized to control shRNA-
expressing cells. (I-K) Cells from panel G were analyzed
for viability and proliferation. Viable cell densities are
expressed as fold change relative to the day 0 reading of
control shRNA-expressing cells. (L) GLUT11 subcellular
localization in KMS11 cells, L363 cells, and NBLs was
assessed via confocal immunofluorescence microscopy.
Background, nonspecific staining with preimmune serum
is included as a control. Representative images are
shown. (B-E,G-K) Data are mean � SEM. (A-L) n � 3.
*P 
 .05. **P 
 .01. ***P 
 .005.
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during GLUT1 suppression (Figure 4G-H). We observed a range of
apoptotic effects, ranging from severe (KMS11) to mild (L363;
Figure 4I-K). In all cases, cells were unable to proliferate without
endogenous GLUT11 activity. Specificity of the RNAi approach
was validated through the use of a second GLUT11 shRNA
(supplemental Figure 6A-B). Investigation of GLUT11 subcellular

localization indicates that it is exclusively associated with the
plasma membrane (Figure 4L; supplemental Figure 6C). Further-
more, the differential signal intensity of GLUT11 antiserum versus
control, preimmune serum is much greater in MM cells than in
B lymphocytes, confirming overexpression at the protein level. It is
noteworthy that GLUT11 silencing in JJN3 cells results in less

Figure 5. GLUT-specific modulation of signal transducers and apoptosis effectors: cytotoxicity of GLUT4 silencing is mediated by Mcl-1 suppression. (A) L363 cells
were transduced with the indicated shRNAs, and cell lysates were prepared. Representative blots are shown. (B) KMS11 and JJN3 cells were transduced with control (C) or
GLUT4-targeted shRNA and incubated for 4 days before lysate preparation. Representative blots are shown. (C) L363 cells were transduced with an empty vector control (EV),
WT MCL1 (Mcl-1 WT), or ubiquitination-resistant MCL1 mutant (Mcl-1 5K). Stable cell lines were generated, and Mcl-1 expression was assessed by immunoblot analysis.
Representative blot is shown. (D) L363 stable cell lines from panel C were transduced with control- or GLUT4-targeted shRNA and incubated for 3 days before immunoblot
analysis of GLUT4, Mcl-1, and PARP. Representative blot is shown. (E) Cells from panel D were subjected to flow cytometric viability analysis via annexin V/DAPI staining. Data
are normalized to control shRNA-expressing cells within each cell line. Data in panel E are mean � SEM. (F) L363 cells were treated with DMSO (C) or 1�M PP242, the active
site kinase inhibitor of mTOR, for the indicated lengths of time before protein extraction. Immunoblot analysis of phospho-4EBP1 and Mcl-1 levels is shown. GAPDH serves as
a loading control. Representative blot is shown (n 	 2). (G) Cells were transduced with control or GLUT4-targeted shRNA and incubated 4 days before RNA extraction, and
real-time RT-PCR analysis of Mcl-1 mRNA expression was performed. Relative quantities are shown and normalized to control shRNA-expressing cells. (G) Data are
mean � SEM. (A-E,G) n � 3. *P 
 .05. **P 
 .01. ***P 
 .005.
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potent suppression of glucose consumption rates but much greater
cytotoxicity relative to GLUT4 knockdown. This phenotypic
discordance intimates that the metabolic contributions of GLUT11
may not be entirely encompassed by the glucose transport activity
attributed to this protein.

GLUT4 suppression reduces Mcl-1 levels to elicit apoptosis

To elucidate the pathway linking GLUT4 activity with cell
survival, we performed immunoblot analyses of key glucose-
regulated and apoptosis-related proteins in L363 cells expressing
control, GLUT1, GLUT4, GLUT8, and GLUT11 shRNAs
(Figure 5A). GLUT4 expression is specifically associated with
phosphorylation of protein kinase C � (PKC�), glycogen synthase
kinase 3 (GSK-3), and Bad, as well as maintenance of Mcl-1 and
Bcl-xL levels and suppression of Bax. Evaluation of these effectors
in KMS11 and JJN3 cells (Figure 5B) reveals that the only common
outcomes of GLUT4 knockdown are GSK-3 dephosphorylation
and suppression of Mcl-1. Previous reports have identified Mcl-1
as a substrate for GSK-3� kinase activity and have demonstrated
that Mcl-1 undergoes proteasomal degradation after phosphoryla-
tion.26 To determine whether abrogation of Mcl-1 expression was
critical for GLUT4 knockdown-induced cell death, we generated
L363 stable cell lines expressing an empty vector, a wild-type
(WT) MCL1 cDNA (MCL-1 WT), or an MCL1 mutant cDNA
(MCL-1 5K) encoding a degradation-resistant protein lacking
5 lysine residues necessary for ubiquitination27 (Figure 5C).
GLUT4 silencing in Mcl-1–overexpressing lines results in de-
creased PARP cleavage and apoptosis compared with cells trans-
duced with empty vector (Figure 5D-E). Interestingly, GLUT4
knockdown did not result in suppression of ectopic WT Mcl-1
expression and the cytoprotection afforded by the 2 MCL1
constructs correlated with basal Mcl-1 protein abundance. Another
putative mechanism accounting for the metabolic regulation of
Mcl-1 expression lies in mTOR-dependent translation.28 However,
this association seems unlikely to be relevant in this context given
the inability of the mTOR inhibitor PP242 to blunt Mcl-1
expression (Figure 5F). Rather, a decline in Mcl-1 mRNA levels is
observed on GLUT4 silencing, pointing to regulation at the
transcriptional level as the primary mechanistic linkage (Figure 5G).

Exploiting the GLUT4-inhibitory properties of ritonavir

Serendipitously, certain HIV protease inhibitors elicit off-target
inhibitory effects on GLUT4, which are both specific and di-
rect.29,30 We explored whether the most efficacious member of this
drug class, ritonavir (1,3-thiazol-5-ylmethyl N-[(2S,3S,5S)-3-
hydroxy-5-[(2S)-3-methyl-2-{[methyl({[2-(propan-2-yl)-1,3-thia-
zol-4-yl]methyl})carbamoyl]amino}butanamido]-1,6-diphenyl-
hexan-2-yl]carbamate), could yield therapeutically desirable effects
against myeloma cells in vitro. As shown in Figure 6A through D,
ritonavir treatment elicits dose-dependent abrogation of both
glucose transport and proliferation in KMS11 and L363 cells. In
addition, ritonavir treatment recapitulates the doxorubicin-
sensitizing effects of glucose limitation (supplemental Figure 7A-B).
To assess the contribution of glucose transport inhibition to
ritonavir-induced growth arrest, we generated KMS11 lines stably
expressing SLC2A1 (GLUT1) or GFP (Figure 6E). Given the
specificity of ritonavir for GLUT4, GLUT1 expression completely
mitigated ritonavir-induced glucose transport inhibition and simul-
taneously conferred robust resistance to the growth-inhibitory
effects of prolonged treatment (Figure 6F-H). To evaluate the
clinical applicability of these findings, we tested ritonavir for

cytotoxicity toward primary myeloma cells. In Figure 6A and I, a
range of cell death induction is seen in patient samples after
incubation with a concentration of ritonavir (20�M), which is
approximately equivalent to the peak plasma level routinely
achieved in humans.31 In sum, our results support the model of
glucose transporter activity in myeloma represented in Figure 6J
and highlight the therapeutic potential of ritonavir-mediated GLUT4
inhibition in this malignancy.

Discussion

Since the seminal discoveries of Otto Warburg nearly a century
ago, appreciation of the indispensable role of metabolic adaptation
in the process of tumorigenesis has dramatically increased. In
particular, the association between glucose metabolism and the
maintenance of cellular survival has been firmly established in both
normal8 and malignant32 contexts. Furthermore, increased glucose
consumption serves to supply carbon to various anabolic pathways
necessary for biomass duplication preceding mitosis33 and induces
resistance to classic chemotherapeutic agents.10,34,35 Compelled by
evidence that glucose transport may represent the principal rate-
determining step of glycolysis in tumor cells,13,14 we have interro-
gated the glucose transporter family as a source of novel therapeu-
tic targets. Our data clearly demonstrate myeloma dependence on
GLUT4 activity, a phenomenon associated with the basal cell
surface localization of the transporter. Constitutive activation of
GLUT4 in MM cells contradicts the canonical association between
GLUT1 overexpression and the glycolytic phenotype in cancer.
Previous work from our group36 implied the existence of a
substantial GLUT1-independent glucose transport activity in my-
eloma, a concept bolstered by the observation that GLUT1
down-regulation in the OPM2 myeloma cell line results in a modest
reduction in 3-O-methyl-glucose uptake.37 Selective mobilization
of GLUT4 by myeloma cells may potentially be explained by a
detrimental enzyme production cost associated with de novo
overexpression of GLUT1.38 Alternatively, GLUT4 selection may
simply be attributable to a higher affinity for glucose: KM values for
3-O-methyl-glucose transport are 4.3mM and 26.2mM for GLUT4
and GLUT1, respectively.39

Examination of glucose transporter regulation during B-cell
activation revealed similar mobilization of GLUT4 and an associ-
ated increase in GLUT4 expression, effects that directly contrast
those on GLUT1. These data suggest that GLUT4 activation
facilitates increased glycolytic flux observed during human B lym-
phocyte stimulation and that myeloma cells may exploit this
process to achieve a perpetual hypermetabolic state. A similar study
of activated murine B cells noted an up-regulation of GLUT1
protein expression.22 It remains to be explored whether these
differences reflect species-specific glucose transporter use by
B lymphocytes. Interestingly, this concept has precedence in
erythropoiesis: GLUT1 expression is undetectable in mature mu-
rine erythrocytes but is potently up-regulated during human red
blood cell differentiation.40 Data from this same study also
confirmed the expression of GLUT4 in murine erythrocytes,
suggesting that it may be responsible for glucose consumption in
this context.

We also report crucial but elusive functionalities of GLUT8 and
GLUT11 in myeloma. Our data relating to the intracellular
localization of GLUT8 corroborate studies carried out in primary
spermatocytes and hippocampal neurons (tissues characterized by
high endogenous GLUT8 expression41,42). GLUT8 contains a
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distinctive [DE]XXXL[LI] amino acid motif not found in either
GLUT4 or GLUT1, which directs trafficking to an unspecified late
endosomal/lysosomal compartment.43 Given the association of
GLUT8 with known exocytic compartments and the extensive
production of immunoglobulin by myeloma cells,44 we hypothesize
that GLUT8 plays a role in facilitating efficient protein secretion.
This function would be consistent with the up-regulation of
GLUT8 we observe in activated B cells given the increase in
antibody production that accompanies this process.

We propose a primary function for GLUT11 involving the cellular
supply of a metabolic substrate other than glucose. First, the impact on
glucose consumption rates and cytotoxic effects elicited by GLUT11
knockdown in our studies are incongruous. Second, GLUT11 has
strikingly low KM values for both glucose and fructose in relation to
other GLUT family members,45 a prerequisite for transport of low-
abundance substrates. Third, GLUT11 localization has been shown to be
restricted to the plasma membrane in all studies to date.46 Fourth, other
members of the class II GLUT subfamily exhibit preferential transport
of metabolites other than glucose. For example, GLUT5 is principally
associated with fructose uptake, whereas GLUT9 has been shown to
mediate urate transport.47

Our investigation into the connection between GLUT4 activity
and MM cell survival delineates a pathway linking GLUT4 activity
with the maintenance of Mcl-1 expression. We conclude that Mcl-1
suppression is necessary but not sufficient to cause cell death after
GLUT4 inhibition based on the observation that JJN3 cells exhibit
reduced Mcl-1 protein levels during GLUT4 knockdown without
significant cytotoxicity. Concomitant alteration of Bcl-xL and Bax
expression observed only in sensitive cells may provide additional
modulation of the apoptotic rheostat necessary for cell death. The
mechanistic underpinnings of this GLUT4–Mcl-1 association are
independent of proteasomal degradation6 and mTOR-dependent
translation28 but rather involve regulation of Mcl-1 at the transcrip-
tional level. The ability to target Mcl-1 through GLUT4 inhibition
has profound clinical implications because of the inferior prognosis
conferred by high Mcl-1 expression in myeloma.48

Finally, we have demonstrated that the off-target inhibitory
effect on GLUT4 of the HIV protease inhibitor ritonavir can be
exploited to reduce myeloma proliferation and viability and increase
chemosensitivity. Although the growth-inhibitory properties of ritonavir
and related compounds saquinavir and nelfinavir toward myeloma cells
have been established,49 our data demonstrate that these effects stem

Figure 6. GLUT4-specific glucose transport inhibition elicited by the HIV therapeutic ritonavir suppresses myeloma growth and viability. (A) KMS11 and
(B) L363 cells were plated in 5mM glucose medium with ritonavir or DMSO (D) for 17 hours. Glucose consumption rates are normalized to untreated cells (not shown).
(C) KMS11 and (D) L363 cells were treated with ritonavir or DMSO for 72 hours. Relative viable cell numbers were determined by MTS assay and normalized to
untreated cells (not shown). (E) Stable KMS11 cell lines were generated expressing empty vector or GLUT1 and GLUT1 levels were assessed by immunoblot analysis.
Representative blot is shown. N.S. indicates nonspecific band. (F) Stable cell lines from panel E were treated with DMSO or ritonavir (Rit) for 5 hours, and glucose
consumption was assessed. (G) Cell proliferation was measured in the stable cell lines described in panel E treated with ritonavir (Rit) or DMSO for 72 hours.
A representative experiment is shown. (H) Cell proliferation rates from multiple experiments represented by panel G are normalized to DMSO-treated cells. (I) Primary
myeloma cells were treated with DMSO or ritonavir for 72 hours before annexin V/DAPI staining. Values are normalized to DMSO-treated samples (n 	 1 for each
patient sample). (J) Diagram highlights alterations in glucose transporter regulation between NBLs/plasma cells (top) and MM cells (bottom). (A-D,F,H) Data are
mean � SEM. (A-H) n � 3. *P 
 .05. **P 
 .01. ***P 
 .005.
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from inhibition of GLUT4-dependent glucose consumption. This
finding provides strong rationale for the initiation of clinical trials
to assess the efficacy of ritonavir in myeloma, a repositioning that
could be implemented rapidly given its approval by the FDA.
Indeed, ritonavir is currently being tested in several ongoing
clinical trials in other malignancies. The widely acknowledged
presence of metabolic side effects associated with chronic ritonavir
administration (which recapitulate some of the pathologies seen in
GLUT4 knockout mice50) suggests that GLUT4 activity is im-
pacted by the dosages used in HIV therapy. Although these side
effects are also a concern with regard to the use of ritonavir to treat
MM, we think that the chronic dosing schedule necessary to
prevent HIV replication may not be required to elicit meaningful
antimyeloma effects in vivo, and more flexible regimens could
ameliorate the adverse metabolic impact of ritonavir on normal
tissues. Furthermore, the use of ritonavir in a chemosensitizing role
would entail only cyclical administration. We conclude that
targeting glucose transport represents a more selective and prob-
ably more potent means to leverage the increased metabolic
demands associated with tumorigenesis. The development of novel
biologics and compounds, which interfere with glucose transport-
ers in an isoform-specific manner, represents a potentially valuable
addition to the therapeutic repertoire for the treatment of MM and
other glucose-dependent neoplasias.
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