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ABSTRACT

Mesenchymal stromal cell (MSC) markers are expressed

on brain tumor-initiating cells involved in the development
of hypoxic glioblastoma. Given that MSCs can survive hy-
poxia and that the glucose-6-phosphate transporter

(G6PT) provides metabolic control that contributes to
MSC mobilization and survival, we investigated the effects

of low oxygen (1.2% O2) exposure on G6PT gene expres-
sion. We found that MSCs significantly expressed G6PT
and the glucose-6-phosphatase catalytic subunit b, whereas
expression of the glucose-6-phosphatase catalytic subunit a
and the islet-specific glucose-6-phosphatase catalytic subu-

nit-related protein was low to undetectable. Analysis of
the G6PT promoter sequence revealed potential binding
sites for hypoxia inducible factor (HIF)-1a and for the

aryl hydrocarbon receptor (AhR) and its dimerization

partner, the AhR nuclear translocator (ARNT),

AhR:ARNT. In agreement with this, hypoxia and the
hypoxia mimetic cobalt chloride induced the expression of
G6PT, vascular endothelial growth factor (VEGF), and

HIF-1a. Gene silencing of HIF-1a prevented G6PT and
VEGF induction in hypoxic MSCs whereas generation of

cells stably expressing HIF-1a resulted in increased endog-
enous G6PT gene expression. A semisynthetic analog of
the polyketide mumbaistatin, a potent G6PT inhibitor,

specifically reduced MSC-HIF-1a cell survival. Collec-
tively, our data suggest that G6PT may account for the

metabolic flexibility that enables MSCs to survive under
conditions characterized by hypoxia and could be specifi-
cally targeted within developing tumors. STEM CELLS
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INTRODUCTION

Molecular markers associated with mesenchymal stromal cells
(MSCs) are thought to characterize the brain tumor-initiating
cells involved in the development of glioblastoma, the most
common and aggressive primary brain cancer [1]. Given that
glioblastomas are also highly hypoxic tumors [2], these findings
suggest that a subset of primary glioblastomas may be derived
from transformed stem cells having MSC-like properties and
retaining partial phenotypic aspects of the MSC nature within
the tumors’ hypoxic environment. Bone marrow-derived MSCs

are a population of pluripotent adherent cells residing within
the bone marrow microenvironment that can differentiate into
many mesenchymal phenotypes [3, 4]. Interestingly, the recruit-
ment of MSCs by experimental vascularizing tumors has
resulted in the incorporation of MSCs within the tumor archi-
tecture [5, 6], which implies that these cells must respond to tu-
mor-derived growth factor cues [7, 8]. More importantly, their
potential contribution to tumor development also implies that
MSCs must adapt to the low oxygen environment and nutrient
deprivation that characterizes hypoxic tumors.

MSCs were recently demonstrated to also have the
capacity to survive under conditions of ischemia and to resist

Author contributions: S.L.-D.: collection and assembly of data, data analysis, manuscript writing; I.B.C.: collection and assembly of
data, manuscript writing; L.-C.L.: collection and assembly of data; M.P.: collection and assembly of data; A.D.: collection and assembly
of data; C.K.: data analysis, manuscript writing; J.G.: collection of data, data analysis, manuscript writing; E.R.: data analysis,
manuscript writing; B.A.: conception and design, data analysis, manuscript writing, financial support.

Correspondence: Borhane Annabi, Ph.D., Laboratoire d’Oncologie Moléculaire, Université du Québec à Montréal, C.P. 8888, Succersale
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hypoxic culture conditions [9]. Furthermore, resistance of
MSCs to inhibition of mitochondrial respiration also indicates
that MSCs can survive in the absence of oxygen using both
anaerobic ATP production and increased glycolysis [9]. The
control of glycolysis and of gluconeogenesis occurs primarily
at the level of the interconversion of fructose-6-phosphate and
fructose-1,6-bisphosphate under the action of phosphofructo-
kinase-1 (PFK-1) and fructose-1,6-bisphosphatase [10].
Increased glycolysis is essential for the survival and spread of
cancer cells in a low oxygen environment. Under these condi-
tions, the key step in controlling the glycolytic rate involves
PFK-1, whose activation is controlled by the hypoxia-induci-
ble factor (HIF)-1 complex [11]. HIF-1 is a transcription
factor that is induced during the adaptation of tumor cells to
hypoxia, activating the transcription of genes that, in turn,
regulate several biological processes, including angiogenesis,
cell proliferation and survival, glucose metabolism, pH regu-
lation, and migration [12]. HIF-1a, the oxygen-sensitive sub-
unit of HIF-1, was shown to induce the recruitment of bone
marrow-derived vascular modulatory cells and trigger proc-
esses involved in tumor angiogenesis and invasion [13]. It
also regulates homing of marrow-derived progenitor cells to
injured tissue [14]. Whether alternate intracellular metabolic
systems, such as the glucose-6-phosphatase (G6Pase) system,
would enable MSCs to survive under conditions of hypoxic
stress and whether these systems would be regulated by the
HIF-1 complex are currently unknown.

Recently, impaired chemotaxis was reported in bone mar-
row cells isolated from a G6PT deficient (G6PT�/�) mouse
[15, 16]. In agreement with those reports, we have demon-
strated that G6PT can regulate cell migration [17] as well as
MSC chemotaxis and survival [18]. In fact, since its discov-
ery, G6PT has been shown to be responsible for G6P trans-
port from the cytosol to the lumen of the endoplasmic reticu-
lum (ER), therefore performing the rate-limiting step for G6P
hydrolysis into glucose and inorganic phosphate by the
G6Pase system. G6PT has been shown to integrate and regu-
late many metabolic functions such as glycemia, lipidemia,
uricemia, and lactic acidemia [19]. More importantly, its
activity cannot be substituted because G6PT deficiencies lead
to glycogen storage disease (GSD) type Ib, characterized not
only by disturbed glucose homeostasis but by severe myeloid
dysfunction [19]. Besides MSCs, G6PT is believed to play a
role in neutrophil chemotaxis and calcium flux control [20–
23], and in U87 glioma cell survival [24, 25]. In turn, G6PT
gene expression is regulated in response to adaptive metabolic
changes involving glucose, insulin, and cyclic AMP [26]. In
this study, we investigated whether transcription of G6PT
could be further regulated under the control of hypoxia-
responsive elements, and to what extent G6PT could promote
MSC survival under hypoxic conditions.

MATERIALS AND METHODS

Materials

SDS and bovine serum albumin (BSA) were purchased from
Sigma (Oakville, ON, Canada, http://www.sigmaaldrich.com).
Cell culture media were obtained from Life Technologies (Bur-
lington, ON, Canada, http://www.lifetech.com). Electrophoresis
reagents were purchased from Bio-Rad (Mississauga, ON, Can-
ada, http://www.bio-rad.com). The enhanced chemiluminescence
reagents were from Amersham Pharmacia Biotech (Baie d’Urfé,
QC, Canada, http://www.amersham.com). Micro bicinchoninic
acid protein assay reagents were from Pierce (Rockford, IL,
http://www.piercenet.com). The polyclonal antibodies against

HIF-1a and poly-(ADP-ribose) polymerase (PARP) were from
Chemicon (Temecula, CA, http://www.chemicon.com). The poly-
clonal antibodies against phospho-AKT, phospho-extracellular
signal related kinase (ERK), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, http://www.cellsignal.com).

Cell Culture and Experimental Hypoxic Conditions

Bone marrow-derived MSCs were isolated from the whole femur
and tibia bone marrow of C57BL/6 female mice; cells were cul-
tured and characterized as previously described [27]. Analysis by
flow cytometry, performed at passage 14, revealed that MSCs
expressed CD44 yet were negative for CD45, CD31, KDR/flk1
(vascular endothelial growth factor receptor [VEGFR]-2), flt-4
(VEGFR-3), and Tie2 (angiopoietin receptor) (data not shown).
Cells were cultured in serum-free Dulbecco’s modified Eagle’s
medium during drug treatment in order to approximate the patho-
physiological conditions of low growth factors and nutrient avail-
ability such as that found within the hypoxic environment of
developing tumors. Hypoxic conditions were attained by incuba-
tion of confluent cells in an anaerobic box. The oxygen was
maintained at 1% by a compact gas oxygen controller, Proox
model 110 (BioSpherix, Redfield, NY, http://www.biospherix.
com), with a residual gas mixture composed of 94% N2 and 5%
CO2.

cDNA Construct Generation and Transduction
of MSC-HIF-1a Cells

The human full-length HIF-1a cDNA construct was generously
provided by Dr. Semenza (Johns Hopkins University, Baltimore,
MD) and was used as a template for generating an HIF-1a mu-
tant that lacked its oxygen-dependent degradation domain
(ODD401-603). The deletion mutant (HIF-1a DODD) was con-
structed by overlap extension using polymerase chain reaction
(PCR). The deletion was confirmed by DNA sequencing, and the
1.95-kb HIF-1a DODD cDNA was subcloned into pcDNA3.1.
For generation of retroviral particles, the HIF-1a DODD construct
was digested out of the pcDNA3.1 vector using BamHI and HpaI
restriction enzymes and subcloned into the multiple cloning site
of the bicistronic retrovector internal ribosomal entry segment–
green fluorescent protein plasmid (pIRES-GFP). 293-GP2 viral
packaging cells were transfected with either the HIF-1a DODD-
pIRES-GFP or null-pIRES-GFP plasmids, and the viral superna-
tant was collected at 48 and 72 hours post-transfection. MSCs
were subjected to eight rounds of viral transduction. Following
viral transduction, each GFPþ MSC (AP2-MSC) and HIF-1a
DODD-GFPþ MSC population was subjected to high-speed cell
sorting (BD FacsAria; BD Biosciences, San Diego, http://
www.bdbiosciences.com) to obtain polyclonal pooled clones of
retrovirally transfected MSCs that were 100% GFPþ and similar
in regard to GFP signal intensity.

Immunoblotting Procedures

Nuclear extracts from MSCs or MSC-HIF-1a cells were isolated
using the NE-PER Nuclear and cytoplasmic extraction kit
(Pierce) and proteins were separated by SDS-PAGE. After elec-
trophoresis, proteins were electrotransferred to polyvinylidene
difluoride membranes, which were then blocked for 1 hour at
room temperature with 5% nonfat dry milk in Tris-buffered saline
(150 mM NaCl, 20 mM Tris–HCl, pH 7.5) containing 0.3%
Tween-20 (TBST). Membranes were further washed in TBST and
incubated with the anti-HIF-1a primary antibody (1/1,000 dilu-
tion) in TBST containing 3% BSA, followed by a 1-hour incuba-
tion with horseradish peroxidase-conjugated anti-rabbit IgG in
TBST containing 5% nonfat dry milk. Immunoreactive material
was visualized by enhanced chemiluminescence (Amersham).

Cell Migration Assay

MSCs or MSC-HIF-1a cells were trypsinized and seeded at 105

cells on 0.15% gelatin/phosphate-buffered saline precoated
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Transwells (8-lm pore size; Corning/Costar, Acton, MA, http://
www.corning.com/lifesciences) assembled in 24-well Boyden
chambers that were filled with 600 ll of serum-free medium. Cell
migration was allowed to proceed for 6 hours at 37�C in 5%
CO2. Nonmigrating cells that remained on the upper side of the
Transwell filter were carefully removed with cotton swabs. Cells
that had migrated to the lower side of the filters were fixed with
3.7% formaldehyde and stained with 0.1% crystal violet/20%
MeOH and counted. The migration was quantified by analyzing
at least 10 random fields per filter for each independent experi-
ment using the computer-assisted imaging software Northern
Eclipse 6.0 (Empix Imaging Inc., Mississauga, ON, Canada,
http://www.empix.com).

Total RNA Isolation, cDNA Synthesis, and
Real-Time Quantitative Reverse Transcription-PCR

Total RNA was extracted from MSC monolayers using TRIzol
reagent (Life Technologies, Gaithersburg, MD, http://www.
lifetech.com). For cDNA synthesis, 1 lg of total RNA was
reverse-transcribed into cDNA using a high-capacity cDNA
reverse transcription (RT) kit (Applied Biosystems, Foster City,
CA, http://www.appliedbiosystems.com). cDNA was stored at
�80�C prior to PCR. Gene expression was quantified by real-
time quantitative (q)PCR using iQ SYBR Green Supermix (Bio-
Rad, Hercules, CA, http://www.bio-rad.com). DNA amplification
was carried out using an Icycler iQ5 (Bio-Rad) and product
detection was performed by measuring binding of the fluorescent
dye SYBR Green I to double-stranded DNA. All the QuantiTect
primer sets were provided by Qiagen (Valencia, CA http://www1.
qiagen.com): Mm_Hif1a_1_SG QT01039542, Mm_Slc37a4_1_SG
QT00124411, Mm_G6pc_1_SG (NM_008061) QT00114625,
Mm_G6pc2_1_SG (NM_021331) QT00139461, and Mm_G6pc3_
1_SG (NM_175935) QT00104748. The relative quantities of target
gene mRNA against an internal control, 18S ribosomal RNA, were
measured by following a [/delta]CT method employing an amplifi-
cation plot (fluorescence signal versus cycle number). The differ-
ence ([/delta]CT) between the mean values in the triplicate samples
of target gene and those of 18S ribosomal RNA was calculated by
iQ5 Optical System Software version 2.0 (Bio-Rad) and the relative
quantified value was expressed as 2

�=dC
T .

Semiquantitative RT-PCR Analysis

One microgram of total RNA was used for first-strand cDNA
synthesis followed by specific gene product amplification with
the One-Step RT-PCR kit (Invitrogen, Carlsbad, CA, http://
www.invitrogen.com). The primers used were the same as for the
qRT-PCR and were all derived from mouse sequences. GAPDH
cDNA amplification was used as an internal housekeeping gene
control. PCR conditions were optimized so that the gene products
were examined at the exponential phase of their amplification
and the products were resolved on 2.2% agarose gels containing
1 lg/ml ethidium bromide.

Transfection Method and RNA Interference

MSCs were transiently transfected with 20 lM small interfering
(si)RNA against HIF-1a (Mm_Hif1a_1 HP siRNA, SI00193011)
using HiPerFect (Qiagen). HIF-1a-specific gene knockdown was
evaluated by qRT-PCR as described above. siRNA against HIF-
1a and mismatch siRNA were synthesized by Qiagen and
annealed to form duplexes.

Morphological Analysis of Apoptotic
and Necrotic Cells

To visualize nuclear morphology and chromatin condensation by
fluorescence microscopy [18], cells were pretreated for 18 hours
with chlorogenic acid (CHL), the mumbaistatin analog (AD4-
015), or their respective vehicle (ethanol or dimethylsulfoxide).
Cells were stained with 0.06 mg/ml Hoechst (33258, blue fluores-
cence) for apoptotic cells or with 50 lg/ml propidium iodide (PI)

(red fluorescence) for necrotic cells. Observations were made by
fluorescence microscopy (Carl Zeiss Ltd, Montreal, QC, Canada,
http://www.zeiss.com) and photographs were taken with a digital
camera (camera 3CCD, Sony DXC-950P, Empix Imaging Inc.).
Images were analyzed by Northern Eclipse software. A minimum
of 600 cells was counted per dish.

Electrophoretic Mobility Shift Assays

Fifty nanograms of sense oligonucleotide was 50-end-labeled with
T4 polynucleotide kinase and [c-32P]ATP and annealed with
200 ng of the complementary oligonucleotide. Nuclear extracts
from growing MSC-HIF-1a cells were prepared according to the
method of Dignam et al. [28]. Nuclear extracts were analyzed by
gel shift assays as described previously [29]. Thirty micrograms
of nuclear extract was added to 0.8 ng of the labeled double-
stranded oligonucleotide, and, after a 20-minute incubation at
room temperature, the mixture was run on a 6% acrylamide,
nondenaturing gel in 0.5 � Tris/Borate/EDTA at 150 V for
90 minutes. The dried gels were autoradiographed on Kodak
X-Omat films (Sigma). For competition assays, a 25-fold excess
(20 ng) of cold double-stranded oligonucleotide was added before
addition of the nuclear extract. The sense strand sequences of the
oligonucleotides used are: HIF-1a, CCG AGG CTA CGT GCG
GCT TCT CTC G; nonspecific competitor (NSC) (unrelated
sequence), CCA AAC AGG ATA TCT GTA ATA AGC AG.

RESULTS

Murine MSCs Strongly Express the G6PT
Component of the G6Pase System

In order to confirm expression of the G6PT component in
MSCs, semiquantitative RT-PCR was performed using total
RNA extracted from mouse MSCs, mouse liver, and mouse
pancreas. Measurement of the other three components of the
G6Pase system—the glucose-6-phosphatase catalytic subunit
a (G6PC), the islet-specific glucose-6-phosphatase catalytic

Figure 1. Murine mesenchymal stromal cells (MSCs) strongly
express the glucose-6-phosphate transporter (G6PT) component of the
glucose-6-phosphatase system. Total RNA was extracted from mouse
MSCs, mouse liver, and mouse pancreas as described in the Methods
section. cDNA synthesis and semiquantitative reverse transcription-
polymerase chain reaction were performed to assess gene expression
of G6PT, the glucose-6-phosphatase catalytic subunit a (G6PC), the
islet-specific glucose-6-phosphatase catalytic subunit-related protein
(G6PC-2), and the glucose-6-phosphatase catalytic subunit b (G6PC-3).
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subunit-related protein (G6PC-2), and the glucose-6-phospha-
tase catalytic subunit b (G6PC-3)—was also performed. Com-
pared with liver or pancreas, MSCs significantly expressed
G6PT. In contrast, G6PC and G6PC-3 were expressed at low
to undetectable levels in MSCs and pancreas in comparison
with liver. As expected, G6PC-2 gene expression was clearly
detected in pancreas, whereas its expression was very low in
MSCs and undetectable in liver (Fig. 1). GAPDH served as
an internal loading control and remained constant. In contrast
to hepatocytes, which predominantly utilize a-ketoacids as
fuel, MSCs may presumably heavily depend on G6P for their
energy needs.

Cobalt Chloride-Induced Chemical Hypoxia
and Hypoxic Culture Conditions Regulate G6PT
Gene Expression

MSCs were serum-starved and cultured under hypoxic condi-
tions (18 hours under 1.2% O2) or treated with cobalt chloride
(CoCl2), a condition known to mimic hypoxic culture condi-
tions. Total RNA was extracted and qRT-PCR was performed
as described in the Methods section. We found that hypoxia
significantly induced HIF-1a transcript levels in agreement
with previous reports [30, 31], a mechanism that could
involve Egr-1 transcriptional regulation of HIF-1a [31]. In

support of that assumption, an Egr-1 increase at the protein
level during hypoxia was documented by us previously in
MSCs [32]. Moreover, VEGF and G6PT gene expression
were also induced, whereas expression of G6PC-3 and mem-
brane type-1 matrix metalloproteinase (MT1-MMP) remained
unchanged (Fig. 2A, black bars). Treatment of the cells with
CoCl2 also triggered VEGF and G6PT gene expression,
whereas expression of HIF-1a, G6PC-3, and MT1-MMP
remained unaffected (Fig. 2A, gray bars). One can conclude
that, in the case of CoCl2 treatment, it’s not the induction of
HIF-1a but the potential blockade of HIF-1a degradation via
prolyl hydroxylation and subsequent interaction with Von
Hippel-Lindau factor and targeting to proteasomal degradation
that may additionally be in play in G6PT regulation. These
observations prompted us to analyze the murine G6PT gene
promoter sequence for the presence of any hypoxia responsive
elements (HREs) that could regulate its expression under low
oxygen tension. We examined a DNA sequence of 1,207 bp
upstream of the ATG start codon (National Center for Bio-
technology Information source NM_008063.2) and located on
mouse chromosome nine at location 44,205,182-44,211,045
(Fig. 2B). A search for putative transcription factor binding
sites was performed with PROMO 3.0 (http://alggen.lsi.
upc.es/) using version 8.3 of the TRANSFAC database. A
TATA box as well as several previously reported binding

Figure 2. Cobalt chloride-induced chemical hypoxia and hypoxic culture conditions regulate G6PT gene expression. (A): Subconfluent mesen-
chymal stromal cells were serum-starved and cultured under normoxic (5% CO2 and 95% air; white box) or hypoxic (1% O2, 5% CO2, and 94%
N2; black box) conditions, or treated with 100 lM CoCl2 (gray box) for 18 hours. Total RNA was extracted and quantitative reverse transcrip-
tion-polymerase chain reaction was performed in order to assess G6PT, G6PC-3, HIF-1a, VEGF, and MT1-MMP gene expression levels. (B): A
1,133-bp sequence upstream of the ATG coding sequence of the murine G6PT gene promoter sequence, located on mouse chromosome nine at
location 44,205,182-44,211,045, was analyzed (National Center for Biotechnology Information source NM_008063.2). The core consensus
sequence of the hypoxia responsive elements (A_G)CGT(G_C)C is denoted by asterisks [50, 51]. Sequences of a TATA box (�152/�147) and
potential binding sites for HIF-1 (�1122/�1114), AhR:Arnt (�1059/�1051 and �1045/�1035), HNF1 (�177/�164), HNF3 (�71/�65), and C/
EBP (�48/�40) are boxed. Abbreviations: AhR, aryl hydrocarbon receptor; Arnt, AhR nuclear translocator; C/EBP, CCAAT/enhancer binding
protein; G6PC-3, glucose-6-phosphatase catalytic subunit b; G6PT, glucose-6-phosphate transporter; HIF-1a, hypoxia inducible factor 1a; HNF,
hepatocyte nuclear factor; MT1-MMP, membrane type-1 matrix metalloproteinase; VEGF, vascular endothelial growth factor.
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sites were found within the first 200 bp upstream of the ATG
and included hepatocyte nuclear factor (HNF)1, HNF3, and
CCAAT/enhancer binding protein binding sites [33]. The core
consensus sequence of HREs that we searched for was (A/
G)CGT(G/C)C and is denoted by asterisks (*) [34]. We found
one potential binding site for HIF-1 and two for aryl hydro-
carbon receptor (AhR):AhR nuclear translocator (Fig. 2B,
boxed). This suggests that possible G6PT transcriptional regu-
lation may occur in MSCs upon hypoxic culture conditions.
Whether HIF-1a is involved in such G6PT gene regulation
was next explored.

Gene Silencing of HIF-1a Antagonizes the Effects of
Hypoxia on G6PT Gene Expression

We used gene silencing strategies to downregulate HIF-1a
gene expression and to assess its specific contribution to
G6PT gene regulation under hypoxic culture conditions.
MSCs were transiently transfected with scrambled sequences
(Mock) or with HIF-1a siRNA as described in the Methods
section. Cells were then cultured under normal or hypoxic
culture conditions, total RNA was extracted, and qRT-PCR
was used to assess HIF-1a, VEGF, and MT1-MMP gene
expression. We found that HIF-1a gene expression was effi-
ciently reduced in siHIF-1a-transfected cells (Fig. 3A, black
bars). VEGF gene expression was also reduced in siHIF-1a-
transfected cells, and the increase in VEGF expression under
hypoxia was reduced by �58% (Fig. 3A, black bars). MT1-
MMP gene expression in siHIF-1a-transfected cells remained
unaffected. G6PT gene expression was also measured in
Mock-transfected (Fig. 3B, open circles) and in siHIF-1a-
transfected (closed circles) cells that were subsequently cul-
tured under hypoxic conditions (Fig. 3B). Whereas G6PT
gene expression was transiently increased by hypoxia, with a
maximum expression at 10 hours in Mock cells, those cells in
which HIF-1a gene expression was abrogated were unable to
increase G6PT gene expression. Consequently, expression of
HIF-1a is required for G6PT transcriptional regulation upon
hypoxia. Since silencing experiments of HIF-1a by them-
selves do not allow one to prove that HIF-1a directly binds to
the G6PT promoter, approaches such as chromatin immuno-
precipitation assays will be needed. Although the cascade of
events may still be indirect, we are confident to have experi-
mentally demonstrated that HIF-1a is a crucial intermediate in
the sequence of events that regulate G6PT gene expression.

Constitutive Expression of an Oxygen-Dependent
Degradation Domain HIF-1a Mutant Triggers G6PT
Gene Expression

In order to recreate the hypoxic culture conditions that trigger
HIF-1a expression in MSCs, we generated a deletion mutant
of HIF-1a (HIF-1a [/delta]ODD) and stably transfected MSCs
as described in the Methods section. We found that MSCs
constitutively and stably expressing HIF-1a [/delta]ODD
(MSC-HIF-1a cells) exhibited an increased intrinsic ability to
migrate (Fig. 4A). Such increased migratory potential has
been documented previously [32] and, although speculative,
may potentially involve autocrine regulation through hypoxia-
regulated growth factor expression. This may provide efficient
mobilization and adaptative behavior of MSCs to an oxygen-
deprived environment. When total RNA was extracted from
MSCs or MSC-HIF-1a cells, we found that HIF-1a, VEGF,
MT1-MMP, and G6PT gene expression levels were signifi-
cantly increased in MSC-HIF-1a cells (Fig. 4B, black bars).
In order to confirm that HIF-1a could potentially directly
interact with HRE sequences found within the G6PT pro-
moter, we isolated nuclear extracts from MSC-HIF-1a cells

and showed that HIF-1a protein was indeed constitutively
present within the nuclear fraction of MSC-HIF-1a cells
whereas nuclear PARP expression remained constant (Fig.
4C). Electrophoretic mobility assays were also performed in
order to demonstrate that nuclear HIF-1a interacted with
radiolabeled oligonucleotides (mHIF-1) containing the HIF-1a
sequence found within the G6PT promoter. Incubation of the
MSC-HIF-1a nuclear extracts with those probes resulted in
the formation of three complexes, termed A, B, and C (Fig.
4D, column 1). Complex B and complex C binding to the
probe were strongly diminished upon competition with a 25-
fold excess of a cold unrelated NSC, suggesting these were
non-specific in binding. In contrast, complex A remained
intense (Fig. 4D, column 2), but completely disappeared with
the same excess of the cold HIF-1a specific competitor or in
the presence of an HIF-1a blocking antibody (Fig. 4D, col-
umns 3 and 4).

A Small Molecule G6PT Inhibitor Specifically
Triggers Cell Death in MSCs Constitutively
Expressing HIF-1a [/delta]ODD

Specific targeting of hypoxic cells such as those found within
a tumor microenvironment is a difficult task to achieve. Since

Figure 3. Gene silencing of HIF-1a antagonizes the effects of hy-
poxia on G6PT gene expression. (A): Mesenchymal stromal cells
were transiently transfected with scrambled sequences (Mock, white
bars) or HIF-1a siRNA (black bars) as described in the Methods sec-
tion. Cells were then cultured under normal or hypoxic culture condi-
tions, total RNA was extracted, and qRT-PCR was used to assess
HIF-1a, VEGF, and MT1-MMP gene expression as described in Fig-
ure 2. (B): G6PT gene expression was assessed by qRT-PCR in
Mock-transfected (open circles) and in siHIF-1a-transfected (closed
circles) cells that were subsequently cultured under hypoxic condi-
tions. Abbreviations: G6PT, glucose-6-phosphate transporter; HIF-1a,
hypoxia inducible factor 1a; MT1-MMP, membrane type-1 matrix
metalloproteinase; qRT-PCR, quantitative reverse transcription-poly-
merase chain reaction; siRNA, small interfering RNA; VEGF, vascu-
lar endothelial growth factor.
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we have found that hypoxic MSCs express high levels of
G6PT, we hypothesized that these cells would be sensitive to
G6PT inhibitors. We used CHL, a natural product with weak
G6PT inhibitory activity [35], and a more potent semisyn-
thetic polyketide analog (AD4-015) of a different natural
product, mumbaistatin [36] (Fig. 5A). Dose–response curves
for G6PT inhibition by AD4-015 in both rat liver microsomal
assays as well as hepatocyte assays were reported earlier [36].
In the microsomal assay, the 50% inhibitory concentration
was 2.5 lM, whereas in the cell-based assay, inhibition was
only observed at 10-fold higher concentrations, a feature that
is constant with all known G6PT inhibitors and is presumably
a reflection of target access [36]. Because that cell-based
assay more accurately reflects our own MSC assays, we used
a concentration of 25 lM in the current assays. MSCs and
MSC-HIF-1a cells were thus treated with 100 lM CHL or
25 lM AD4-015, and cell death was assessed. We found
that greater Hoechst staining (apoptosis) as well as PI staining
(necrosis) was observed in treated MSC-HIF-1a cells in com-
parison with MSCs (Fig. 5B). Cell death was not significantly
induced by CHL, whereas AD4-015 triggered approximately
three times more cell death in MSC-HIF-1a cells (Fig. 5C). In
support of the prosurvival phenotype ascribed to MSC-HIF
cells, their basal levels of phospho-AKT and phospho-ERK
protein expression were found to be greater than those of
MSCs (Fig. 5D). Treatment of the cells with AD4-015 was
found to specifically downregulate phospho-AKT expression
levels in MSC-HIF cells but not in MSCs (Fig. 5D), sugges-
tive of targeted cell death induction in MSC-HIF cells. Alto-
gether, these data suggest that small molecule inhibitors of
G6PT may show selectivity in targeting hypoxic MSCs.

DISCUSSION

Most commonly isolated from the bone marrow, MSCs are
multipotent adult stem cells with immunomodulatory effects
and the ability to home to sites of injury. These properties,
although clearly useful for therapeutic purposes, may, how-
ever, be used by cancer cells for their own ends. Indeed, as
the importance of the microenvironment and stroma to the
evolution and progression of solid tumors has been revealed
over the past few years, MSCs that are the progenitors of
stromal cells and fibroblasts have been found to interact with
cancer cells [37]. In fact, the homing of MSCs to tumors is
thought to be the earliest phenomenon of MSC–cancer inter-
actions, as was recently reported in a mouse model where
injected human MSCs could be found preferentially migrating
to implanted human melanoma tumors [5]. Subsequently,
studies have shown MSCs homing to tumors and even to sites
of metastasis [38]. Furthermore, cotransplantation of MSCs
with melanoma cells in mice enhanced tumor engraftment and
growth [39]. These data are in agreement with our own obser-
vations that vascular progenitors derived from bone marrow
stromal cells are recruited by tumors both in vivo and in vitro
[7]. Collectively, the sum of this evidence, in line with the
increased ability of MSCs to migrate under an atmosphere of
low oxygen, as is seen in the tumor microenvironment [32],
suggests that MSCs are active participants in the development
of solid tumors.

The expression of a number of glycolytic isozymes (e.g.,
liver-type phosphofructokinase-1, aldolase A, aldolase C, phos-
phoglycerate kinase 1, enolase 1, and lactate dehydrogenase

Figure 4. Constitutive expression of an oxygen-dependent degradation domain HIF-1a mutant triggers G6PT gene expression. (A): Basal
migration of MSCs and MSCs stably expressing a deletion mutant of HIF-1a (HIF-1a [/delta]ODD, MSC-HIF) was performed as described in
the Methods section. (B): Total RNA was extracted from MSCs (white bars) and MSC-HIF cells (black bars), and quantitative reverse transcrip-
tion-polymerase chain reaction was performed to assess the gene expression levels of G6PT, G6PC-3, VEGF, HIF-1a, and MT1-MMP. (C): Nu-
clear extracts were islolated from MSCs and MSC-HIF cells, and Western blotting was performed to detect nuclear HIF-1a or nuclear PARP
expression. (D): Electrophoretic mobility assays were performed as described in the Methods section using nuclear extracts (Nuc. Extr.) isolated
from MSC-HIF cells. Abbreviations: Ab, HIF-1a blocking antibody; G6PC-3, glucose-6-phosphatase catalytic subunit b; G6PT, glucose-6-phos-
phate transporter; HIF-1a, hypoxia inducible factor 1a; MSC, mesenchymal stromal cell; MT1-MMP, membrane type-1 matrix metalloproteinase;
NSC, cold unrelated nonspecific competitor; ODD, oxygen-dependent degradation domain; PARP, poly-(ADP-ribose) polymerase; SC, cold HIF-
1a specific competitor; VEGF, vascular endothelial growth factor.
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A) has already been found to be induced by hypoxia in a tis-
sue-specific manner [40, 41]. Analysis of the cis-acting
sequences of these genes has revealed that hypoxia-induced
activation requires binding sites for HIF-1. All the above
genes, together with G6PT, reflect the adaptative capacity of
MSCs to oxygen deprivation. Pharmacological targeting of
G6PT functions, and hence induction of possible glucose de-
privation conditions, should thus be deleterious to the hypoxic
cell, as denoted by our own data in Figures 5B and 5D, where
cell death was specifically triggered. In this report, we have
undertaken a detailed study to delineate the role of G6PT that

could link metabolic and survival adaptation to hypoxia in
MSCs. Through the generation of an MSC-HIF-1a stable cell
line and through the use of siRNA gene silencing strategies,
we also showed that HIF-1a is involved in the transcriptional
regulation of G6PT. As a consequence, G6PT gene expression
was increased by hypoxia, supporting a prosurvival role for
G6PT. In agreement with this observation, G6PT-deficient
neutrophils isolated from GSD-Ib mice are characterized by
increased rates of apoptosis [42], possibly consequent to
increased expression of ER stress-related, glucose-regulated
proteins and protein disulfide isomerase [43, 44]. These

Figure 5. The mumbaistatin analog
and potent G6PT inhibitor AD4-015
specifically triggers cell death in MSCs
constitutively expressing HIF-1a [/del-
ta]ODD. (A): Chemical structures of
CHL and the mumbaistatin analog
AD4-015. (B): MSCs or MSC-HIF cells
were cultured under normoxic condi-
tions then treated for 18 hours with
25 lM AD4-015 (or respective DMSO),
or with 100 lM CHL (or respective
EtOH vehicle). Hoechst (apoptosis) and
propidium iodide (necrosis/late apopto-
sis) cell labeling was then performed
and visualized using fluorescence micros-
copy. (C): Quantification was per-
formed by visual counting. The mean
of four fields from three independent
experiments is shown. Probability val-
ues of less than 0.05 were considered
significant, and an asterisk identifies
such significance. (D): MSCs and
MSC-HIF cells were treated with AD4-
015 as in (B) and lysates were isolated.
SDS-PAGE followed by immunodetec-
tion of phospho-ERK, phospho-AKT,
or GAPDH was performed as described
in the Methods section. Abbreviations:
CHL, chlorogenic acid; DMSO, dime-
thylsulfoxide vehicle; ERK, extracellu-
lar signal related kinase; EtOH, ethanol;
G6PT, glucose-6-phosphate transporter;
GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HIF-1a, hypoxia indu-
cible factor 1a; MSC, mesenchymal
stromal cell; ODD, oxygen-dependent
degradation domain.
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findings are thus in agreement with the ubiquitous expression
and prosurvival functions of G6PT that were reported in gli-
oma cells and in MSCs [18, 24]. Investigation of whether
increased G6PT functions could potentially affect the glyco-
lytic phenotype and make hypoxic MSCs gluconeogenic must
also be considered in the metabolic adaptation phenotype to
hypoxia.

Alternate G6PT roles, distinct from its classic involvement
in the G6Pase system, include ATP-mediated calcium seques-
tration in the ER lumen [45], activity as a G6P receptor/sen-
sor [46], and supplying G6P to a ubiquitously expressed lumi-
nal glucose-6-phosphate dehydrogenase [47]. One or more of
these functions may also be responsible for crucial prosurvi-
val processes, including tumor cell proliferation, cell cycle
division, and extracellular matrix degradation. In fact, the
observed increases in MSC-HIF cells of ERK phosphoryla-
tion and AKT phosphorylation correlate with the high migra-
tory and prosurvival phenotype observed. Our current study
thus supports these functions of the ubiquitously expressed
G6PT in nongluconeogenic tissues. Furthermore, the luminal
hexose-6-phosphate dehydrogenase also provides reducing
equivalents needed for several important reductases that pro-
tect the ER against damage by reactive oxygen species. Lack
of protection may result in premature cell death through
apoptosis.

In light of the role of G6PT in MSC biology that has
been highlighted by our results, selective interference with
G6PT functions and/or expression may be an attractive thera-
peutic approach to metabolic control of cancer cell growth or
in preventing circulating cells from being recruited to contrib-
ute to tumor development. Indeed, gene silencing of G6PT
has already been shown to suppress intracellular signaling
that leads to calcium mobilization by sphingosine-1-phosphate
[23], a potent bioactive lipid and inducer of MSC mobiliza-
tion [27]. Here, we further demonstrate that the small mole-
cule G6PT inhibitor AD4-015 can induce apoptosis and ne-
crosis of hypoxic MSCs (MSC-HIF-1a cells) that show high
sustained endogenous G6PT gene expression. Noteworthy,
treatment of MSCs under hypoxic conditions with AD4-015
did not result in any difference in cell death, most probably
because G6PT gene expression is transient, peaking at �8
hours of hypoxia (Fig. 3B). We believe that our MSC-HIF-1a
model better reflects the long-term metabolic adaptation of
the cells to hypoxia and highlights the specific contribution of
HIF-1a to G6PT gene expression. Altogether, this may pro-
vide some rationale for a potentially new therapeutic action
against hypoxic cells embedded within tumors.

Since studies have so far been limited to a few types of
cancers, it is still unknown how MSCs interact with other
cancers, if at all. Whether the animal models used accurately

reflect what actually occurs within the hypoxic tumor setting
remains to be established, because most in vivo experiments
use high numbers of exogenously introduced MSCs, an
unlikely scenario in the endogenous state. Still, exogenously
delivered human MSCs were reported to specifically localize
to human gliomas after intravascular delivery [6], which
raises the possibility that endogenous MSCs may be recruited
into hypoxic gliomas during tumorigenesis and may contrib-
ute to the physiological growth of brain tumors in situ. Pre-
liminary data from our own work also demonstrate high
G6PT expression levels within experimental hypoxic brain
tumors (data not shown). Furthermore, tumor-derived MSCs
were recently isolated and characterized as CD133� cells,
indicating that they are distinct from classic CD133þ glioma
cancer stem cells. These CD133� MSCs were more com-
monly isolated from high-grade tumors than from low-grade
gliomas, supporting the hypothesis that tumor-derived MSCs
are involved in glioma progression from low to high grade
[48]. Accordingly, extremely low CD133� glioblastomas were
found to show a mesenchymal subclass-like gene expression
profile, which has the worst clinical outcome [49].

In conclusion, our study reveals a potential metabolic ad-
aptation of MSCs to hypoxic conditions that enables them to
survive under conditions characterized by low oxygen levels
and glucose deprivation, such as is found within developing
tumors. Such metabolic flexibility may, in part, be accounted
for by the prosurvival functions of G6PT that would allow
these MSCs to contribute to tumor development. More impor-
tantly, hypoxic MSCs that contribute to tumor development
may also be selectively targeted by small molecule G6PT
inhibitors such as the semisynthetic polyketide derivative
AD4-015, modeled after the natural product mumbaistatin.
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