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Abstract

One of the key mediators of the hypoxic response in animal cells is the hypoxia-inducible
transcription factor-1 (HIF-1) complex, in which the a-subunit is highly susceptible to oxygen-
dependent degradation. The hypoxic response is manifested in many pathophysiological processes
such as tumor growth and metastasis. During hypoxia, cells shift to a primarily glycolytic
metabolic mode for their energetic needs. This is also manifested in the HIF-1-dependent up-
regulation of many glycolytic genes. Paradoxically, tumor cells growing under conditions of
normal oxygen tension also show elevated glycolytic rates that correlate with the increased
expression of glycolytic enzymes and glucose transporters (the Warburg effect). A key regulator
of glycolytic flux is the relatively recently discovered fructose-2,6-bisphosphate (F-2,6-P2), an
allosteric activator of 6-phosphofructo-1-kinase (PFK-1). Steady state levels of F-2,6-P2 are
maintained by the bifunctional enzyme PFK-2/F2,6-Bpase, which has both kinase and phosphatase
activities. Herein, we show that one isozyme, PFKFB3, is highly induced by hypoxia and the
hypoxia mimics cobalt and desferrioxamine. This induction could be replicated by the use of an
inhibitor of the prolyl hydroxylase enzymes responsible for the von Hippel Lindau (VHL)-
dependent destabilization and tagging of HIF-1a. The absolute dependence of the PFKFB3 gene
on HIF-1 was confirmed by its overexpression in VHL-deficient cells and by the lack of hypoxic
induction in mouse embryonic fibroblasts conditionally nullizygous for HIF-1a.

The rate of glucose utilization via the glycolytic pathway is highly regulated and depends
upon the energetic and metabolic needs of the cell. It is coordinated with other pathways of
energy generation and utilization, notably gluconeogenesis, the pentose phosphate pathway,
and the citric acid cycle. Fructose-2,6-bisphosphate (F-2,6-P2)l is considered to be the
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major regulator controlling carbon flux through glycolysis. F-2,6-P2 is an allosteric activator
of 6-phosphofructo-1-kinase (PFK-1), the key regulatory enzyme in glycolysis as well as an
inhibitor of frucrose-1,6-bisphosphatase (1-3). The synthesis and degradation of F-2,6-P2
depends upon a single enzyme, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
(PFK-2/F-2,6-BPase), which has both kinase and phosphatase activities. This bifunctional
enzyme is regulated by phosphorylation and dephosphorylation that are dependent upon
intracellular cAMP levels (4). Furthermore, PFK-2/F-2,6-BPase synthesis can be induced by
mitogens, growth factors, and inflammatory cytokines, implicating its role in setting the
glycolytic rate under multiple physiologic and pathologic conditions (5).

Four different genes coding different isozymes (PFKFB1-4) have been identified to date (6-
9). These isoenzymes differ not only in their tissue distribution but also in their kinetic and
regulatory properties. The PFKFB3 isozyme has the highest kinase:phosphatase activity
ratio and thus maintains elevated F-2,6-P2 levels, which in turn sustains high glycolytic rates
(5, 10). Significantly, this isoform is constitutively expressed in several human cancer cell
lines having high proliferative rates that require the elevated activity of the enzyme for the
synthesis of 5-phosphoribosyl-1-pyrophosphate, a precursor for purines and pyrimidines (5,
11, 12). Thus, this could serve as an explanation for the high glycolytic rates present in
transformed cells even under normal oxygen tension (the Warburg effect).

Hypoxia is a potent inducer of gene expression. It is also an important component of many
pathophysiological processes including tumor growth and metastasis (13, 14). In hypoxic
conditions, as oxidative phosphorylation is impaired, cells turn to glycolysis to meet their
energetic demands (the Pasteur effect). During the adaptive response to hypoxia, the
expression of genes encoding several of the glycolytic enzymes and glucose transporters is
increased (15, 16). In animals, the hypoxiainducible transcription factor-1 (HIF-1) complex
mediates the activation of these genes. HIF-1 is a heterodimeric protein complex composed
of two subunits: a constitutively expressed p-subunit, and an a-subunit for which expression
and activity are controlled by intracellular oxygen concentration (reviewed in Refs. 17 and
18). During normoxia, HIF-1a is rapidly degraded by the ubiquitin proteasome system,
whereas exposure to hypoxic conditions prevents its degradation (19-21). The enzymatic
hydroxylation of proline 564 of HIF-1a controls the turnover of the protein by tagging it for
interaction with the von Hippel Lindau (VHL) protein (22—24). The VHL protein forms a
multiprotein complex that contains, at a minimum, elongins B and C, Cul2, and Rbx, and
acts as the ubiquitin ligase that targets HIF-1a for degradation. The effect of hypoxia on
Pro-564 hydroxylation can be mimicked by transition metals like cobalt, iron chelators and
by inhibitors of the prolyl hydroxylase enzymes (22, 23).

Despite its importance in regulating glycolysis and gluconeogenesis, the role of PFK-2/
F-2,6-BPase enzyme in the hypoxic response pathway in mammals has not been
characterized. We report here that hypoxia, cobalt, and iron chelators produce a significant
induction of PFKFB3 mRNA in several human and mouse cell lines. Furthermore, by
utilizing conditional knockout cell lines of the HIF-1a gene, we demonstrate that the
hypoxia inducibility of this gene is dependent on the presence of an active HIF-1 complex.
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EXPERIMENTAL PROCEDURES

Materials

Cobalt chloride and desferrioxamine were purchased from Sigma. Dimethyloxalylglycine
was a gift of Peter Ratcliffe (Oxford, UK). Fetal calf serum was obtained from HyClone
(Logan, UT). [32P]JUTP (800 Cu/mmol) was from PerkinElmer Life Sciences. T3 and T7
RNA polymerases, RNase inhibitor, and DNase | (Rnase free) where from Roche Molecular
Biochemicals.

Cell Lines and Culture Conditions

Human hepatoma Hep-3B cells and RPE (human retinal pigment epithelial) cells were
grown in minimum essential medium supplemented with pyruvate, 10-15% fetal bovine
serum, penicillin, and streptomycin. Mouse embryonic fibroblasts (wild-type and HIF-1a-
deficient cell lines) were obtained from R. S. Johnson (University of California, San Diego,
La Jolla, CA) (14) and grown in high glucose Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Western blot analysis of this conditionally
nullizygous fibroblasts for HIF-1a has shown the absence of HIF-1a mRNA and protein
(14). Mitochondrial DNA-less (143B206) p° cells and their parental osteosarcoma cell line
(143B) were described previously (25). The pVHL-deficient 786-0 renal carcinoma cells
and a stable transfectant cell line expressing wild-type pVHL were provided by Nikolai Kley
(Bristol-Myers Squibb).

For hypoxic treatment, the culture plates were placed for 6 h in a modular incubator
chamber (Billup-Rothenburg, Forma Scientific, Marietta, OH) and flushed with a gas
mixture containing 0.5% oxygen, 5% carbon dioxide, and 94% nitrogen. This low oxygen
concentration was chosen to obtain maximal HIF-1a hypoxic stimulation, as reported by
Jiang et al. (42).

RNA Isolation

Total RNA was extracted from cultured cell lines using the acid guanidinium-phenol-
chloroform extraction method described by Chomczynski and Sacchi (26). Cells were
extracted with 2 ml of guanidine isothiocyanate solution (UltraPure) (4 » guanidine
isothiocyanate, 50 mwm Tris-HCI (pH 7.5), 25 mu EDTA, and 0.1 v 2-mercaptoethanol)
directly in the plates. Sequentially, 0.2 ml of 2 w sodium acetate, pH 4.0, 2 ml of phenol
(water-saturated), and 0.4 ml of a chloroform-isoamyl alcohol mixture (49:1) were added to
cell lysate with thorough mixing after the addition of each reagent. RNA was precipitated
with an equal volume of 2-propanol. RNA pellets were washed with 75% ethanol and
dissolved in nuclease-free water.

Ribonuclease Protection Assay

The plasmid for synthesis of human 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3) probe for ribonuclease protection assay was created by synthesis of a cDNA
using total RNA from Hep-3B cells and oligo(dT) followed by cloning. PFKFB3 cDNA was
amplified using forward primer (5-GGCCGCATCGGGGGCGACTC-3') and reverse
primer (5-TTGCGTCTCAGCTCAGGGAC-3'). These oligonucleotides correspond to
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nucleotide sequences 901-920 and 2250-2231 of the human PFKFB3 cDNA, respectively
(GenBank™ accession number NM004566) (9). The PCR fragment was cloned into plasmid
pCR I1-TOPO using TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA). An EcoRI-Eco47I111
fragment from this plasmid corresponding to nucleotide sequences 901-1218 of the human
PFKFB3 cDNA was recloned into pBluescript 11 KS* (Stratagene, La Jolla, CA) using
EcoRI and EcoRV sites. Following digestion with Xbal, this plasmid was utilized to create a
419-base radiolabeled antisense probe for ribonuclease protection assay. This probe
recognizes a common region expressed in both the inducible and ubiquitous PFKFB3
isoforms. A similar procedure was utilized for the synthesis of a mouse probe using mouse
spleen total RNA as template. The forward primer (5-GGCAAGATTGGGGGCGACTC-3')
and reverse primer (5GGCTCCAGGCGTTGGACAAG-3') correspond to nucleotide
sequences 1112-1131 and 1440-1421 of the mouse PFKFB3 cDNA, respectively
(GenBank™ accession number AF294617). The final PCR fragment was cloned into
plasmid pCR I1-TOPO and following digestion with BamHI was utilized for the mouse
PFKFB3 probe generation. The human Glut-1 probe was created by synthesis of a cDNA
using total RNA from HeLa cells and oligo(dT) followed by cloning. Glut-1 cDNA was
amplified using forward primer (5’-CCATGGAGCCCAGCAGCAAG-3) and reverse
primer (5-ATGGCAGCTGGACGTGGACC-3). These oligonucleotides correspond to
nucleotide sequences 178-197 and 1390-1371 of the human Glut-1 cDNA, respectively
(GenBank™ accession number NM006516). Following cloning and insertion into
pBluescript 11 KS*, the plasmid was digested with Xbal to create a 478-base radiolabeled
antisense probe. The plasmid for synthesis of mouse Glut-1 probe for ribonuclease
protection assays was created by synthesis of a cDNA using total RNA from mouse lungs
and oligo(dT) followed by cloning. Glut-1 cDNA was amplified using forward primer (5’
CCATGGAGCCCAGCAGCAAG-3) and reverse primer (5'-
CACACCGATGATGAAGCGGC-3'). These oligonucleotides correspond to nucleotide
sequences 188-207 and 582-563 of the mouse Glut-1 cDNA, respectively (GenBank™
accession number M23384). PCR fragment of Glut-1 cDNA was cloned into plasmid pCR
I1-TOPO. This plasmid was digested with Hindlll to make a 443-base radiolabeled antisense
probe. The probe utilized for the human VEGF ribonuclease protection assay has been
already described (27). The plasmid for synthesis of mouse 18 S probe was created by
synthesis of a cDNA using mouse lung total RNA and reverse primer followed by cloning of
the cDNA, essentially as described above. The oligonucleotides utilized correspond to
nucleotide sequences 233-251 and 860-843 of mouse 18 S rRNA, respectively (GenBank™
accession number X00686). A Pstl-Xbal fragment was recloned into pBluescript 11 SK*, and
following digestion with Xbal, this plasmid was utilized to generate a 435-base radiolabeled
antisense probe that was used to analyze mouse and human total RNA.

All constructs were verified by sequencing the inserts and found to be 100% identical to the
published sequences. Synthesis of radiolabeled probes was performed following Roche
protocols using T7 or T3 RNA polymerase (Roche Molecular Biochemicals) and
[a32P]UTP. For ribonuclease protection assays, water solutions of total RNA were dried
under vacuum and dissolved in 25 pl of 80% formamide hybridization buffer containing
labeled probes. Samples were preincubated for 5 min at 85 °C and then incubated for 16 h at
45 °C as described previously (27). The extracted, protected probe fragments were run on a
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6% polyacrylamide sequencing gel in 1x Tris-borate-EDTA buffer for 2 h at 50 mA. The gel
was then dried and exposed to x-ray film (Hyperfilm MP, Amersham Biosciences, Inc.) at
—70 °C. Expression of mRNA was quantified using storage phosphor technology (Molecular
Dynamics, Sunnyvale, CA). Intensity of each mRNA band was normalized for 18 S
ribosomal RNA level.

Electrophoretic Gel Shift Assays and Western Blots

RESULTS

Gel shift assays where performed as already described (25) using nuclear extracts from
normoxic and hypoxic cells. The 18-mer radiolabeled probe used for the gel shift assay
contained the HRE consensus sequence from the erythropoietin gene. Western blots utilized
total cell extracts as described (25). Anti-HIF-2a antibody was from Novus Biologicals
(Littleton, CO), and antiVHL antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA). For supershift assays, anti-HIF-1a from Novus Biologicals was utilized.

Induction of PFKFB3 by Hypoxia, Cobalt, and Desferrioxamine

To examine the effects of hypoxia, cobalt and desferrioxamine on PFKFB3 gene expression,
mMRNA levels were measured by RNase protection assays. As shown in Fig. 1a, hypoxia,
cobalt, and desferrioxamine greatly stimulated PFKFB3 and Glut-1 mRNA expression in
Hep-3B cells. Furthermore, as shown in Fig. 1b, mRNA accumulation is visible by 2 h
following treatment with desferrioxamine and is maximal at 18 h. A similar pattern of
induction is seen for Glut-1 mRNA. The effect of hypoxia and desferrioxamine was also
tested in p° cells that lack mitochondrial DNA and have no functional respiratory electron
transport (25). These cells depend exclusively on glycolysis for their energetic needs, and
there have been conflicting reports on their response to hypoxia as both normal and
abnormal (25, 28, 29). As shown in Fig. 1c, p° cells, as well as their parental control cells,
have a normal induction of the PFKFB3 gene in response to hypoxia and desferrioxamine.
Unexpectedly, no induction of PFKFB3 was observed in HeLa cells (not shown).

Effect of HIF-1 Complex on PFKFB3 Expression

To test the role of HIF-1 in the hypoxic response of the PFKFB3 gene, we utilized a mouse
fibroblast cell line with a conditional deletion of the HIF-1a gene (14). Wild-type cells and
HIF-1a negative cells were exposed to hypoxia for 6 h, and PFKFB3 was analyzed using the
RNase protection assay. As shown in Fig. 2a, although HIF-1a positive cells have a
substantial induction of PFKFB3 mRNA in hypoxia, no changes were seen in the HIF-1a
negative cells. Similar effects were observed for the Glut-1 and VEGF genes, for which the
response to hypoxia is known to be dependent on HIF-1. The gel shift in Fig. 2b shows the
hypoxic induction of the HIF-1 complex in the control HIF-1a (+), whereas no such
complex is seen in the negative cells. The presence of HIF-1a in the hypoxic HIF-1a (+)
cells was confirmed by supershift assay (Fig. 2b).

Effect of Prolyl Hydroxylase Inhibition on PFKBF3 mRNA Expression

Oxygen sensing is mediated by an oxygen-dependent hydroxylation of Pro-564 in the ODD
(oxygen-dependent degradation) domain of HIF-1a protein. This reaction is mediated by
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specific iron-dependent prolyl hydroxylases, which utilize oxoglutarate as a co-substrate
(30, 31). Inhibition of these enzymes can induce HIF-1a under normoxic conditions (23).
We utilized dimethyloxalylglycine, a cell-permeable competitive inhibitor of oxoglutarate,
to examine the effects of enzyme inhibition on PFKBF3 mRNA expression. As shown in
Fig. 3a, dimethyloxalylglycine treatment for 6 h results in the accumulation of PFKFB3 and
Glut-1 mRNA to a degree equivalent to that produced by hypoxic stimulation in two
different cell lines. As expected, dimethyloxalylglycine stimulates HIF-1a expression as
shown by Western blot analysis in Fig. 3b.

Role of VHL in PFKFB3 Expression

HIF-1a hydroxylation at Pro-564, and possibly at others residues (32), facilitates its
interaction with pVVHL, which ultimately targets it for ubiquitination and degradation by the
proteasomal system. Cells deficient in p\VHL have been shown to over-express HIF-a
proteins and up-regulate HIF-1-dependent genes such as VEGF and Glut-1 (33). To test the
role of pVHL on PFKFB3 mRNA expression, we utilized the pVHL-deficient 786-0 renal
carcinoma cell line. These cells contain a missense VHL mutation and fail to produce a
functional VHL protein. As shown in Fig. 4a, VHL-deficient (=) cells overexpress PFKFB3,
Glut-1, and VEGF messengers. The expression of these genes is attenuated in 786-0 cells
with stable transfection of a plasmid expressing the wild form of pVHL (+). Fig. 4b shows
the increased levels of pHIF-2a in the VHL (=) cells corresponding to the absence of pVHL.

DISCUSSION

The hypoxic response of an organism is manifested both at the systemic and at the cellular
level. When oxygen becomes limited, cells switch from oxidative phosphorylation to
anaerobic glycolysis. Fructuose-2,6-biphosphate is the most potent activator of glycolysis
and exerts control over the rate of glucose utilization (1-4). It allosterically activates PFK-1
and inhibits the gluconeogenic enzyme fructuose-1,6-bisphosphatase. PFK-2/F-2,6-BPase
controls the levels of Fru-(2,6)-P2 by catalyzing its synthesis and degradation. Among the
PFK-2/F-2,6-BPase isoforms of mammalian origin, PFKFB3 has the highest kinase:
phosphatase activity. It is also the isoform most highly expressed in transformed cells,
suggesting that it may contribute to the high glycolytic rate observed in tumors (5, 10).

Although several studies have demonstrated that the genes coding for some of the enzymes
of the glycolytic pathway are activated during hypoxia, the response of the PFK-2/F-2,6-
BPase gene has not been characterized. Our studies with the PFKFB3 isoform demonstrate
that exposure to hypoxia produced a significant increase in its mMRNA in several cell lines.
However, HelLa cells, which have a high basal level of expression, did not show responses
to hypoxia. The response to hypoxia was mimicked by exposure to the iron chelator
desferrioxamine and the transition metal cobalt. Furthermore, the induction of the PFKFB3
gene was not affected by the absence of oxidative phosphorylation, as shown by the normal
response in p° cells. These cells, which lack mitochondrial DNA and depend exclusively on
glycolysis, have yielded conflicting results with respect to their responses to hypoxia (25,
28, 29). The results presented here confirm that gene activation in response to hypoxia is
independent of the presence of an active mitochondrial respiratory chain. The role of HIF-1
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was investigated using cells deficient in the HIF-1a subunit. It has been shown that the
HIF-1a (=/-) cells have decreased growth rate under hypoxic conditions as well as impaired
glycolytic response to hypoxia (Pasteur effect), manifested by lower ATP levels, decreased
lactic acid production, and decreased acidosis (34). The response to hypoxia of the PFKFB3
and the Glut-1 genes was completely suppressed in (/=) cells, indicating an absolute
requirement of a functional HIF-1 complex.

Under normoxic conditions, pHIF-1a is ubiquitinated and rapidly degraded by the
proteasome system (19-21). The mechanism by which oxygen regulates the half-life of
pHIF-1a involves the hydroxylation of Pro564 (and possibly other residues) by specific
prolyl hydroxylase enzymes (22, 23). Following hydroxylation, HIF-1a interacts with
pVHL, which acts as a ubiquitin ligase, thus targeting it for degradation. We examined the
role of VHL and prolyl hydroxylation in the up-regulation of PFKFB3 using pVHL-
deficient cells and competitive inhibitors of the prolyl hydroxylase enzymes. VHL-deficient
cells overexpress several of the HIF-1-dependent genes as a result of their inability to
degrade HIF-a proteins (33). The VHL-deficient 786-0 cells show elevated basal levels of
PFKFB3, VEGF, and Glut-1 mRNAs that could be partially, but significantly, suppressed by
the expression of a functional VHL protein. HIF-prolyl hydroxylases are a group of recently
described enzymes that post-translationally modify HIF-1a in an oxygen concentration-
dependent manner (30, 31). The structural analysis and catalytic mechanisms of members of
oxygenases of this type have demonstrated the requirement for iron and oxoglutarate for
their activity. Jaakkola and co-workers (23) showed that the enzymatic activity of the HIF-
prolyl hydroxylases could be inhibited by 2-oxoglutarate analogs. The present studies
demonstrate that N-oxalylglycine results in a significant up-regulation of PFKFB3 and
Glut-1 mRNA expression.

The results discussed above suggest that the HIF complex mediates the activation of the
PFKFB3 gene. The structure of the PFKFB3 gene has been well characterized. The gene
spans more than 26 kb containing at least 16 exons (36). This accounts for the reported
ubiquituous and inducible forms generated by alternative splicing of exon 15. Our probe,
which included sequences from nucleotides 901-1218, could not differentiate between these
two isoforms. Computer data base analysis of the promoter region of the PFKFB3 gene
revealed a TATA box and potential binding sites for several transcription factors. Several G
+ C-rich regions present in the proximal 5’-end are consistent with putative motifs for the
binding of Sp1 and AP-2 factors (35, 36). Potential HRE sequences (5’-RCGTG-3’) are
found at several positions in the 5’ flanking region of the gene. One of them, at position
-103 to —108 from the transcription start site, conforms to the consensus HRE found in most
of the glycolytic enzymes and Glut-1 (18). However, the exact HIF-1 binding site involved
in the hypoxic regulation of the PFKFB3 gene has not been yet determined. In addition, a
possible effect of hypoxia on the stability of PFKFB3 mRNA has not been studied.

Phosphofructuokinase is the key enzyme that regulates glycolysis in mammalian cells. It is
allosterically activated by ADP and AMP and inhibited by ATP. It is believed that F-(2,6)-
P2 is the most potent activator of the enzyme. Furthermore, the levels of F-(2,6)-P2 are
controlled by a balance of the kinase and phosphatase activities of PFK-2/F-2,6-BPase,
which vary in different cell types and are modulated under various metabolic conditions (3).
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Our demonstration that hypoxia increases the expression of the PFKFB3 isoform is
compatible with an adaptive response that enhances glycolysis during periods of oxygen
deficiency. Tumor growth and expansion depends on their ability to generate new blood
vessels (angiogenesis) and their capacity to adapt their metabolism to the hypoxic conditions
created by their own growth. The activation of the HIF-1 complex is a critical response in
tumor cells. It results in the enhanced transcription of a variety of genes that increase oxygen
and nutrient supply (17, 18). These adaptations, as shown here, are likely to include
PFKFB3, with activation of the glycolytic pathway. It should be noted that hypoxia is not
the only condition that stabilizes and activates HIF-1a. Certain hormones and growth
factors, including insulin, angiotensin I, and platelet-derived growth factor, and cytokines
such as interleukin-1 and tumor necrosis factor can also lead to HIF-1a stabilization (37,
38). In tumors, HIF-1a is often expressed constitutively, even under normoxic conditions as
is the case in VHL mutations, or as a consequence of other oncogenic activities (39-41). It is
tempting to speculate that in those cases PFKFB3 may be over-expressed, thus providing an
explanation for the Warburg effect, which is so often found in tumor cells (43).
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Fig. 1. Response of the PFKFB3 gene to hypoxia, cobalt, and desferrioxamine
a, Hep-3B cells were maintained in normoxia (N), exposed to hypoxia (H), 0.5% O, or

incubated with 100 uw cobalt chloride (Co) or 130 pw desferrioxamine (D) for 6 h. Total
RNA was extracted and analyzed for PFKFB3 and Glut-1 mRNA expression using RNase
protection assays. b, Hep-3B cells where treated with desferroxamine, and total RNA was
isolated at various times (Hrs) following the treatment and analyzed for Glut-1 (left) or
PFKGFB3 (right) mRNA. c, responsiveness of the PFKFB3 gene to hypoxia (H) and
desferrioxamine in wild-type (W.T.) and p° cells (25). In all figures, 18s represents 18 S
ribosomal RNA.
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Fig. 2. Hypoxic response of the PFKFB3 genein HIF-1a negative cells
a, HIF-1a negative mouse fibroblasts (=) and their HIF-1a positive (+) controls (14, 34)

where exposed to hypoxia for 6 h, and the total RNA was analyzed for PFKFB3 and Glut-1
MRNA by RNase protection assays. b, electrophoretic gel shift assay of nuclear extracts
from HIF-1a (+) and HIF-1a (-) cells exposed to normoxia (N) or hypoxia (H) using a
probe (P) that contains the erythropoietin HRE. C represents constitutive bands. The
rightmost panel shows a supershift assay in hypoxic HIF-1a (+) cells utilizing anti-HIF-1a
antibodies.
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Fig. 3. Effect of dimethyloxalylglycine on PFKFB3 mRNA expression
a, confluent monolayers of hepatoma (Hep3B) or retinal pigment epithelial (RPE) cells

where maintained in normoxia (N) or exposed to 1 mw dimethyloxalylglycine (I) or hypoxia
(H) for 6 h. Total RNA was analyzed for PFKFB3 and Glut-1 expression by RNase
protection assay. b, Western blot of Hep-3B cells treated as above and analyzed for HIF-1a
expression utilizing anti-HIF-1a monoclonal antibody.
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Fig. 4. Expression of the PFKFB3 gene in pVHL -deficient cells
a, total RNA from normoxic VHL deficient (=) renal carcinoma 786-0 cells and their VHL

positive (+) controls where analyzed for PFKFB3, Glut-1, and VEGF mRNA expression by
RNase protection assays. b, whole cell extracts from VHL (+) and VHL (=) were analyzed
by Western blots using anti-HIF-2a and anti-VHL antibodies.

J Biol Chem. Author manuscript; available in PMC 2015 July 29.



