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Mammalian cells are believed to have a cell-intrinsic ability to increase glucose metabolism in response to
hypoxia. Here we show that the ability of hematopoietic cells to up-regulate anaerobic glycolysis in response
to hypoxia is dependent on receptor-mediated signal transduction. In the absence of growth factor signaling,
hematopoietic cells fail to express hypoxia-inducible transcription factor (Hif-1�) mRNA. Growth
factor-deprived hematopoietic cells do not engage in glucose-dependent anabolic synthesis and neither express
Hif-1� mRNA nor require HIF-1� protein to regulate cell survival in response to hypoxia. However, HIF-1�
is adaptive for the survival of growth factor-stimulated cells, as suppression of HIF-1� results in death when
growing cells are exposed to hypoxia. Growth factor-dependent HIF-1� expression reprograms the intracellular
fate of glucose, resulting in decreased glucose-dependent anabolic synthesis and increased lactate production,
an effect that is enhanced when HIF-1� protein is stabilized by hypoxia. Together, these data suggest that
HIF-1� contributes to the regulation of growth factor-stimulated glucose metabolism even in the absence of
hypoxia.
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Unlike unicellular eukaryotes, mammalian cells have
been shown to lack the cell-autonomous ability to cap-
ture and utilize extracellular nutrients. Instead, mam-
malian cells depend on growth factor signal transduction
to direct the uptake of nutrients and their subsequent
intracellular metabolism. Previous work has demon-
strated that growth factor signal transduction is required
to maintain the surface expression of nutrient transport-
ers and the expression/function of proximal glycolytic
enzymes (Rathmell et al. 2000; Bentley et al. 2003).
Growth factor regulation of nutrient utilization has been
proposed to have evolved to prevent cell-autonomous
utilization of the shared metabolic resources of an organ-
ism. Extrinsic control of cellular nutrient uptake would
limit the success of viral parasitism and act as a barrier
to cellular transformation.

One potential exception to the dependence of mam-
malian cells on receptor signaling to regulate nutrient

uptake is the ability of cells to alter their cellular me-
tabolism in response to oxygen availability. When mam-
malian cells are exposed to hypoxia in tissue culture, the
cells have been found to increase their rate of glycolysis.
This up-regulation of glycolysis has been proposed to be
a cell-intrinsic property and results from the post-
translational stabilization of the hypoxia-inducible tran-
scription factor HIF-1 (Semenza et al. 1996; Seagroves et
al. 2001; Semenza 2003; Pouyssegur et al. 2006). Under
normoxic conditions, HIF-1 is believed to be constitu-
tively transcribed and translated. In cells growing in
growth factor-containing medium, HIF-1 expression is
controlled post-translationally by a class of prolyl hy-
droxylase enzymes that modify critical proline residues
on the HIF-1� subunit of HIF-1 (Jaakkola et al. 2001; Yu
et al. 2001). This hydroxlyation results in the recognition
and ubiquitination of HIF-1� by the von Hippel-Lindau
tumor suppressor (pVHL) targeting it for proteasomal
degradation (Maxwell et al. 1999). Hypoxia inhibits the
action of prolyl hydroxylases and prevents degradation of
HIF-1�, thereby activating genes involved in glycolysis,
angiogenesis, and cell survival (Semenza 2003; Pouyssegur
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et al. 2006). Hypoxia-independent mechanisms to regu-
late HIF-1� have also been proposed. In certain tumors,
high levels of HIF-1� are observed in well-oxygenated
environments and deficiencies in the mitochondrial en-
zymes, succinate dehydrogenase and fumarase, have
been associated with stabilization of HIF-1� under nor-
moxic conditions (Isaacs et al. 2005; Selak et al. 2005).

Growth factor signal transduction has also been sug-
gested to enhance HIF-1� expression (Jiang et al. 1997;
Richard et al. 2000; Semenza 2003). In certain cell types,
activation of the phosphatidylinositol-3-kinase (PI3K)
and mitogen-activated protein kinase (MAPK) pathways
is associated with an increase in HIF-1� protein trans-
lation (Richard et al. 1999; Zhong et al. 2000; Jiang et al.
2001; Laughner et al. 2001; Fukuda et al. 2002; Bardos et
al. 2004; Kasuno et al. 2004). Genetic mutations that
result in hyperactivation of oncogenic signal transduc-
tion pathways such as Ras, Src, and HER2/Neu also en-
hance HIF-1� expression (Jiang et al. 1997; Laughner et
al. 2001; Karni et al. 2002; Semenza 2003; Wang et al.
2004; Blum et al. 2005; Li et al. 2005). Other environ-
mental stresses including reactive oxygen species (ROS),
nitric oxide, and heat shock have also been reported to
promote HIF-1� expression under normoxic conditions
(Isaacs et al. 2002; Kasuno et al. 2004; Brunelle et al.
2005; Guzy et al. 2005; Lu et al. 2005; Mansfield et al.
2005; M. Wang et al. 2005).

Recently, it has been suggested that growth factor
stimulation is the primary regulator of glucose uptake in
mammalian cells. Growth factor-dependent signal trans-
duction can direct glucose uptake that is in excess of
cellular needs (Bauer et al. 2004). When glucose uptake
exceeds cellular demand epithelial and hematopoietic
cells secrete the excess carbon as lactate. This growth
factor-stimulated form of metabolism has been termed
aerobic glycolysis. A major advantage of this form of me-
tabolism is that a high intracellular glucose concentra-
tion allows the cell to engage in a truncated tricarboxylic
acid cycle (TCA) that supports glucose-to-lipid synthesis
(Ruderman et al. 1999; Hatzivassiliou et al. 2005) and to
suppress mitochondrial amino acid catabolism so that
available amino acids are redirected into protein synthe-
sis. Another potential advantage of the high rate of aero-
bic glycolysis is that cells are less dependent on oxida-
tive metabolism to supply their bioenergetic needs
(Brand 1985). While oxidative metabolism is more effi-
cient, glycolytic ATP production can respond to chang-
ing bioenergetic demand more rapidly (Bui and Thomp-
son 2006). However, how cells regulate the utilization of
pyruvate between mitochondrial-dependent lipid syn-
thesis and cytosolic lactate production has not been de-
termined. Here we provide evidence that HIF-1� is a
critical and growth factor-dependent component of that
regulation.

Neither the expression of HIF-1� nor the ability to
up-regulate glycolysis in response to hypoxia is a cell-
intrinsic property. Instead, a hematopoietic cell’s ability
to express HIF-1� is dependent on receptor-mediated sig-
nal transduction. In turn, HIF-1� is required for the sur-
vival and adaptation of growth factor-stimulated cells to

hypoxia. When HIF-1� was suppressed by short hairpin
RNA (shRNA), growth factor-stimulated cells engaged in
an increased conversion of pyruvate into lipids and a
decrease in the level of lactate secretion despite being
cultured in normoxia. This increase in de novo lipid syn-
thesis correlated with a higher rate of growth and prolif-
eration. Together, this provides a demonstration that
HIF-1� is a key component of growth factor-induced
aerobic glycolysis.

Results

Hypoxia-induced changes in glucose metabolism are
growth factor-dependent

Recent studies have suggested that the primary determi-
nant of the glycolytic rate of mammalian cells is growth
factor-dependent signal transduction (Vander Heiden et
al. 2001; Bauer et al. 2004). To investigate whether
growth factor signaling is also required for hypoxia-
induced increases in glycolysis, IL-3-dependent cells
were cultured in the presence or absence of IL-3 and then
exposed to 1.5% oxygen. Hypoxia induced a threefold
increase in anaerobic glycolysis when cells were cul-
tured in the presence of IL-3. In contrast, IL-3-deprived
cells failed to up-regulate glycolysis when exposed to
hypoxia for 24 h (Fig. 1A). This was not due to an inabil-
ity to up-regulate glycolysis, as these same cells re-
sponded to growth factor readdition with a sevenfold to
10-fold increase in glycolysis (data not shown).

In growth factor-stimulated cells, a major intracellular
fate of glycolytic pyruvate is mitochondrial-dependent
conversion to acetyl-CoA to fuel the fatty acid and iso-
prenoid synthesis required for cell growth (Ruderman et
al. 1999; Hatzivassiliou et al. 2005). Consistent with
these prior observations, normoxic cells cultured in the
presence of IL-3 converted glucose into lipids, and this

Figure 1. Induction of glycolysis by hypoxia is dependent on
growth factor signals. (A) Cells were cultured in the presence or
absence (3 wk) of IL-3. Following 24 h incubation at 21% O2 or
1.5% O2, cellular glucose utilization was measured by the con-
version of 5-3H-glucose to 3H2O. Data represent mean of three
independent experiments ± SD. (B) Glucose-dependent lipid
synthesis was measured by labeling cells with D-[U-14C6] glu-
cose for 24 h. Lipid extracts were obtained from 2 × 106 cells as
described in the Materials and Methods. Data are a representa-
tive experiment performed in triplicate ± SD.
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glucose-to-lipid synthesis ceased when the cells were de-
prived of IL-3 (Fig. 1B). Despite the fact that the glyco-
lytic rate of IL-3-stimulated cells increased in response
to hypoxia, IL-3-stimulated cells experienced a 60% de-
cline in glucose-derived lipid synthesis, suggesting that
the cells had undertaken a reprogramming of glucose
metabolism.

Growth factor signaling is required for hypoxia
induction of HIF-1�

Transcriptional profiling has implicated HIF-1� in regu-
lating the expression of an array of glucose metabolizing
enzymes that are distinct from nonglycolytic targets me-
diated by HIF-2� (Hu et al. 2003; V. Wang et al. 2005).
This suggested that HIF-1� might be involved in the
growth factor-mediated reprogramming of anaerobic gly-
colysis and glucose-to-lipid synthesis that we observed
during hypoxia. To examine the growth factor depen-
dence of HIF-1� expression and transcription, cells were
cultured in the presence or absence of IL-3 and subjected
to hypoxia for 4 h. Stabilization of HIF-1� and expression
of its target pyruvate dehydrogenase kinase 1 (PDK-1)
was detectable by Western blot analysis of lysates from
cells cultured in medium containing IL-3 (Fig. 2A). How-
ever, within 4 d of IL-3 withdrawal neither HIF-1� nor
PDK-1 induction could be detected in cells that were
exposed to hypoxia (Fig. 2A). This effect did not reflect a
decrease in oxygen needs of growth factor-deprived cells,
as treatment with CoCl2 also failed to stabilize HIF-1�
after IL-3 deprivation (Fig. 2B). Consistent with the fail-

ure to stabilize HIF-1�, the induction of PDK-1 expres-
sion in response to CoCl2 treatment diminished in the
absence of IL-3. Even persistent exposure to hypoxia (72
h) failed to stabilize HIF-1� (data not shown). Cell death
could not account for the lack of HIF-1� expression, as
no significant loss in viability was observed in cells cul-
tured for 72 h at 1.5% oxygen. The STAT3 transcrip-
tion factor downstream from the IL-3 receptor pathway
was used as a loading control and Western blotting indi-
cated that loss of HIF-1� was not the result of a general
suppression of genes involved in cell growth and sur-
vival.

Next, changes in Hif-1� mRNA expression were ex-
amined using real-time quantitative PCR (qPCR). In
the presence of IL-3, cells cultured under hypoxia
exhibited a 2.5-fold increase in Hif-1� mRNA levels.
When cells were cultured in the absence of IL-3, Hif-1�
mRNA decreased over time and growth factor-
deprived cultures failed to increase Hif-1� mRNA levels
when exposed to 1.5% oxygen (Fig. 2C). This growth
factor-dependent regulation of Hif-1� mRNA was
mirrored by similar changes in the mRNA levels of
the HIF-1� target, Glut1. In response to hypoxia,
IL-3 stimulation resulted in a 2.5-fold increase in Glut1
levels. However, cells cultured in the absence of IL-3
displayed a progressive decline in Glut1 mRNA
that failed to increase upon exposure to hypoxia (Fig.
2D).

As a test of HIF-1� function, the ability of hypoxia to
increase HIF-1�-dependent transcription was measured
using a reporter construct containing a promoter with a

Figure 2. Growth factors regulate the expression and
activity of HIF-1�. (A) Cells cultured in the presence
(+IL3) or absence of IL-3 at the indicated time points
were incubated in normoxic (N) or hypoxic (H) condi-
tions for 4 h and HIF-1� protein levels were analyzed by
Western blot. Cells cultured in the presence of IL-3 and
treated with 100 µM CoCl2 were used as a control. (B)
At similar time points following withdrawal from IL-3,
cells were treated with PBS or 100 µM CoCl2 for 4 h and
analyzed by Western blot for HIF-1� and PDK-1 protein
levels. Lysates from cells cultured in the presence of
IL-3 exposed to hypoxia were used as a control. STAT3
was used as a loading control. Cells were cultured in the
presence or absence of IL-3, and at the indicated time
points, total RNA was isolated and analyzed for Hif-1�

(C) or Glut1 (D) mRNA levels by real-time qPCR. Data
are a representative experiment for triplicate sam-
ples ± SD. (E) HIF-1� promoter activity in response to
hypoxia is lost during growth factor withdrawal. HIF-
1�-responsive promoter containing three tandem HRE
from the murine pgk1 was transfected into cells cul-
tured in the presence or absence (3 wk) of IL-3. Ten
hours after transfection, cells were incubated in nor-
moxic (21% O2) or hypoxic (1.5% O2) conditions for an
additional 24 h. Promoter activity is expressed as a ratio
of luciferase to Renilla activity (relative luminescence
units). Data are a representative experiment ± SD. for
triplicate samples.
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HIF-1�-responsive element. Cells grown in the presence
of IL-3 displayed a sixfold increase in HIF-dependent
transcriptional activity when cultured under hypoxic
conditions (Fig. 2E). However, growth factor-deprived
cells exposed to hypoxia failed to induce HIF-dependent
transcription.

Glycolytic recovery after growth factor restimulation
occurs prior to detectable HIF-1� expression

HIF-1�-dependent transcription induces the expression
of a number of glycolytic genes, leading some investiga-
tors to hypothesize that HIF-1� is a required cofactor in
the expression of glycolytic targets (Seagroves et al. 2001;
Semenza 2003; Pouyssegur et al. 2006). Therefore,
growth factor-dependent regulation of HIF-1� expression
might be sufficient to explain how IL-3 signal transduc-
tion regulates glycolysis. When IL-3-deprived cells are
restimulated with exogenous IL-3, the cells rapidly re-
covered the ability to take up and utilize glucose (Lum et
al. 2005). Within 24 h of IL-3 readdition, the glycolytic
rate recovered to a level that is indistinguishable from
that of cells grown in the continuous presence of IL-3
(Fig. 3A). As an initial test of whether HIF-1� contributes
to this response, we measured the time course of hypox-
ia-inducible recovery of HIF-1� upon IL-3 readdition.
Hypoxia-inducible expression of HIF-1� protein and its
target PDK-1 did not fully recover until 3 d after IL-3
readdition despite glycolytic recovery in 24 h (Fig. 3B).
The recovery of growth factor-induced glucose uptake
and metabolism does not correlate temporally with the
recovery of observable HIF-1� protein expression, sug-
gesting that growth factor stimulation of glycolysis may
not be absolutely dependent on HIF-1�.

Effects of HIF-1� suppression on cell survival and
proliferation

To more completely assess the role of HIF-1� in growth
factor stimulation of glycolysis, we generated a panel of
independently derived cell clones stably expressing an
shRNA against HIF-1�. Two of these clones along with a
clone stably expressing the shRNA vector were chosen
for further study. In contrast to cells expressing a vector
control, HIF-1� knocked-down clones had reduced
Hif-1� mRNA abundance (Fig. 4A). The effect of shRNA
targeting HIF-1� was further demonstrated by assessing
the hypoxia-inducible protein levels of HIF-1� and its
target PDK-1. As seen in Figure 4B, the shRNA clones C3
and C18 have reduced and undetectable levels of both
HIF-1� and PDK-1 protein, respectively, in comparison
with the control clone. Next, the clones were tested to
determine if cell survival under hypoxic conditions was
affected by suppression of HIF-1�. After 5 d of exposure
to 1.5% oxygen in the presence of IL-3, >70% of control
cells remained viable. In contrast, cells lacking HIF-1�
displayed a time-dependent decrease in viability (Fig.
4C). However, both vector and HIF-1� shRNA cells de-
prived of IL-3 and then exposed to 1.5% oxygen main-
tained a high level of viability (Fig. 4D). Together, these

results demonstrate that IL-3 stimulation renders cells
susceptible to hypoxia-inducible cell death in the ab-
sence of HIF-1� and that HIF-1� is dispensable for sur-
vival during hypoxia in cells withdrawn from IL-3.

While expression of HIF-1� is required for growth fac-
tor-stimulated cells to adapt to hypoxic conditions, a
contrasting result was observed when the HIF-1� shRNA
and control clones were passaged under conditions of
normoxia. Normoxic growth curves revealed that
shRNA suppression of HIF-1� resulted in a significant
increase in cell accumulation compared with vector con-
trol cells (Fig. 4E). The normoxic increase in cell accu-
mulation observed in the growth factor-dependent HIF-
1� knockdown cells was supported by an elevated rate of
oxygen consumption. Consistent with the reduced levels
of PDK-1 observed in the HIF-1� knockdown cells, these
cells also displayed an enhanced mitochondrial mem-
brane potential in comparison with the control cells (Fig.
4F,G). This proliferation advantage was not unique to
IL-3-dependent hematopoietic cells. A similar prolifera-
tion advantage was also observed when HIF-1� levels
were suppressed by shRNA in two independent clones of
a renal carcinoma cell line as demonstrated by an in-
crease in the number of population doublings over a 12-d

Figure 3. Control of glycolytic recovery following growth fac-
tor restimulation does not involve HIF-1� expression. (A) Gly-
colytic rate of cells cultured in the absence of growth factor for
4 wk was measured at the indicated time points following re-
addition of IL-3. Graph is a representative experiment plotted as
the mean ± SD of one triplicate experiment. (B) At various time
points following IL-3 readdition, cells were subjected to nor-
moxic or hypoxic conditions for an additional 4 h. Cell lysates
were collected and Western blot analysis was used to measure
HIF-1� and PDK-1 protein levels. STAT3 was used as a loading
control.
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time period when compared with control cells (Supple-
mentary Fig. S1).

HIF-1� deletion versus constitutive HIF-1� activation
has reciprocal effects on cell proliferation

To eliminate possible off-target effects of shRNA as a
cause of the enhanced cell proliferation we observed
when HIF-1� was suppressed, we next determined
whether genetic deletion of Hif-1� would have a similar
effect on the proliferative response of primary T cells. To
do this, Hif-1�fl/fl mice were bred to an inducible Ubc-
Cre transgenic mouse to generate Hif-1�fl/flCre+ (Cre) or
Hif-1�fl/flCre− (wild-type) control mice (Ryan et al. 1998;
Y. Ruzankina, C. Pinzon-Guzman, A. Asare, T. Ong, L.
Pontano, V.P. Zediak, M. Velez, A. Bhandoola, and E.J.
Brown, in prep.). The nursing mothers were adminis-
tered tamoxifen 3 d after birth to activate Cre recombi-
nase in the pups. Primary T cells isolated from the Cre or
wild-type control mice were assessed for their ability to

proliferate in response to anti-CD3/anti-CD28 stimula-
tion. As seen in Figure 5A, deletion of Hif-1� in T cells
resulted in a dramatic increase in cell accumulation
when compared with wild-type controls.

To determine if constitutive activation of HIF-1� was
sufficient to alter cell proliferation under normoxic con-
ditions, two independent NIH3T3 cell lines, C151 and
C101, were transfected with a constitutively active form
of HIF-1� under the control of a tetracycline-inducible
promoter. In the absence of doxycycline treatment, both
C151 and C101 had a similar accumulation in cell num-
ber. Doxycycline induction of HIF-1� expression in both
cell lines resulted in a reduction of cell proliferation
compared with the uninduced control cells (Fig. 5B).

HIF-1� impairs cell growth in IL-3-stimulated cells

To investigate the above issues in greater detail, a more
complete analysis of the effect of RNA interference
(RNAi) suppression of HIF-1� on growth factor-depen-

Figure 4. Cells expressing stable shRNA targeting HIF-1� have impaired survival but enhanced proliferative capacity. (A) Real-time
qPCR analysis of Hif-1� mRNA levels. RNA from cells was isolated and cDNA synthesis was performed as described in the Materials
and Methods section. Data are a representative experiment. (B) Western blotting of HIF-1� and PDK-1 in clones stably expressing
shRNA to HIF-1� after culturing for 4 h in normoxic (N) or hypoxic (H) conditions. Lysates from vector cells cultured in the presence
of IL-3 and exposed to 100 µM CoCl2 were used as a positive control. (C) Viability of HIF-1� knockdown cells grown in the presence
of IL-3 cultured under hypoxic condition. At each time point, cells were collected and viable cells were assessed by staining with
propidium iodide. Data represent mean of three independent experiments ± SD. (D) Viability of HIF-1� knockdown cells grown in the
absence of IL-3 cultured under hypoxic condition. At each time point, cells were collected and viable cells assessed by staining with
propidium iodide. Data represent mean of three independent experiments ± SD. (E) Growth curves of IL-3-stimulated cells expressing
stable HIF-1� knockdown cultured under normoxic conditions. Data are a representative experiment performed in triplicate ± SD. (F)
The rate of oxygen consumption under normoxia was measured in HIF-1� knockdown cells cultured in the presence of IL-3. Data are
a representative experiment performed in triplicate ± SD. (G) Mitochondrial membrane potential was measured in cells cultured in the
presence of IL-3 using the potentiometric dye TMRE. The value in the top right corner is a representative value of the mean channel
fluorescence (MCF). Unstained cells and stained cells are represented by light and bold histograms, respectively.
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dent cell survival and proliferation was undertaken. The
rate of cell atrophy following growth factor withdrawal
was identical in the HIF-1� shRNA and vector control
clones (Fig. 6A). There was also no observable difference
in growth factor-independent survival between any of
the clones or the parental cells (Fig. 6B; Lum et al. 2005).
However, when IL-3 was reintroduced into the culture,
the rate of cell growth observed in HIF-1� shRNA clones
was significantly greater than that of the vector controls
as demonstrated by the shorter time required for cells
expressing HIF-1� shRNA to increase their cell size (Fig.
6C). The shRNA cells also re-entered growth factor-
induced cell division earlier than vector control cells
(Fig. 6D). On day 7, the HIF-1� shRNA cells had ex-
panded 10-fold whereas control cells were only begin-
ning their first cell division after IL-3 readdition. In the
control clones as in the parental cells, both hypoxia- in-
duced HIF-1� and PDK-1 protein accumulation were
first detectable on day 3 after IL-3 addition (Figs. 3, 6E).
In contrast, hypoxia-inducible HIF-1� protein expression
was not detectable at any time point tested in HIF-1�
knockdown clones.

Induction of anaerobic glycolysis by HIF-1� is
anti-proliferative

The suppression of HIF-1� enhanced growth factor-de-
pendent proliferation and growth. One potential expla-
nation for the observed effects was that HIF-1� is not a
required component of growth factor stimulation of glu-
cose uptake and utilization. Instead, HIF-1� transcrip-
tional targets regulate the intracellular fate of glucose

(Fig. 7A). By increasing expression of PDK-1 (Kim et al.
2006; Papandreou et al. 2006) and lactate dehydrogenase
A (LDH-A) (Semenza et al. 1996), HIF-1� transcription
reprograms the utilization of available glucose into an-
aerobic metabolism to maintain a high rate of glycolytic
ATP production. The induction of LDH-A would pro-
mote the efficient recycling of the glycolytic cofactor
NAD+. This results in robust and dynamic cytosolic
ATP production and can promote cell survival in re-
sponse to hypoxia or other bioenergetic stresses (Fig. 7A).
However, the efficient conversion of pyruvate to lactate
and the concomitant induction of PDK-1 by HIF-1� de-
prives growing cells of the ability to engage in glucose-
dependent synthesis of fatty acids, and this suppresses
growth. Conversely, when oxygen is abundant, growth
factor induction of HIF-1� is post-translationally re-
pressed to a significant extent, allowing pyruvate and
NADH to be redirected into mitochondrial-dependent
lipid synthesis and ATP production respectively, pro-
moting cell growth.

To test this hypothesis, we measured the fate of glu-
cose-derived carbons in growth factor-stimulated control
cells as well as cells with suppressed levels of HIF-1�. In
normoxia, IL-3-stimulated HIF-1� shRNA clones had a
reduced rate of glycolysis compared with vector controls
(Fig. 7B). However, despite the reduced glycolytic rate,
the two HIF-1� clones demonstrated a two- to threefold
higher rate of lipid synthesis than control cells (Fig. 7C).
When HIF-1� is suppressed, the cells metabolized less
intracellular glucose through the glycolytic pathway and
yet a greater proportion of it was diverted into lipid syn-
thesis. The ability to both reduce the rate of glycolysis
while increasing lipid synthesis is consistent with the
fact that the shRNA clones demonstrate a >10-fold re-
duction in their secretion of lactate in comparison with
the control clone.

In the presence of growth factors, HIF-1� knockdown
clones were impaired in their ability to up-regulate gly-
colysis in response to hypoxia (Fig. 7B). In contrast, the
control cells exhibited a threefold increase in glycolysis
when exposed to hypoxia. Both the parental (Fig. 1) and
control cells experienced a >50% decline in glucose-de-
pendent lipid synthesis when exposed to hypoxia (Fig.
7C). In contrast, neither of the HIF-1� shRNA clones
experienced a >20% decline in lipid synthesis under con-
ditions of hypoxia. Consistent with a conversion to an-
aerobic glycolysis, the vector control cells increased
their lactate secretion by >1.5-fold. There was little to no
increase in hypoxia-induced lactate secretion in the C18
clone (Fig. 7D). The C3 clone expressed low but detect-
able levels of HIF-1�, secreted an intermediate level of
lactate in response to hypoxia.

HIF-1� levels regulate intracellular glucose flux

The change in glucose metabolism was also examined in
primary T cells in which Hif-1� was deleted by Cre-
mediated recombination and in renal carcinoma cells ex-
pressing HIF-1� shRNA. Similar to the results obtained
using the IL-3-dependent cells with HIF-1� knockdown,

Figure 5. Cellular proliferation is controlled by the levels of
HIF-1�. (A) Growth curves of primary T cells isolated from Hif-
1�fl/fl Cre− (wild-type [WT]) or Hif-1fl/fl Cre+ (Cre) mice that
were administered tamoxifen. Two independent experiments
were performed and the data presented are one representative
experiment. (B) Population doublings (PD) of NIH3T3 cells ex-
pressing an inducible form of a constitutively activated HIF-1�.
Two independent clones were cultured in the presence or ab-
sence of doxycycline. Data are a representative experiment per-
formed in triplicate ± SD. Inset shows a Western blot of HIF-1�

expression in the transfected cells. Cells were treated with 200
µM desferrioxamine (cntrl), or exposed to vehicle control (−), or
0.5 µg/mL doxycycline (+). The doxycycline induction of trans-
fected HIF-1� is comparable to the level of induction of endog-
enous HIF-1� in response to desferrioxamine. Total Akt was
used as a loading control.
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anti-CD3/anti-CD28-activated HIF-1�-deleted primary
T cells displayed a decrease in lactate production under
normoxic conditions (Fig. 8A). Despite the lower levels
of glucose consumed, a fourfold increase in the rate of
lipid synthesis was observed in cells that had genetic
deletion of Hif-1� when compared with wild-type acti-
vated T cells (Fig. 8B). The enhanced synthesis of lipids
in Hif-1�-deficient cells was not due to the activity of
the glucose sensing transcription factor ChREBP that has
been implicated in the regulation of glucose to lipid me-
tabolism in the liver, as its expression was undetectable
in resting or activated lymphocytes (Supplementary Fig.
S2). Consistent with a reduced rate of anaerobic glycol-
ysis and enhanced glucose-dependent lipid synthesis,
cells lacking HIF-1� secreted a lower level of lactate into
the cell culture medium (Fig. 8C).

Hif-1�-deficient and wild-type T cells were also cul-
tured under hypoxic conditions. Exposure of wild-type T
cells to hypoxia resulted in an increase in glucose con-
sumption. However, T cells lacking HIF-1� expression
failed to up-regulate the consumption of glucose from
the cell culture medium in response to hypoxia (Fig. 8A).
The glucose-dependent lipid synthesis following expo-
sure to hypoxia decreased in both wild-type and Hif-1�-
deleted T cells although there remained substantial dif-
ferences in the lipid synthesis rate even in hypoxia (Fig.
8B). As shown in Figure 8C when compared with wild-

type controls, activated T cells lacking HIF-1� failed to
further increase the production of lactate when exposed
to hypoxia.

To determine whether the effect of HIF-1� on glucose
metabolism was unique to hematopoietic cells, glucose
metabolism was also assessed in renal carcinoma cell
lines with stable suppression of HIF-1�. Under nor-
moxia, the level of glucose consumed in two indepen-
dent cell lines expressing shRNA to HIF-1� was reduced
compared with controls (Supplementary Fig. S1B). How-
ever, compared with controls both knockdown clones
displayed an eightfold increase in lipid synthesis and a
lower level of lactate secretion into the culture medium
(Supplementary Fig. S1C,D).

In contrast to cells with suppressed levels of HIF-1�, a
different pattern of glucose metabolism was seen in cells
that ectopically expressed HIF-1�. Two inducible clones
were generated to express a constitutively active form of
HIF-1�. In the absence of induction, clone C151 and
C101 consumed similar levels of glucose from the cul-
ture medium (Supplementary Fig. S3A). However, doxy-
cycline-induced HIF-1� in both cell lines resulted in a
dramatic increase in glucose consumption. Despite the
higher glucose utilization, doxycycline induction of HIF-
1� reduced the conversion of carbons into lipids when
compared with uninduced controls (Supplementary Fig.
S3B). The decreased diversion of glycolytic intermediates

Figure 6. Cell growth and proliferation are enhanced
in the absence of HIF-1�. Cells were withdrawn from
IL-3 and size (A) and cell number (B) were measured at
the indicated time points. On day 16 of withdrawal,
cells were restimulated with IL-3 and size (C) and cell
number (D) were measured. Data represent the mean of
three independent experiments ± SD. (E) Cells cultured
in the absence of IL-3 for 16 d were placed in fresh
complete medium containing IL-3. At the various time
points, cells were subjected to an additional 4 h of cul-
ture under 21% O2 (N) or 1.5% O2 (H). Cell lysates were
analyzed by Western blot for HIF-1� and PDK-1 expres-
sion. A representative vector control and a HIF-1� cell
line (C18) expressing a stable HIF-1� shRNA are shown.
STAT3 was used as a loading control. Cells cultured in
the presence of IL-3 and exposed to hypoxia were used
as a positive control.
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into lipid synthesis in the HIF-1�-expressing clones re-
sulted in a greater production of lactate (Supplementary
Fig. S3C).

Discussion

The above results challenge the prevailing belief that the
transcription factor HIF-1� is a cell-intrinsic regulator of

glycolysis (Semenza et al. 1996; Seagroves et al. 2001;
Pouyssegur et al. 2006). The data demonstrate that in
hematopoietic cells growth factor-dependent signal
transduction is required to accumulate Hif-1� mRNA.
Furthermore, the data support that HIF-1� is a critical
component of IL-3 regulation of cell metabolism even
under normoxic conditions. Although a cell’s expression
of Hif-1� mRNA is growth factor dependent, the data

Figure 7. Induction of glycolysis through HIF-1� is anti-proliferative. (A) Growth factors stimulate cellular glucose uptake and the
expression of HIF-1�. Under conditions of normoxia, the accumulation of HIF-1� is repressed by O2-dependent hydroxylation and
degradation of the HIF-1� protein. When HIF-1� is repressed by O2-dependent degradation and/or HIF-1� shRNA, glycolytic pyruvate
is diverted into mitochondrial-dependent lipid synthesis. Pyruvate is catabolized by mitochondrial PDH into acetyl-CoA, which is
used in the TCA cycle to produce citrate that is transported into the cytosol, where it acts as a further regulator of glucose-6-P
metabolism. Citrate is metabolized to produce acetyl-CoA by the enzyme ATP-citrate lyase (ACL) to supply the cell with a source of
acetyl-CoA for lipid synthesis. When HIF-1� is stabilized by mitochondrial ROS or oxygen deprivation, the increased HIF-1�-depen-
dent transcription can result in a metabolic reprogramming of intracellular glucose fate. The HIF-1�-dependent increases in glycolytic
genes including Ldh-A lead to an enhanced rate of anaerobic glycolysis, and the induction of mitochondrial regulatory enzymes such
as PDK-1 decrease pyruvate metabolism in the mitochondria, resulting in decreased mitochondrial TCA cycle activity and cytosolic
citrate levels. These effects would support non-oxygen-dependent ATP production by degradation of glucose to lactate, and suppress
mitochondrial activity and cytosolic lipid synthesis. (B) Glycolytic rate of cells cultured in the presence of IL-3 following 24 h
incubation under 21% O2 or 1.5% O2. In the absence of IL-3 (not shown), glycolysis was reduced <6.58 nmol of glucose per hour in
both the vector controls and HIF-1� shRNA cells. Data are the mean of three independent experiments ± SD performed in triplicate.
(C) Cells cultured in the presence of IL-3 were subjected to 4 h of 21% O2 or 1.5% O2 followed by an additional 20–24 h incubation
with 14C-labeled pyruvate. Lipids were extracted from cell lysates and total incorporation of 14C-labeled lipid was measured by
scintillation counting. Data are a representative experiment ± SD for triplicate samples. (D) Accumulation of lactate in cell culture
supernatants. Cells were cultured in 1 mL of medium for 5 d in the presence of IL-3 and subjected to 1.5% O2 for an additional 24 h.
Lactate levels in supernatants were measured as described in Materials and Methods. Data represent three independent
experiments ± SD.
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are consistent with previous observations that the ex-
pression of HIF-1� protein is post-translationally re-
pressed by enzyme-dependent hydroxylation of proline
residues in the presence of oxygen and �-ketoglutarate
through pVHL-dependent proteasomal degradation
(Maxwell et al. 1999). HIF-1� is not a simple transcrip-
tional inducer of glycolytic genes, but instead repro-
grams the fate of intracellular glucose. This is consistent
with observations demonstrating the recovery of glucose
uptake occurs prior to the recovery of inducible HIF-1�
protein expression during growth factor restimulation
(Fig. 3) and that T cells lacking HIF-1� engage glucose
uptake and glucose-dependent lipid synthesis following
mitogenic stimulation.

One reason that these normoxic effects of HIF-1� have
not been previously appreciated is that they occur at lev-
els of HIF-1� protein that are at or below the levels of
standard protein quantitation by Western blotting. How-
ever, two independent techniques for genetic elimina-
tion of HIF-1� expression suggest that even low to un-
detectable levels of the protein have profound effects on
the regulation of intracellular glucose metabolism. Since
HIF does not appear to be required for growth factor-
deprived cells to survive hypoxia, it appears that the in-
duction of anaerobic glycolysis is not a sufficient expla-
nation for HIF-1�’s ability to promote the survival of
growing cells under conditions of hypoxia. HIF-1�-de-
pendent metabolic reprogramming directs glucose away
from synthetic pathways, allowing the cell to decrease
its ATP consumption, and into anaerobic glycolysis to
increase ATP production.

The ability of HIF-1� to suppress normoxic cell growth
and proliferation at first seems paradoxical. However,
the ability of cells to generate sufficient cytosolic acetyl-
CoA to support the lipid synthesis of membranes de-
pends on mitochondrial pyruvate dehydrogenase (PDH)
converting pyruvate into acetyl-CoA. The ability of py-
ruvate to enter the TCA cycle in the mitochondria is
regulated by PDK-1. PDK-1 activity is primarily deter-
mined by its level of expression, which has recently been
shown to be under the transcriptional control of HIF-1�
(Figs. 2, 3, 4, 6; Kim et al. 2006; Papandreou et al. 2006).

When expressed, PDK-1 suppresses the activity of PDH
and limits the influx of pyruvate into the TCA cycle. As
pyruvate entry into the TCA cycle is suppressed
there will be a concomitant decline in the production of
citrate. In growing cells, the citrate exported from mito-
chondria into the cytosol suppresses glycolysis at the
level of phosphofructose kinase 1 (PFK-1). This partial
suppression of PFK-1 may be adaptive for cell growth by
allowing a greater amount of glucose-6-phosphate to be
diverted into nucleotide biosynthesis and glycosylation
reactions. Furthermore, the cytosolic degradation of cit-
rate provides the major source of acetyl-CoA for lipid and
isoprenoid synthesis during cell growth. Therefore, HIF-
1� enhanced PDK-1 activity results in a decline in
mitochondrial citrate production, resulting in a derepres-
sion of PFK-1 activity and a concomitant suppression of
lipid synthesis.

Another well-characterized transcriptional target of
HIF-1� is Ldh-A (Firth et al. 1995; Semenza et al. 1996).
In contrast to LDH-B, LDH-A enzymatically favors pro-
duction of lactate from pyruvate. As LDH-A levels in-
crease, cellular pyruvate is converted preferentially to
lactate and secreted into the extracellular space (Fantin
et al. 2006). Thus, HIF-1� transcription reprograms the
intracellular utilization of glucose from its use in lipid
and nucleotide synthesis and redirects glucose almost
exclusively into anaerobic glycolysis to support cellular
ATP production.

Growth factor-dependent induction of HIF-1� appears
to partially contribute to the ability of growth factors
and oncogenic mutations in the PI3K/Akt signal trans-
duction pathway to induce a metabolic conversion to
aerobic glycolysis (Warburg Effect). Even under condi-
tions of normoxia, HIF-1�-induced metabolic reprogram-
ming may prevent growth factor- or oncogene-directed
excesses in glucose uptake from generating damaging
levels of mitochondrial ROS. Several groups have dem-
onstrated that mitochondrial ROS are an independent
regulator of HIF-1� activity (Brunelle et al. 2005; Guzy et
al. 2005; Mansfield et al. 2005). This is consistent with a
higher level of mitochondrial membrane potential ob-
served when HIF-1� is suppressed (Fig. 4G) and may ex-

Figure 8. Glucose utilization in primary
T cells is impaired by HIF-1�. (A) Glucose
consumption in primary T cells isolated
from Hif-1�fl/fl Cre− (wild-type [WT]) or
Hif-1fl/fl Cre+ (Cre) mice that were admin-
istered tamoxifen. T cells were stimulated
under 21% or 1.5% oxygen by plate-bound
anti-CD3/anti-CD28 in 1-mL cell cultures,
and supernatants were collected 48 h post-
stimulation for glucose analysis. Data are a
representative experiment performed in
triplicate ± SD. (B) Cells were activated by
plate-bound anti-CD3/ anti-CD28 for 2 d

followed by addition of 14C-labeled pyruvate under normoxic or hypoxic conditions. Cells were cultured for an additional 2 d in the
presence of IL-2. Lipids were extracted from cell lysates and total incorporation of 14C-labeled lipid was measured by scintillation
counting. Data are a representative experiment ± SD for triplicate samples. (C) Cells were cultured under identical conditions de-
scribed in A and the amount of secreted lactate into 1 mL of culture medium was measured as described in Materials and Methods.
Data are a representative experiment ± SD.

HIF-1� control of intracellular glucose

GENES & DEVELOPMENT 1045

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


plain why cells lacking HIF-1� undergo premature senes-
cence (Welford et al. 2006). However, ROS activation of
HIF-1� transcription would lead to a diversion of glucose
away from mitochondria and into lactate production, al-
lowing cells to eliminate excess carbon being taken up as
a consequence of growth factor- or oncogene-dependent
signaling.

Hematopoietic cells appear to lack the cell intrinsic
ability to take up sufficient extracellular nutrients to
maintain ATP production and macromolecular synthe-
sis (Vander Heiden et al. 2001; Bentley et al. 2003). Under
conditions of growth factor deprivation, hematopoietic
cells turn to macroautophagy to maintain cellular bio-
energetics (Lum et al. 2005). Constitutive HIF-1� expres-
sion in growth factor-deprived cells would seem to be
disadvantageous to their survival, since the continuous
transcription, translation, and degradation of HIF-1� is a
highly ATP-dependent process. Under these conditions,
global protein synthesis decreases and transcription be-
comes repressed, limiting consumption of existing en-
ergy stores.

The present results help to clarify this paradox by
demonstrating that Hif-1� mRNA accumulation is regu-
lated by growth factor-dependent signal transduction.
Furthermore, HIF-1� is not required for growth factor-
deprived cells to survive hypoxia. This is consistent with
the fact that these cells have a limited ability to take up
extracellular glucose, and therefore modulation of intra-
cellular glucose metabolism is unlikely to have a sig-
nificant impact on the ability of cells to maintain cell
survival when oxygen becomes limiting. Anaerobic gly-
colysis is an effective hypoxia survival strategy only un-
der conditions of high intracellular glucose availability.

The present study suggests that HIF-1�, the HIF iso-
form selectively expressed in hematopoietic cells,
through effects on cellular metabolism acts to limit cell
growth and proliferation under normoxic conditions.
Earlier studies have reported that Hif-1� deficiency has
only a limited effect on the proliferation of embryonic
stem (ES) cells (Carmeliet et al. 1998; Iyer et al. 1998;
Ryan et al. 1998). However, it is unclear from those stud-
ies if glucose metabolism was affected by the loss of
HIF-1� and whether ES cells have a similar dependence
on intracellular glucose utilization compared with he-
matopoietic cells used here. Our studies demonstrate
HIF-1� is both necessary and sufficient to mediate the
changes in glucose metabolism and its effects on cell
growth and proliferation. Consistent with this conclu-
sion, cells expressing a constitutively active form of HIF-
1� lacking the oxygen-dependent degradation domain
have reduced accumulation in cell number (Fig. 5B) and
have been reported to undergo cell cycle arrest (Koshiji et
al. 2004). These data, at first glance, appear contradictory
to existing views of the role of HIF-1� in oncogenic
transformation (Zhong et al. 1999; Ryan et al. 2000; Se-
menza 2003). The results may explain why patients with
von Hippel-Lindau Syndrome display a limited spectrum
of tumors. von Hippel-Lindau tumors lack the E3 ubiq-
uitin ligase pVHL required for the degradation of HIF-1,
leading to constitutive HIF-1 stabilization. However, the

tumor spectrum observed in these patients is primarily
restricted to cell types that express HIF-2� in addition to
HIF-1�. Recent transcriptional array studies suggested
that HIF-2� transcriptional targets are distinct from
those of HIF-1� and that HIF-2� induces nonglycolytic
responses that are distinct from those mediated by HIF-
1� (Hu et al. 2003; V. Wang et al. 2005). Thus, HIF-1�
activity may not be sufficient for tumorigenesis in cells
lacking pVHL.

In summary, the data support the hypothesis that HIF-
1� is not a cell-intrinsic regulator of glucose metabolism
but instead is a growth factor-dependent modulator of
intracellular glucose utilization. By dynamically parti-
tioning the growth factor-stimulated glucose uptake be-
tween synthetic pathways and anaerobic glycolysis, HIF-
1� endows growing cells with the ability to adapt to
changes in oxygen availability and/or ROS stress. HIF’s
evolution as a critical component of growth factor regu-
lation of cell survival may explain why it is not observed
in single cell eukaryotes despite its well-characterized
role in mammalian tissues.

Materials and methods

Cell lines, culture, and reagents

Cell culture experiments were performed with IL-3-dependent
bax−/−bak−/− cells (Lum et al. 2005) in complete medium con-
sisting of RPMI 1640, 10% heat-inactivated fetal bovine serum
(Gemini), 10 U/mL penicillin/streptomycin, 2 mM L-gluta-
mine, 50 µM �-mercaptoethanol, and 10 mM HEPES. For ex-
periments performed in the presence of IL-3, complete medium
was supplemented with 3.5 ng/mL recombinant mouse IL-3
(BD Pharmingen). For experiments performed in the absence of
IL-3, cells were washed three times in complete medium
without IL-3 or serum and resuspended in complete medium
without IL-3. All cell culture reagents were purchased from
Invitrogen unless stated otherwise. NIH3T3-inducible Tet-on
cells were generated by stable introduction of pTet-on
(Clontech) and pTre-HIF-1�-DPA vectors as previously de-
scribed (Hu et al. 2003). Cells were maintained in DMEM with
10% FBS (Clontech Tet-approved) with 1% penicillin/strepto-
mycin, L-glutamine, and nonessential amino acids with 150
µg/mL each neomycin and hygromycin.

Oxygen deprivation, transfections, and RNAi

To induce HIF-1� protein expression, cells were treated with
100 µM cobalt chloride (CoCl2) for 4–24 h. For hypoxia (1.5%
O2), cells were cultured in an InVivo2 hypoxic work station
(Biotrace, Inc.) for 4–72 h. shRNA targeting murine HIF-1� (GA
ACTAACTGGACACAGTGTGTT) was excised from pBabe-
puro with BamHI and SalI followed by ligation into pKD-GFP as
previously described (Lum et al. 2005). Transfection of shRNA
into bax−/−bak−/− cells was performed by Nucleofector transfec-
tion (Amaxa) using program T20 with 8 µg of DNA per 2.0 × 106

cells. Two days to 4 d post-transfection, GFP-positive cells were
FACS-sorted. Individual clones stably expressing the shRNA
were generated by single-cell sorting into 96 round-bottom
wells and Western blot analysis was used to select clones with
stable knockdown of HIF-1�. Renal cell carcinoma cells (RCC-4)
with HIF-1� knockdown were generated using the same shRNA
construct described above. Briefly, the shRNA plasmid or a vec-
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tor control was stably introduced into PT67 packaging cells
(Clontech) and viral supernatants were used to transduce RCC-4
cells. Two stable HIF-1� knockdown clones (hp1 and hp2) and
one control (vec) were generated and selected for further analy-
sis.

Hif-1� fl/flCre+ mice and primary lymphocyte experiments

Hif-1� fl/fl mice were mated with Ubiquitin C-Cre (Ubc-Cre)
mice to obtain Hif-1� fl/flCre− (wild type) or Hif-1� fl/flCre+ (Cre).
Generation and genotyping for Hif-1� and Ubc-Cre have been
described elsewhere (Y. Ruzankina, C. Pinzon-Guzman, A.
Asare, T. Ong, L. Pontano, V.P. Zediak, M. Velez, A. Bhandoola,
and E.J. Brown, in prep.). Nursing mothers of Hif-1� fl/fl Cre+

mice were administered 6 mg of tamoxifen free base (MP Bio-
medicals) once a day, four times within 1 wk, starting 3 d after
birth to activate Cre recombinase in Hif-1� fl/fl Cre+ pups.
Hif-1� fl/fl Cre− littermates treated with tamoxifen were used as
controls. PCR genotyping at weaning showed at least 90% de-
letion efficiency of Hif-1� in Cre+ animals. For isolation of
T cells, lymph nodes were collected in ice-cold Hanks Basic Salt
Solution from both groups of mice. T cells were obtained by
negative selection as previously described (Deberardinis et al.
2006). After enrichment, lymphocytes were seeded into wells
that were pretreated with 1 µg/mL each plate-bound anti-CD3
(Ebioscience) and anti-CD28 (BD Pharmingen). After 2 d of cul-
ture, cells were supplemented with 50 U/mL mouse recombi-
nant IL-2 (PeproTech).

Reporter assay

The HIF-1� reporter construct (HIF-1� response element [HRE]-
luciferase reporter) was used as previously described (Arsham et
al. 2002). Briefly, 8 µg of HIF-1� reporter DNA and 1.2 µg of
pRLTK were cotransfected using Nucleofector V solution and
program T20 (Amaxa) into 2.0 × 106 cells. Ten hours after trans-
fection, cells were cultured in hypoxia (1.5% O2) or normoxia
(21% O2) for an additional 24 h. Luciferase activity assay was
performed using Dual-Glo Luciferase Assay System (Promega)
according to instructions provided and measured on a TR717
Luminometer (Tropix).

Mitochondrial function

The rate of oxygen consumption was measured using a water-
jacketed, air tight oxymeter (Hansatech). Cells (2.5 × 106) were
resuspended in 0.25 mL of culture medium containing IL-3. To
assess mitochondrial membrane potential, cells were incubated
for 20 min with 50 nM tetramethylrhodamine ethyl ester
(TMRE) followed by flow cytometric analysis.

qPCR, immunoblotting, and glycolysis

Total RNA was isolated from growth factor-stimulated cells
that were cultured under normoxia using TRIzol Reagent (In-
vitrogen). One microgram of RNA was used to prepare cDNA
using SuperScript II Reverse Transcriptase (Invitrogen) accord-
ing to the manufacturer’s instructions. All samples were nor-
malized to STAT3 transcript levels. Murine HIF-1�, GLUT1,
and STAT3 probes were purchased from Applied Biosystems.
Samples were run on a 7900HT Sequence Detection System
(Applied Biosystems) and analyzed using SDS 2.1. Standard de-
viations were calculated using the formula [(RQ)(�Ct SD)/aver-
age �Ct]. For lysates, cells were lysed in RIPA buffer (50 mM
Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM PMSF, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, two Complete
EDTA-free protease inhibitor cocktail tablets [Roche Applied
Science]/10 mL RIPA) and cleared lysates were separated on

4%–8% TRIS-Acetate gels or 4%–12% TRIS-Bis gels (Invitro-
gen) followed by transfer onto nitrocellulose. After blocking in
5% skim milk, blots were probed using anti-HIF-1� (1:1000),
anti-PDK-1 (Stressgen) or anti-STAT3 (1:2500; Cell Signaling
Technologies #9132). Glycolysis experiments were performed
as previously described (Lum et al. 2005).

Lipid synthesis

Cells were cultured under normoxic or hypoxic conditions for
16 h followed by incubation with 2-14C pyruvic acid sodium salt
or D-[U-14C6] glucose (Perkin Elmer) as indicated. After an ad-
ditional 20–24 h of incubation, 2 × 106 cells were collected in
triplicate. Cells were spun down and wash three times in 1× PBS
followed by lysis with 0.5% Triton X-100, vortexing, and the
addition of 2 mL methanol. Lysates were extracted by adding
each of the following in succession with vortexing: 1 mL
CHCl3, 1 mL CHCl3, and 1 mL H2O. Lysates were spun at 2000
rpm for 5 min and the lower organic phase was transferred into
a new tube. The organic phase was evaporated under nitrogen
stream and lipid fraction was resuspended in 50 µL CHCl3. Lip-
ids were spotted on chromatography filter paper (Varian), al-
lowed to dry, placed into scintillation vials containing 2.5 mL of
EcoLume (ICN Radiochemicals), and counted on a 1450 Micro-
beta Jet scintillation counter (Wallac).

Glucose and lactate measurements

Cells were cultured under continuous normoxic or hypoxic con-
ditions and supernatants were collected and frozen at −20°C.
Lactate levels were quantified by colorimetric assay (CMA 600
Microdialysis) as per the manufacturer’s instructions. Two
microliters of supernatant were used in each assay performed in
triplicate. Glucose consumption assay was performed using glu-
cose reagent (CMA Microdialysis AB) as previously described
(Frauwirth et al. 2002).
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