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Solid tumors frequently contain large regions with low oxygen
concentrations (hypoxia). The hypoxic microenvironment induces
adaptive changes to tumor cell metabolism, and this alteration can
further distort the local microenvironment. The net result of these
tumor-specific changes is a microenvironment that inhibits many
standard cytotoxic anticancer therapies and predicts for a poor
clinical outcome. Pharmacologic targeting of the unique metabo-
lism of solid tumors could alter the tumor microenvironment to
provide more favorable conditions for anti-tumor therapy. Here,
we describe a strategy in which the mitochondrial metabolism of
tumor cells is increased by pharmacologic inhibition of hypoxia-
inducible factor 1 (HIF1) or its target gene pyruvate dehydrogenase
kinase 1 (PDK1). This acute increase in oxygen consumption leads
to a corresponding decrease in tumor oxygenation. Whereas de-
creased oxygenation could reduce the effectiveness of some tra-
ditional therapies, we show that it dramatically increases the
effectiveness of a hypoxia-specific cytotoxin. This treatment strat-
egy should provide a high degree of tumor specificity for increas-
ing the effectiveness of hypoxic cytotoxins, as it depends on the
activation of HIF1 and the presence of hypoxia, conditions that are
present only in the tumor, and not the normal tissue.

hypoxia-inducible factor � HIF inhibitors � pyruvate dehydrogenase
kinase � tumor metabolism

Hypoxia is an almost universal feature of solid tumors. Unlike
the balance achieved in normal tissues, the consumption of

oxygen by tumor tissue is greater than the oxygen delivery from
the supplying blood vessels (1, 2). This inadequate and incon-
sistent perfusion produces extreme spatial and temporal varia-
tions in oxygen concentration throughout the tumor mass.
Clinically, hypoxia is associated with resistance to standard
treatments, especially radiation therapy, and is predictive of
metastasis and poor outcome in a variety of tumor types (1, 3–5).
Strategies designed to improve tumor oxygenation have been
investigated, and, although there is evidence for a small im-
provement in outcome, no method has been widely accepted into
clinical practice (1, 6). An alternative approach to the problem
of hypoxia is to exploit this unique situation by developing
therapeutic strategies that rely on the presence of hypoxia to
achieve tumor specificity (7, 8).

It has long been known that the metabolism of solid tumors is
radically different from that in the corresponding normal tissues.
Recently, it has become evident that many of the genes involved
in malignant transformation, including Myc (9), Akt (10), and
p53 (11) have a profound effect on cellular metabolism. In
addition to these stable genetic alterations, the hypoxic micro-
environment of solid tumors stimulates epigenetic changes in
gene expression through the hypoxia-inducible factor 1 (HIF1)
transcription factor that also contribute to the metabolic state of
tumor cells (12–16). Our increasing understanding of these
molecular pathways provides opportunities to specifically target
tumor metabolism to overcome physiologic barriers and improve
therapy.

Our group (17), along with others (18), recently showed that
under hypoxic conditions, HIF1 causes an increase in its target
gene pyruvate dehydrogenase kinase 1 (PDK1), which acts to

limit the amount of pyruvate entering the citric acid cycle,
leading to decreased mitochondrial oxygen consumption. This
adaptive response to low oxygen conditions may allow cells to
spare molecular oxygen when it becomes scarce, making it
available for other critical cellular processes (19). These findings
predict that inhibition of HIF1 or PDK1 in vivo could alter tumor
metabolism and increase oxygen consumption, which would lead
to decreased overall tumor oxygenation. Decreased oxygenation
in turn would increase the effectiveness of hypoxia targeted
therapies such as the hypoxic cytotoxin tirapazamine (TPZ) (7).
We tested this hypothesis using echinomycin, a recently identi-
fied small molecule inhibitor of HIF1 DNA binding activity (20),
and dichloroacetate (DCA), a small molecule inhibitor of PDK1
activity (21).

Results
We first examined the effect of the HIF inhibitor echinomycin
on the hypoxic expression of the HIF target gene PDK1 by
immunoblot in RKO and Su.86 human tumor cells exposed to
hypoxia. The HIF1 targets PDK1, Bnip3, and Bnip3L were
induced by hypoxia, and this induction was blocked in the
presence of echinomycin (Fig. 1a). To establish that this effect
was due to HIF1 inhibition, we similarly tested WT and HIF1�
knockout mouse embryo fibroblasts (MEFs). Echinomycin
treatment blocked PDK1 induction in the WT cells, but had no
effect on hypoxic expression of PDK1 in HIF1� deficient cells
[supporting information (SI) Fig. 6a]. Because PDK1 expression
has been shown to inhibit oxygen consumption (17), and echi-
nomycin blocks hypoxic PDK1 expression, we tested echinomy-
cin for its ability to modulate the hypoxic decrease in oxygen
consumption. Echinomycin treatment yielded a dose-dependent
block to the HIF1-dependent reduction in oxygen consumption
in parental RKO cells, but had no effect on the oxygen con-
sumption in RKOShHIF1� cells (Fig. 1 b and c). Similar effects
of echinomycin on oxygen consumption were observed in the
Su.86 (Fig. 1b) and MEF cell lines (SI Fig. 6b). These genetically
matched cells show that echinomycin treatment can block the
adaptive HIF1 dependent drop in oxygen consumption (Fig. 1 b
and c).

We next examined the effect of genetic and biochemical
inhibition of HIF1 on oxygen consumption in vivo. Because HIF1
is not required for the growth of colon cancer xenografts (22, 23)
(SI Fig. 7), RKO and RKOShHIF1� cells were grown as tumors
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in immune-deficient mice, and oxygen consumption was mea-
sured in freshly explanted samples. Oxygen consumption per
milligram of tumor was significantly higher in HIF1� knockdown
samples than in WT RKO samples (Fig. 1d). These data are
consistent with the existence of significant hypoxia in model

tumors (24, 25), and the in vitro finding that hypoxia decreases
oxygen consumption in a HIF-dependant manner. To examine
the effect of acute HIF1 inhibition in vivo, tumor oxygen
consumption was measured after animals were treated with
echinomycin. Echinomycin significantly increased tumor oxygen
consumption in RKO WT tumors but had no effect in RKO-
ShHIF1� tumors, demonstrating that the pharmacologic target
of echinomycin responsible for increasing oxygen consumption
in vivo is HIF1 (Fig. 1e). To test whether this effect is mediated
by the HIF1 target gene PDK1, we also measured oxygen
consumption in tumors treated with the well-characterized
PDK1 inhibitor DCA (21). Similar to the echinomycin treat-
ment, DCA increased oxygen consumption in RKO tumors in a
HIF1 dependent manner (Fig. 1e). Similar effects of both
echinomycin and DCA were also observed in Su.86-derived
tumors (SI Fig. 8).

Tissue oxygen concentration is determined by both oxygen
supply and oxygen demand. Mathematical modeling of tumor
oxygenation suggests that small changes in oxygen consumption
can have a large impact on the extent of tumor hypoxia when
compared with changes in oxygen delivery (26). We therefore
established a reporter system that would allow us to monitor the
biologic changes in tumor oxygen levels in response to the
observed changes in oxygen consumption caused by HIF1 or
PDK1 inhibition. RKO and RKOShHIF1� cells were stably
transfected with a luciferase reporter gene under the control of
a synthetic HIF1 responsive promoter consisting of 5 tandem
repeats of a HIF binding site (5XHRE) (27). Luciferase activity
in these cells provides a sensitive measure of hypoxia that can be
monitored noninvasively over time both in vitro and in vivo by
using bioluminescent imaging. When RKO reporter cells were
exposed to hypoxia for 24 h in vitro, luciferase activity in WT cells
increased �80 fold, whereas the increase in the RKOShHIF1�
cells was �2 fold (Fig. 2a). The hypoxic induction of luciferase
in RKO reporter cells in vitro was completely inhibited by
echinomycin in a dose dependent manner (Fig. 2b).

We next tested the effect of DCA treatment on luciferase
activity in RKO and RKOShHIF1� 5XHRE-luciferase reporter
tumors to determine whether acutely increasing tumor oxygen
consumption increases tumor hypoxia. Mice were implanted
with one RKO and one RKOShHIF1� 5XHRE-luciferase re-
porter tumor on either flank, and luciferase activity was mea-
sured in vivo. After administration of DCA, the luciferase signal
increased substantially in the WT, but not in the HIF1� knock-
down tumors, supporting the hypothesis that increased oxygen
consumption results in increased tumor hypoxia (Fig. 2 c and d).
To establish that the in vivo luciferase signal reflects the hypoxic
tumor cells, a group of RKO reporter tumors was imaged after
a single dose of the hypoxic cytotoxin TPZ. TPZ has been shown
to rapidly reduce the hypoxic fraction of experimental tumors by
�10-fold (28). Twelve hours after TPZ treatment, the luciferase
signal of HRE-reporter tumors was reduced by 90% (SI Fig. 9),
showing that the luciferase signal emanating from the reporter
tumors is coming primarily from the hypoxic, TPZ-sensitive
cells.

Because echinomycin acts as a HIF inhibitor, the 5XHRE
reporter system could not be used to monitor the effect of the
drug on tumor hypoxia. As an alternative, the hypoxia marker
drug pimonidazole was used to determine the hypoxic fraction
of tumors treated with echinomycin. Mice bearing RKO and
RKOShHIF1� tumors were treated with echinomycin or vehicle
control, and pimonidazole was administered at 24 h to identify
the hypoxic tumor cells. Fig. 3 shows sections from these tumors,
stained with a FITC-conjugated monoclonal antibody against
pimonidazole. The hypoxic fraction of each tumor was quanti-
fied by measuring the fraction of the viable tumor section that
stained positive for pimonidazole. Echinomycin treatment
caused an increase in the hypoxic fraction of RKO tumors, but

*

0

0.2

0.4

0.6

0.8

1

1.2

1.4

PBS Ech PBS Ech

21% O2

0.5% O2

RKO RKOshHIF

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

RKO RKO
shHIF

PBS

Ech
DCA

0

0.5

1

0 2.5 5 7.5 10
Echinomycin concentration (ng/ml)

a

b

c

0

0.1

0.2

0.3

0.4

RKO RKO
shHIF

O
2

noitp
musnoc

)g
m/ni

m/lo
m n(

O  e vitale
R

2
noitp

musnoc

**
d

*

PDK1

N
-

BNip3L

tubulin

Ech: - ++
RKO

H N H
Ech:

PDK1

BNip3

tubulin

- - ++
Su.86

N H N H

0

0.2

0.4

0.6

0.8

1

1.2

PBS Ech

21% O2

0.5% O2

O evitale
R

2
no itp

mu snoc

O evitale
R

2
noitp

musnoc

Su.86

e

O
2

noitp
musnoc

) aixo
mro n ot evitaler(

*

Fig. 1. Inhibition of HIF1 and PDK1 increases oxygen consumption in vitro
and in vivo. (a) Western blots of extracts from RKO and Su.86 cells exposed to
normoxia (N) or hypoxia (H) (0.5% O2) for 24 h in the presence or absence of
2 ng/ml echinomycin probed for the indicated proteins. (b) Oxygen consump-
tion rates of RKO and RKOShHIF1� cells (Left) and Su.86 cells (Right) after 24 h
treatment with normoxia or hypoxia (0.5% O2) with or without 2 ng/ml
echinomycin. Data are normalized to normoxic samples. (c) Relative oxygen
consumption of RKO cells treated with hypoxia (0.5% O2) for 24 h in the
presence of increasing concentrations of echinomycin. (d) Oxygen consump-
tion rates of freshly explanted tumor tissue from RKO (n � 16) and RKO-
ShHIF1� (n � 8) xenografts. (e) Oxygen consumption rates of RKO and RKO-
ShHIF1� tumors from mice treated with 0.12 mg/kg echinomycin i.p. 24 h prior
(n � 8), or 50 mg/kg DCA i.p. 4 h prior (n � 8). Data are normalized to PBS
treated controls (n � 8–16). *, Significant difference relative to control (P �
0.05).
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had no significant effect on the hypoxia in RKOShHIF1� tumors
(Fig. 3e). There was no difference in other parameters such as
the necrosis observed in the four treatment groups (data not
shown).

Based on extensive experimental and clinical data, increasing
the hypoxic fraction of solid tumors would be predicted to
decrease the effectiveness of radiation therapy. However, hy-
poxic-specific cytotoxins such as TPZ show increased toxicity as
oxygen concentration decreases (7, 29). Therefore, increasing
the number of hypoxic tumor cells should enhance the efficacy
of such drugs. To examine this possibility, we tested the ability
of echinomycin and DCA to enhance the effectiveness of TPZ
in a standard tumor growth delay assay. In both cases, treatment
of RKO tumor bearing animals with the metabolic modifier
before TPZ produced greater than additive tumor growth delay
compared with single agents (Fig. 4 a and b). Treatment with
echinomycin did not enhance the efficacy of etoposide, a drug
whose toxicity is not dependant on oxygen concentration (Fig.
4c). If echinomycin acts as a metabolic modifier to enhance TPZ

therapy, it should only be effective if given before the hypoxic
cytotoxin. We tested this prediction by reversing the drug
schedule, and found that treatment with TPZ followed by
echinomycin had little effect on the growth of RKO, Su.86, or
ras-transformed MEF tumors when compared with treatment
with echinomycin followed by TPZ (Fig. 5 a and c and SI Fig. 10).
To determine whether the molecular target of echinomycin in
vivo responsible for its ability to sensitize tumors to TPZ was
HIF1, we performed a similar growth delay experiment using
RKOShHIF1� tumors. In this situation, echinomycin plus TPZ
had no significant effect on tumor growth, regardless of the order
that the drugs were given (Fig. 5b). These data provides genetic
evidence that biochemical inhibition of HIF1 or its target gene
PDK1 alters tumor metabolism, increases the degree of hypoxia,
and sensitizes tumors to treatment with hypoxic cytotoxins such
as TPZ.

Discussion
HIF1 has been shown to decrease mitochondrial oxygen con-
sumption through the up-regulation of its target gene PDK1
(17), suggesting that inhibition of this pathway may represent a
novel means of specifically altering the hypoxic microenviron-
ment of solid tumors. The model predicts that inhibiting the
transcriptional activity of HIF in solid tumors will block the
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Fig. 2. Increasing oxygen consumption by inhibition of PDK activity increases
tumor hypoxia. (a) Luciferase activity of WT and HIF1� knockdown RKO cells
stably transfected with a HIF1 responsive luciferase reporter gene. Cells were
exposed to 0.5% O2 for 24 h in triplicate. Luminescence is normalized to
normoxic HIF WT cells. (b) Luciferase activity of WT RKO HIF1 reporter cells
exposed to 0.5% O2 for 24 h in the presence of increasing concentrations of
echinomycin. Data are normalized to the increase in signal observed in the
absence of drug. (c) Bioluminescent imaging in vivo. Images show a represen-
tative animal bearing an RKO reporter tumor on the left flank and an
RKOShHIF1� reporter tumor on the right flank as a function of time after i.p.
injection of 50 mg/kg DCA. The pseudocolor overlay shows the intensity of
bioluminescence. (d) Quantification of in vivo bioluminescence. The graph
shows the change in signal intensity after DCA treatment for RKO parent and
RKOShHIF1� tumors. The data represent the mean of three independent
experiments, each comprising five RKO and five RKOShHIF1� reporter tumors.
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Fig. 3. Increasing oxygen consumption by inhibition of HIF increases tumor
hypoxia. (a–d) Pimonidazole staining of tumor sections from RKO (a and b)
and RKOShHIF1� (c and d) tumors 24 h after treatment with PBS (a and c) or
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(P � 0.05).
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HIF-mediated adaptive response to hypoxia and result in an
increase in the rate of oxygen consumption. This increased
consumption of oxygen should lead to an increase in the extent
of tumor hypoxia. Because hypoxia and HIF stabilization are
situations encountered primarily in solid tumors, this strategy
should not affect the metabolism of normal tissues.

Here, we show that biochemical inhibition of HIF or PDK1,
by echinomycin or DCA respectively, increases the oxygen
consumption rate of solid tumors. As predicted, this intervention
results in an increase in tumor hypoxia as measured by using a
bioluminescent hypoxia reporter system, or the hypoxia marker
drug pimonidazole. These findings are consistent with models
suggesting that tumor oxygenation is very sensitive to changes in
oxygen consumption (26). Interestingly, although genetic inhi-
bition of HIF1� in RKO cells resulted in increased tumor oxygen
consumption, the hypoxic fraction and necrotic fraction of these
tumors were not different from those of controls (Fig. 3). This
finding suggests that during the course of tumor development,
oxygen delivery may be increased in the HIF1� knockdown
tumors, compensating for the increased oxygen demand.

Hypoxia decreases the effectiveness of radiation therapy and
certain types of chemotherapy, and predicts for poor outcome in

several human malignancies (1, 3–5, 8). Further, it has been
shown to accelerate tumor progression and metastasis in exper-
imental systems (30–33). Unfortunately, attempts to improve
tumor oxygenation during therapy have not yielded clinically
compelling results (1, 6). The alternative is to exploit the hypoxic
microenvironment by designing therapies that take advantage of
this unique property of solid tumors. Approaches currently
under investigation include the use of anaerobic bacteria, hy-
poxia-specific gene therapy vectors, and bioreductive drugs that
are converted to their cytotoxic forms under low oxygen con-
ditions (7). Contrary to conventional treatments, it is predicted
that these therapies should be more effective against more
hypoxic tumors. In the case of TPZ, recent data support this
concept, as the drug was found to have greater efficacy in
treatment of more hypoxic tumor xenografts (34), and patients
with more hypoxic tumors (35). We show here that decreasing
tumor oxygenation by increasing oxygen consumption sensitizes
tumors to treatment with TPZ. Although other groups have
reported that HIF inhibitors may enhance the effectiveness of
some chemotherapies (36) we observed no effect of echinomycin
on the efficacy of etoposide, suggesting that this interaction is not
a nonspecific sensitization. The lack of an effect in the RKO-
ShHIF1� tumors demonstrates that the increased sensitivity is
due to echinomycin’s inhibition of HIF. Furthermore, the re-
quirement that echinomycin be given before TPZ to achieve an
effect shows that it is not acting by directly killing a comple-
mentary population of tumor cells, but rather by altering the
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tumor microenvironment. This approach to the modification of
tumor hypoxia should prove useful for other bioreductive drugs,
and for other treatments that rely on the presence of hypoxia.
This finding also suggests that targeting HIF before radiotherapy
may lead to radiation resistance, because of an increase in
hypoxic tumor cells. However, it has been shown that inducible
siRNA against HIF can increase radiation effectiveness when
HIF is inhibited after radiation, suggesting that HIF inhibition
produces other effects that contribute to radiation sensitivity
(37). More generally, these data emphasize that care should be
taken in designing and scheduling therapeutic regimens that
include agents capable of modifying the tumor microenviron-
ment, to achieve maximal efficacy.

Currently, there is a great deal of interest in developing
specific and potent HIF inhibitors for a variety of clinical
applications (38). It has been suggested that HIF inhibitors may
possess anti-tumor activity based on their effect on the tumor
vasculature (39, 40). The results reported here provide a mech-
anism of action by which these inhibitors may be used thera-
peutically. Some tumors, like those derived from the RKO cell
line, may be resistant to the anti-tumor activity of HIF1 blockade
because of their genetic background or tumor type. However,
these tumors may still be sensitive to the metabolic effects of
HIF1 inhibition. As more of the downstream effects of HIF1 are
elucidated, there may be more opportunities to sensitize tumors
to cytotoxic therapies by manipulating tumor metabolism.

Materials and Methods
Cell Lines and Tumor Xenografts. RKO and Su.86 cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA). HIF WT and knockout SV40-immortalized
MEFs were a gift from R. Johnson (University of California, San
Diego). MEFs were transformed by stable transfection with an
activated H-ras expression plasmid. The RKOShHIF1� cell line
has been described (17). RKO and MEF cells were grown in
DMEM supplemented with 10% FBS. Su.86 cells were grown in
RPMI medium 1640 supplemented with 10% FBS. Cells were
exposed to hypoxia by placing culture dishes into an Invivo2
humidified hypoxia workstation (Ruskin Technologies, Brid-
gend, U.K.) at 0.5% O2. Echinomycin was a gift of A. Giaccia
(Stanford University, Stanford, CA). TPZ was a gift of M. Brown
(Stanford University, Stanford, CA). Etoposide (VP-16) was
purchased from Sigma (St. Louis, MO). Tumor xenografts were
established by injecting 5 � 106 RKO cells, 1 � 107 Su.86 cells,
or 2 � 106 Hras-MEF cells s.c. into the flanks of 6- to 8-week-old
female nude mice. Caliper measurements of two perpendicular
diameters were used to monitor tumor growth (volume �
(d1)(d2)(d2)(0.52)). All animal protocols were approved by the
Stanford Administrative Panel on Laboratory Animal Care.

Western Blots. Cells were harvested directly in RIPA buffer (0.15
mM NaCl/0.05 mM Tris� HCl, pH 7.2/1% Triton X-100/1%
sodium deoxycholate/0.1% SDS) containing protease inhibitors.
Protein concentrations were quantified (Pierce, Rockford, IL),
and 25–50 �g of total protein was electrophoresed on a reducing
Tris-Tricine gel and electroblotted to PVDF membrane. Anti-
bodies used were rabbit anti-PDK1 (Stressgen, Victoria, Can-
ada) (1:2,000), murine anti-� tubulin (Research Diagnostics,
Concord, MA) (1:2,000), and rabbit anti-Bnip3 and anti-Bnip3L
as described (41) (1:500). Primary antibodies were detected with
species-specific secondary antibodies labeled with alkaline phos-
phatase (Vector Laboratories, Burlingame, CA) (1:3,000) and
visualized with ECF (Amersham, Piscataway, NJ) on a Storm
860 PhosphorImager (Molecular Devices, Sunnyvale, CA).

Oxygen Consumption Measurements. Cells were trypsinized and
suspended at 3 � 106 to 6 � 106 cells per ml in normoxic DMEM
� 10% FBS. Oxygen consumption was measured in a 0.5-ml

volume by using an Oxytherm electrode unit (Hansatech, Nor-
folk, U.K.) as described (17). To measure in vivo oxygen con-
sumption, tumors were excised, and four samples per tumor, of
�50 mg each, were weighed and thoroughly minced in DMEM
� 10% FBS. Oxygen consumption was measured as above in a
1-ml volume and normalized to tissue weight.

Luciferase Reporter Assay. RKO and RKOshHIF1� cells were stably
transfected with a luciferase reporter construct (5xHRE-luciferase)
containing the firefly luciferase gene under the control of a
synthetic HIF responsive promoter described (27). Cells were
exposed to 0.5% O2 for 24 h, and luciferase activity was measured
in triplicate by using a luciferase reporter gene assay kit (Roche,
Indianapolis, IN) and a Monolight 2010 luminometer (Analytical
Luminescence Laboratory, San Diego, CA). For analysis of the
effect of echinomycin on luciferase activity in vitro, 5 � 104 cells
were seeded to 96-well plates, and, 24 h later, media were changed
and drugs were added. Plates were placed in normoxic or hypoxic
(0.5% O2) incubators for 24 h and imaged directly in a Xenogen
IVIS100 bioluminescent imaging system (Xenogen, Alameda, CA)
in the presence of 150 �g/ml potassium d-luciferin (Xenogen).

Bioluminescent Imaging. Mice bearing 100–200 mm3 s.c. HRE-
luciferase reporter tumors were anesthetized by using 2% isoflu-
orane and injected i.p. with 150 mg/kg potassium d-luciferin
(Xenogen). After 10 min, bioluminescence was measured in a
Xenogen IVIS100 system (Xenogen). Data were quantified by
measuring total photons/s from uniform regions of interest. Data
presented are the mean of three independent experiments, each
comprising five RKO and five RKOShHIF1� tumors.

Detection of Tumor Hypoxia by Pimonidazole Immunofluorescence.
Mice bearing 100–300 mm3 RKO and RKOshHIF tumors on
either flank were treated with 0.12 mg/kg echinomycin i.p. or
saline control. After 24 h, they were injected with the hypoxia
marker drug pimonidazole (60 mg/kg i.p.) (Millipore, Temecula,
CA). Three hours later, tumors were excised and frozen in liquid
nitrogen. Frozen sections (10 �m thick) from the central regions
of tumors were fixed for 15 min in acetone at 4°C. Slides were
blocked for 30 min in 4% FBS, 5% nonfat milk, and 0.1% Triton
X-100 in PBS. Slides were incubated for 1 h at room temperature
with an FITC-conjugated monoclonal antibody against pi-
monidazole (1:20) (Millipore) and counterstained with 50 nM
propidium iodide (PI). FITC and PI fluorescent signals for entire
tumor sections (one section per tumor) were acquired on a
Nikon Eclipse E800 microscope equipped with a motorized
scanning stage, a 12-bit QImaging camera (QImaging, Burnaby,
Canada), and Bioquant imaging software (Bioquant, Nashville,
TN). Acquisition parameters were constant for all samples. Tiled
images were analyzed by using ImageJ software (NIH, Bethesda,
MD). The area of the tumor section was manually defined by
using the PI signal, and areas of necrosis and cutting artifacts
were removed. The FITC-positive area was defined by using a
common threshold value for all sections. The threshold value was
chosen such that tumor sections from animals not injected with
pimonidazole had no signal. The hypoxic fraction was defined as
the FITC-positive area/the viable tumor area.

Tumor Growth Delay. When tumor volume reached 100–200 mm3,
mice were randomized to treatment groups. The echinomycin plus
TPZ (or etoposide) groups were treated with 0.12 mg/kg echino-
mycin i.p. followed at 24 h by 30 mg/kg TPZ i.p. (or 10 mg/kg
etoposide), followed by a rest day for three or six cycles. The DCA
plus echinomycin treatment group was treated with 50 mg/kg DCA
i.p. followed at 4 h by 20 mg/kg TPZ i.p. daily for 14 days. Single
agents or saline controls were given at the same doses on the same
schedules. For schedule dependence experiments, the doses were
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the same as above, with the TPZ plus echinomycin group receiving
TPZ, followed at 24 h by echinomycin, followed by a rest day for 6
cycles. Each treatment arm consisted of two independent groups of
6 to 8 tumors (12–16 total tumors per group).

Data Analysis. Changes in oxygen consumption, luciferase activ-
ity, hypoxic fraction, and tumor growth were analyzed by
ANOVA, followed by pair-wise comparisons using a two-tailed

Student’s t test with the Bonferroni correction for multiple
comparisons as needed. For all data, P values �0.05 were
considered significant. All error bars represent the standard
error of the mean.
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