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Abstract
The hypoxia-inducible factor-1 (HIF-1) transcription factor
is an important regulator of tumor response to hypoxia
that include increased angiogenesis, glycolytic metabo-
lism, and resistance to apoptosis. HIF-1 activity is regu-
lated by the availability of the HIF-1A subunit, the levels
of which increase under hypoxic conditions. PX-478
(S -2-amino-3-[4V-N ,N ,-bis(2-chloroethyl)amino]phenyl
propionic acid N-oxide dihydrochloride) is an inhibitor of
constitutive and hypoxia-induced HIF-1A levels and thus
HIF-1 activity. We report that PX-478 given to mice sup-
presses HIF-1A levels in HT-29 human colon cancer
xenografts and inhibits the expression of HIF-1 target
genes including vascular endothelial growth factor and the
glucose transporter-1. PX-478 shows antitumor activity
against established (0.15–0.40 cm3) human tumor xeno-
grafts with cures of SHP-77 small cell lung cancer and log
cell kills up to 3.0 for other tumors including HT-29 colon,
PC-3 prostate, DU-145 prostate, MCF-7 breast, Caki-1
renal, and Panc-1 pancreatic cancers. Large (0.83 cm3)
PC-3 prostate tumors showed 64% regression, which was
greater than for smaller tumors. The antitumor response to
PX-478was positively correlated with tumor HIF-1A levels
(P < 0.02) and was accompanied by massive apoptosis.
The results show that PX-478 is an inhibitor of HIF-1A and
HIF-1 transcription factor activity in human tumor xeno-
grafts and has marked antitumor activity against even large
tumor xenografts, which correlates positively with HIF-1A
levels. [Mol Cancer Ther. 2004;3(3):233–244]

Introduction
Solid tumors with areas of hypoxia are the most aggressive
and difficult tumors to treat (1). In addition to areas of
hypoxia surrounding necrotic areas, solid tumors and even
micrometastases have areas of hypoxia at the growing edge

where tumor growth outstrips new blood vessel formation
(2, 3). Hypoxic cancer cells present a major challenge to
successful treatment (4) because they survive the hostile
hypoxic environment by changing to a glycolytic metabo-
lism (5), become resistant to programmed cell death (apop-
tosis; Refs. 6, 7), and migrate to less hypoxic areas of the
body (metastasis; Ref. 8). Hypoxic cancer cells also produce
several factors, including vascular endothelial growth
factor (VEGF; Ref. 9) and basic fibroblast growth factor-2
(10), which stimulate new blood vessel formation from
existing vasculature (angiogenesis) leading to increased
tumor oxygenation and growth (11).

The cellular response to hypoxia is mediated through
the hypoxia-inducible factor-1 (HIF-1) transcription fac-
tor (12, 13). HIF-1 is heterodimer consisting of HIF-a
and HIF-1h (also known as the aryl hydrocarbon
receptor nuclear translocator) subunits (14). There are
three HIF-1 isoforms: HIF-1a plays a general role in
hypoxia signaling, while HIF-2a and HIF-3a show a more
restricted pattern of expression (15). HIF-1a and HIF-1h
belong to the basic-helix-loop-helix Per-aryl hydrocarbon
receptor nuclear translocator-SIM family of transcription
factors (11). HIF-1a and HIF-1h associate in the cytosol prior
to transport to the nucleus (16) where they bind to hypoxic-
regulated element DNA sequences in the 3Vand 5Vregions of
hypoxia-regulated genes (17). HIF-1h is constitutively
expressed and its levels are not changed by hypoxia (12).
HIF-1a is constitutively expressed, but under aerobic
conditions, it is rapidly degraded by the ubiquitin-26S
proteasome pathway so that HIF-1a levels are almost
nondetectable (18). Under conditions of hypoxia, HIF-1a
degradation is inhibited and HIF-1a protein levels increase,
resulting in an increase in HIF-1 transactivating activity. The
transcription of a wide variety of genes is increased by HIF-1
(12, 13) including genes for glycolytic metabolism (19), genes
that promote erythropoiesis (20), genes that protect against
apoptosis (21, 22), and genes that promote angiogenesis
(10, 17, 23, 24).

HIF-1a protein levels depend on a series of oxygen-
related post-translational modifications. The von Hippel-
Lindau tumor suppressor protein (pVHL) binds to HIF-1a
and organizes the assembly of a complex that activates E3
ubiquitin ligase resulting in the ubiquitination of HIF-1a,
thus marking it for degradation by the 26S proteasome
(25–27). pVHL binds the oxygen degradation domain of
HIF-1a through conserved proline residues (Pro402 and
Pro564 in human HIF-1a) that are hydroxylated by cy-
tosolic HIF-1a-directed prolyl-4-hydroxylases (28–30).
Prolyl-4-hydroxylases require O2, Fe2+, and 2-oxogluta-
trate or ascorbate as cofactors (28). When O2 is limiting
under hypoxic conditions, HIF-1a proline hydroxylation is
inhibited resulting in decreased binding of pVHL,
decreased HIF-1a degradation, and increased HIF-1a
protein levels (30, 31). pVHL also acts in concert with
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histone deacetylase and other proteins as a transcriptional
corepressor of HIF-1a transactivation under normoxic
conditions (32). HIF-1a can bind to another E3 ubiquitin
protein ligase, MDM2, which also degrades the tumor sup-
presser p53, resulting in HIF-1a ubiquitination and degra-
dation and p53 stabilization (33, 34).

HIF-1 is necessary for tumor growth. Xenografts derived
from HIF-1h-deficient hepatoma cells (24, 35) or HIF-1a-
deficient Chinese hamster ovary cells (7) are less tumori-
genic than parental cell xenografts. HIF-1a �/� knockout
mouse embryonic stem (MES) cells also show decreased
tumor growth compared with wild-type MES cells (36, 37),
although one study reported increased tumor growth and
decreased hypoxia-induced apoptosis of HIF-1a �/� MES
cells (38). Reintroduction of the intact VHL gene into cells
lacking functional VHL derived from renal carcinomas re-
stores HIF-1a to normoxic levels (39, 40) and decreases
tumorigenicity (41).

HIF-1a is found at increased levels in a wide variety of
human primary tumors compared with corresponding
normal tissue (42–49). The importance of HIF-1a to human
cancer is demonstrated by the high incidence of tumors
such as renal cell carcinoma, pheochromocytoma, and he-
mangioblastoma of the central nervous system in indi-
viduals with loss of function of both alleles of the VHL
gene leading to elevated HIF-1a levels (50). In addition,
most cases of sporadic renal cell carcinoma are associated
with an early loss of function of the VHL gene and in-
creased HIF-1a levels (39, 51). While most work has fo-
cused on the role of HIF-1a in increasing tumor growth,
HIF-2a is also up-regulated in human cancer (24),
particularly in renal cancer (52). However, HIF-2a is a
constitutively expressed protein that does not exhibit
oxygen-dependent degradation and endogenous HIF-2a
does not stimulate the transcription of typical HIF-1 target
genes (53). Thus, it has been suggested that HIF-2a may
have different functions to HIF-1a, unrelated to the
hypoxia response (54).

PX-478 (S-2-amino-3-[4V-N ,N ,-bis(2-chloroethyl)amino]-
phenyl propionic acid N-oxide dihydrochloride) is a novel
agent that suppresses constitutive and hypoxia-induced
levels of HIF-1a in cancer cells (55). We have investigated
the antitumor activity of PX-478 against human tumor
xenografts and its toxicity, pharmacokinetics, and pharma-
codynamics in mice. We have found that PX-478 inhibits
HIF-1a and HIF-1-regulated genes and has antitumor ac-
tivity against several human tumor xenografts that is re-
lated to HIF-1a levels in the tumors.

Materials and Methods
Antitumor Studies
MCF-7 human breast cancer, HT-29 colon cancer, PC-3

prostate cancer, DU-145 prostate cancer, OvCar-3 ovarian
cancer, A-549 non-small cell lung cancer, SHP-77 small
cell lung cancer, and Caki-1 renal cancer cell lines
were obtained from the American Tissue Type Collection
(Rockville, MD). Panc-1, MiaPaCa, and BxPC-3 pancreatic
cancer cell lines were kindly supplied by Dr. Dan Von Hoff

(University of Arizona, Tucson, AZ). The cells were grown
in humidified 95% air, 5% CO2 at 37jC in DMEM
supplemented with 10% fetal bovine serum. Cells (107)
in log cell growth were injected s.c. in 0.2 ml Matrigel (BD
Biosciences, Palo Alto, CA) into the flanks of scid mice.
Female mice that were to receive the estrogen-dependent
MCF-7 breast cancer cell line (56) were implanted s.c. in the
back with a 90-day 17-h-estradiol release pellet (Innovative
Research of America, Sarasota, FL) a day before the tumor
cells. PX-478 was prepared fresh each day in 0.9% NaCl as
a 10 or 20 mg/ml solution and given to the mice by various
routes and schedules within 30 min of preparation. Tumor
diameters at right angles (dshort and d long) were measured
twice weekly with electronic calipers and converted to vol-
ume by the formula: volume = dshort

2 � d long � 2 (57). When
the tumors reached between 150 and 830 mm3, the mice
were stratified into groups of eight animals having ap-
proximately equal mean tumor volumes and drug admin-
istration was begun. Tumor volume was measured twice
weekly until the tumor reached 2000 mm3 or more or be-
came necrotic, when the animals were euthanized.
Animals were weighed weekly. Tumor growth rate was
calculated from the linear portion of the least squares
regression of the cube root of the tumor volume. Tumor
regression was calculated as the maximum decrease in
tumor volume from the start of treatment and tumor
growth delay was calculated as the time for the mean
tumor volume to reach twice the non-drug-treated mean
tumor volume at the start of PX-478 treatment. Log10 cell
kill was calculated by the formula: log10 cell kill = tumor
growth delay (days) � tumor doubling time (days) � 3.32;
Ref. 58). One-way analysis of variance using the general
linear model (59) was used to test for the effect of
treatment on tumor growth rate and growth delay.
Correlations between tumor HIF-1a levels as continuous
variables and antitumor activity measured by tumor
regression, growth delay, and log10 cell kill were by linear
regression.

Pharmacodynamic Studies
HT-29 colon cancer cells (107) were injected s.c. into

the flanks of male scid mice and allowed to grow to
f300 mm3. The animals received a single i.p. dose of
PX-478 (100 mg/kg) in 0.9% NaCl and were killed at
various times. Blood was collected into heparinized tubes
for preparation of plasma, which was stored at �20jC, and
tumors were excised and fixed in 5% buffered formalde-
hyde for immunohistochemistry.

Immunohistochemistry
Paraffin-embedded tissue sections were heated at 60jC

for 30 min and rehydrated through xylene and graded
alcohols. Antigen retrieval was performed as dictated by
the individual proteins as follows: 40 min at pH 9.0 for
HIF-1a, 90 min at pH 9.0 for HIF-2a, 20 min at pH 6.0 for
VEGF and factor VIII-related antigen, 15 min at pH 6.0
for glucose transporter-1 (Glut-1), and 25 min at pH 9.0
for cleaved caspase-3. The slides were blocked for 30 min
in 4% milk, 1% goat serum, and 0.1% thimerosal in
PBS. After blocking, the slides were processed using a
3,3V-Diaminobenzidine Basic Detection Kit (Ventana
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Medical Systems, Tucson, AZ). Endogenous peroxidase
activity was quenched using a hydrogen peroxide-based
inhibitor included in the kit, and endogenous biotin was
blocked using an Avidin/Biotin Blocking Kit (Ventana
Medical Systems). Using an ES Automated Slide Stainer
(Ventana Medical Systems), the slides were incubated for
32 min at 42jC with the following primary antibodies:
mouse monoclonal anti-human HIF-1a (Transduction Labs,
Lexington, KY) at 10 Ag/ml, rabbit polyclonal anti-human
HIF-2a (Novus Biologicals, Littleton, CO) at 3 Ag/ml,
rabbit polyclonal anti-human VEGF (Santa Cruz Biotech-
nology, Santa Cruz, CA) at 5 Ag/ml, rabbit polyclonal
anti-human factor VIII-related antigen (Dakopatts,
Santa Barbara, CA) at 1:800 dilution, rabbit polyclonal
anti-human cleaved caspase-3 (Cell Signaling Technology,
Beverly, MA) at 1 Ag/ml, and rabbit polyclonal anti-human
Glut-1 (Chemicon International, Inc., Temecula, CA) at
1:2700 dilution. A biotinylated universal secondary anti-
body, which recognized mouse IgG/IgM or rabbit IgG, was
then applied followed by horseradish peroxidase-conju-
gated avidin, 3,3V-diaminobenzidine/hydrogen perox-
ide, and a copper enhancer. The slides were dehydrated
through graded alcohols, toluene, and xylene and cover-

slipped using Vectamount (Vector Laboratories, Inc.,
Burlingame, CA). Six 24-bit three-color images of each
tumor section were captured in RGB TIFF format using a
Nikon TE300 inverted microscope (Nikon, Melville, NY)
with 10� Plan Apo objective lens (AG Heinze, Chandler,
AZ) using a Roper Scientific Coolsnap digital camera
(Princeton Instruments, Trenton, NJ). Images were quan-
titated using the Simple PCI digital image analysis
software package (Compix Imaging Systems, Pittsburgh,
PA). The low threshold for analysis was set using a tissue
section stained with a nonreactive antibody and the
staining was normalized to the staining of an on-slide
control of hypoxic MCF-7 breast cancer cells. Microvessel
density was measured by light microscopy of factor VIII-
related antigen-stained sections using the criteria of
Weidner et al. (60).

Western Blotting

Cell nuclear extracts were prepared using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Pierce
Chemical Co., Rockford, IL). Western blotting was
performed as described previously (61) using 1 Ag/ml
mouse anti-human HIF-1a antibody (Transduction Labs).
Anti-mouse horseradish peroxidase-conjugated secondary
antibody (Amersham Pharmacia, Uppsala, Sweden) was
used at a dilution of 1:5000 for detection by chemilumi-
nescence.

SerumVEGF and Erythropoietin Measurement
The amount of VEGF in serum was determined using hu-

man and mouse VEGF ELISA kits that measure VEGF165

and VEGF121 isoforms (R&D Systems, Inc., Minneapolis, MN).
The amount of erythropoietin in mouse serum was mea-
sured using a kit for human erythropoietin (Human EPO-
ELISA; R&D Systems) that cross-reacts with mouse
erythropoietin, and mouse erythropoietin was used as a
standard.

Pharmacokinetic Studies
Male C57BL/6 mice were given PX-478 at a dose of 150

mg/kg as a freshly prepared 15 mg/ml solution in 0.9%
NaCl either i.v., i.p., or by p.o. gavage. The mice were killed
at various times, and blood was collected into heparinized
tubes and plasma was prepared. Plasma (0.2 ml) was im-
mediately mixed with an equal volume of 0.1% trifluoro-
acetic acid (TFA) in acetonitrile and centrifuged at
15,000 � g for 5 min at 4jC. Supernatant solution (50 Al)
was injected into the high-pressure liquid chromatograph
(HPLC) for the PX-478 assay. The HPLC system comprised
a Brownlee Cyano Spheri-5 250 mm column eluted at a
flow of 1.5 ml/min with TFA/acetonitrile/H2O (0.1:10:99)
for 20 min followed by a 15 min gradient to 100% of
0.1% TFA in acetonitrile. Fluorescence detection was
employed at an excitation wavelength of 200 nm and
emission wavelength of 365 nm. PX-478 was eluted at 4.6
min with a lower limit for detection of 10 Ag/ml plasma.
To measure plasma protein binding, PX-478 was added
at 500 Ag/ml to fresh mouse plasma at 4jC and an
ultrafiltrate was prepared using a 10,000 molecular
weight cutoff centrifugal filter (Centricon 10; Millipore,
Billerica, MA).

Figure 1. Inhibition of tumor HIF-1a by PX-478. Male scid mice were
injected s.c. in the flank with 107 HT-29 colon cancer cells. The tumors
were allowed to grow to f300 mm3 and the mice were treated with PX-
478 at a single i.p. dose of 120 mg/kg. The animals were euthanized at
various times and the tumors were excised and taken for HIF-1a staining
by immunohistochemistry. A, typical sections showing HIF-1a staining in
the untreated control (0 hr), HIF-1a staining (2 hr ), and return to control
HIF-1a staining (24 hr ). B, staining was quantified by digital image
analysis and expressed as percentage relative to nontreated tumor. Points,
means of four animals; bars, SE. *, P < 0.05, compared with nontreated
control.
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Results
Inhibition of HIF-1a in Tumors
Staining for HIF-1a by immunohistochemistry showed

that HIF-1a was unevenly distributed throughout tumors
and was predominantly nuclear with little cytoplasmic
HIF-1a staining (Fig. 1A). Large tumors showed more areas
of HIF-1a staining than small tumors, which was associated
with increased areas of necrosis in the large tumors. For
this reason, HIF-1a staining was routinely measured in
tumor xenografts between 150 and 300 mm3 before areas of
necrosis became a prominent feature. Significant HIF-2a
staining was not observed in any of the tumors. Where
HIF-2a was detected, it was present in macrophage-like
cells in areas of inflammation and some were distributed
throughout the tumor. PX-478 was given as a single i.p.
dose of 120 mg/kg to scid mice bearing s.c. HT-29 human
colon tumor xenografts. The mice were killed at various
times and the tumors were removed, fixed, and stained for
HIF-1a. HIF-1a staining was quantified by digital image
analysis and expressed relative to the staining of non-
drug-treated tumor xenografts (Fig. 1B). Administration of

PX-478 to mice resulted in a significant decrease in tumor
HIF-1a staining, with a maximum decrease (F SE) at 5 h
to 29.3 F 10.4% of non-drug-treated tumor values (P < 0.05).
HIF-1a levels had returned to non-drug-treated values by
8 h after administration of PX-478 (P > 0.05). The HIF-2a
staining in tumor macrophages was not affected by PX-478.

Inhibition of HIF-1Target Genes
Immunohistochemical staining for Glut-1, the expression

of which is regulated by HIF-1 (62), showed decreased
Glut-1 in tumors from mice treated with PX-478 at a sin-
gle i.p. dose of 120 mg/kg. The decrease was delayed and
sustained compared with the decrease in HIF-1a, with
a maximum decrease (F SE) at 14 h to 23.7 F 4.5% of
non-drug-treated tumor values and was still at 56.0 F 5.9%
at 48 h (P < 0.05; Fig. 2A). Staining for tumor VEGF, the
expression of which is also regulated by HIF-1 (63), showed
a decrease (F SE) at 2 h to 61.7 F 16.9% of non-drug-treated
tumor values (P < 0.05) with recovery to above non-drug-
treated values by 5 h (Fig. 2B). There was no change in
staining for cleaved caspase-3, a measure of apoptosis (64),
or in microvessel density, a measure of angiogenesis (60),
up to 24 h after treatment with PX-478. Three days after a
course of PX-478 at 100 mg/kg/day i.p. for 5 days as used
for the antitumor studies, there was no significant change

Figure 2. Inhibition of HIF-1 target gene expression by PX-478. Male
scid mice with s.c. HT-29 human colon tumor xenografts were treated
with PX-478 at a single i.p. dose of 120 mg/kg. Tumors were excised and
stained by immunohistochemistry for Glut-1 (A) and VEGF (B). Staining
was quantified by digital image analysis and expressed as percentage
relative to nontreated tumor. Points, means of four animals; bars, SE.
*, P < 0.05, compared with untreated control.

Table 1. Posttreatment effects of PX-478 treatment on HT-29
HIF-1a and its downstream target proteins

Protein
control

Staining (%) PX-478-treated
staining (%)

P

HIF-1a 100.0 F 6.0 80.2 F 24.2 0.404
Caspase-3 100.0 F 4.4 696.8 F 57.5 0.009
Glut-1 100.0 F 1.3 85.6 F 4.4 0.012
VEGF 100.0 F 2.4 104.0 F 6.8 0.571

Note: scid mice with 300 mm3 HT-29 tumor xenografts were given PX-478 i.p.
at 100 mg/kg/day for 5 days and tumors were removed 3 days later for immu-
nohistochemical staining of HIF-1a and its target proteins. Staining was quantitated
by digital image analysis and expressed relative to control values as 100%. Values are
means F SE of four mice in each group.

Figure 3. PX-478 lowers plasma VEGF levels in the mouse. Male scid
mice were treated with PX-478 at a single i.p. dose of 120 mg/kg and
plasma VEGF levels were measured at various times. Points, means of
three mice at each time point expressed as percentage relative to non-
treated tumor; bars, SE.
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in tumor HIF-1a or VEGF staining and a small (14.4%) but
significant (P < 0.05) decrease in tumor Glut-1 staining
(Table 1). At the same time, there was a 7.2 F 0.8-fold
increase, compared with untreated tumors, in staining for
cleaved caspase-3 and an increase in HIF-2a-stained tumor
macrophages, indicating that the tumor was undergoing
massive apoptosis.

Mouse plasma was assayed for human and mouse VEGF
and mouse erythropoietin by specific ELISA. No human
VEGF from the HT-29 human tumor xenografts could be
detected in the mouse plasma. On treatment with a single
i.p. dose of PX-478 of 120 mg/kg, there was a rapid
decrease (F SE) in mouse plasma VEGF to 18.8 F 2.2%
of control values at 2 h (P < 0.01; Fig. 3). There was no
detectable change in mouse plasma erythropoietin, another
HIF-1a-regulated protein that stimulates hemoglobin pro-
duction (20), up to 24 h after the administration of PX-478
(data not shown).

PX-478 Pharmacokinetics
The half-life of PX-478 in sodium phosphate buffer

(50 mM) was 25 h at pH 2.0 and 2.1 h at pH 6.5. PX-478 is
a dihydrochloride salt, and when dissolved in unbuffered
0.9% NaCl or water, it gave an acid solution and the half-
life was 8.8 h. The half-life of PX-478 was 37 min in fresh

mouse plasma and 420 min in the supernatant from mouse
plasma treated at 98jC for 15 min to denature proteins.
These values probably reflect the alkaline nature of mouse
plasma, which becomes acid on heat treatment. Studies of
the binding of PX-478 to mouse plasma proteins gave a
recovery of PX-478 in the ultrafiltrate corrected for
degradation during the 2 h centrifugation of 102.8 F
7.1%. Thus, PX-478 is not bound to mouse plasma.
Pharmacokinetic studies were conducted in male C57BL/
6 mice given PX-478 i.v., i.p., or by p.o. gavage at a single
dose of 150 mg/kg (Fig. 4). The peak plasma concentration
of PX-478 following i.p. administration was 428 Ag/ml,
which occurred within 5 min of administration, and the
half-life was 47 min. The pharmacokinetic parameters of
i.p. PX-478 were similar to PX-478 given i.v. and the
bioavailability was 91% (Table 2). PX-478 given p.o. had
a bioavailability of 86%.

AntitumorActivity
The antitumor activity of PX-478 was investigated using

s.c. implanted human tumor xenografts in scid mice.
The approximate maximum tolerated dose of PX-478 given
to scid mice was 250 mg/kg as a single i.p. dose and
140 mg/kg/day as five daily i.p. doses. Treatment of mice
with established 120 mm3 OvCar-3 ovarian cancer tumor
xenografts with PX-478 with 100 mg/kg/day i.p. for 5 days
gave a 99% tumor regression and a tumor growth delay of
57 days (Fig. 5A). Treatment of mice with SHP-77 human
small cell lung cancer xenografts with PX-478 on the same
schedule was curative with no histologically detectable
tumor cells at the site of implantation at 100 days after
the termination of treatment (Fig. 5B). Another sensi-
tive tumor was MCF-7 breast cancer, where PX-478 at
100 mg/kg/day i.p. for 5 days to mice with 180 mm3

tumors gave a 48% tumor regression and a tumor growth
delay of 43 days (Fig. 5B). PC-3 prostate cancer is a rapidly
growing tumor that was responsive to PX-478. For PX-478
at a dose of 100 mg/kg/day i.p. for 5 days to mice with
138 mm3 tumors, there was a 71% regression and a tumor
growth delay of 30 days. In another study with the same
PX-478 treatment, very large PC-3 tumors of 830 mm3

showed a 64% tumor regression treatment, which was
larger than with 320 mm3 tumors (Fig. 5C). Table 3
summarizes the antitumor activity of PX-478 given by a
daily i.p. schedule for 5 days against a variety of es-
tablished human tumor xenografts and shows that log10

cell kills of up to 3.0 can be obtained by this schedule. It
is noteworthy that tumor regressions were delayed until
3–10 days after treatment with PX-478 was complete. A-549

Table 2. Pharmacokinetic parameters of PX-478 in mice

Route Compound Cmax (Ag/ml) T1/2 (min) AUC (Ag/ml) Cl (ml/min/kg) Vss (ml/kg) F

i.v. PX-478 428 60.6 31918 4.7 380 –
i.p. PX-478 465 47.4 29122 – – 0.91
p.o. PX-478 158 27.9 27474 – – 0.86

Note: Mice were administered 150 mg/kg PX-478 via different routes listed. The pharmacokinetic parameters are as follows: Cmax , maximum plasma concentration; T1/2 , half
life; AUC, area under the curve from time 0 min to infinity; Cl, plasma clearance; Vss, steady state volume of distribution; F, bioavailability as compared to i.v. administration.

Figure 4. Pharmacokinetics of PX-478 in the mouse. Nontumor male
C57BL/6 mice were given PX-478 (120 mg/kg) by the i.p. (o) or i.v. (E)
routes. Plasma PX-478 was measured by HPLC. Points, means of three
mice; bars, SE.
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human non-small cell lung cancer showed no antitumor
response to PX-478. Table 4 shows the antitumor activity of
some clinically used anticancer drugs against tumor
xenografts of the sizes used for PX-478. None of the
drugs tested showed antitumor activity approaching that
of PX-478.

Schedule Dependency
Several different schedules of PX-478 administration

were examined (Table 5). A single i.p. administration of
PX-478 of 120 mg/kg to mice with MCF-7 breast cancer
xenografts gave a log10 tumor cell kill of 0.9; when given
i.p. at 80 mg/kg/day for 5 doses, the log10 tumor cell kill
was 2.3; and when given at 80 and 120 mg/kg every other
day for five doses, log10 tumor cell kills were 2.0 and 2.5,
respectively. Continuous weekly i.p. administration of
PX-478 at 120 mg/kg or twice weekly administration at
60 mg/kg gave cumulative log10 tumor cell kills of 3.4
and 2.5, respectively.

AntitumorActivity andTumor HIF-1aLevels
HIF-1a staining in tumor xenografts paralleled that in

hypoxic cancer cell lines from which they were derived
with xenografts from cell lines with high levels of HIF-1a
showing the highest HIF-1a staining (Fig. 6A). Linear
regression analysis of tumor xenograft HIF-1a staining
measured as low, medium, or high gave significant positive
correlations, with PX-478 antitumor activity measured
as tumor regression (P = 0.016), tumor growth delay
(P = 0.014), or log10 cell kill (P = 0.007; Fig. 6, B and C).

Toxicity of PX-478
The major acute toxicity of PX-478 given daily for 5 days

to nonimmunodeficient C57BL/6 mice was neutropenia
(Table 6). There was no decrease in the number of platelet
or RBC and no change in serum liver enzymes or blood
urea nitrogen or creatinine, indicating the absence of acute
liver or renal toxicity. There was acute weight loss ac-
companied with a decrease in food intake (data not shown),
but the mice appeared otherwise healthy and remained
active. The weight loss had recovered by 19 days and
neutropenia by 35 days after the end of dosing (Fig. 7).
There was a delayed transient decrease in hemoglobin and
in the number of RBC at 14 days after dosing, but this had
recovered by 25 days. Continuous weekly or twice weekly
dosing of PX-478 gave lymphocytopenia, moderate neu-
tropenia, and no weight loss until 5 weeks (data not
shown). There was a transient decrease in hemoglobin and
RBC at 1–2 weeks and this recovered even with continuous
dosing. The decrease in hemoglobin was not caused by a
decrease in erythropoietin by PX-478, because plasma
levels of erythropoietin increased at this time presumably
in response to the decreases in hemoglobin levels (Fig. 8).
Plasma VEGF levels were not changed at these later times
after PX-478 dosing (data not shown).

Discussion
We have reported previously that PX-478 suppresses
hypoxia induction of HIF-1a in cancer cell lines and
suppresses constitutive HIF-1a in cells that have lost pVHL
(55). The present study extends the work on PX-478 in

Figure 5. Antitumor activity of PX-478. A, female scid mice were
implanted s.c. in the flank with 107 OvCar-3 human ovarian cancer cells.
When the tumors reached 120 mm3 at day 24 (as shown by the arrow ),
the mice received either vehicle (o) or PX-478 i.p. at 100 mg/kg/day (E)
or 80 mg/kg/day (n) for 5 days. Tumor diameter in two directions (dshort

and d long) was measured twice weekly with calipers and tumor volume
was calculated. B, female scid mice were implanted s.c. in the flank with
107 SHP-77 human small cell lung cancer cells. When the tumors reached
160 mm3 at day 18 (as shown by the arrow ), the mice received either
vehicle (o) or PX-478 i.p. at 100 mg/kg/day (E) or 75 mg/kg/day (n) for 5
days. There was no evidence of tumor when the drug-treated animals were
examined histologically for evidence of tumor at the implantation site on
day 100 after drug treatment. C, female scid mice received a s.c. implant
of a 90-day 17-h-estradiol release pellet 1 day before s.c. implantation in
the flank of 107 MCF-7 human breast cancer cells. When the tumors
reached 180 mm3 at day 5 (as shown by the arrow ), the mice received
either vehicle alone (o) or PX-478 i.p. as a single dose of 200 mg/kg (E) or
as five daily doses of 80 mg/kg (n).D,male scid mice were implanted s.c.
in the flank with 107 PC-3 prostate cancer cells. When the tumors reached
320 mm3 (o and .) or 830 mm3 (4 andE; in both cases denoted as day 1
by the arrow ), dosing was begun with vehicle (o and 4) or PX-478 i.p. at
100 mg/kg/day (. and E) for 5 days. Points, mean calculated tumor
volumes of eight mice in each group; bars, SE.
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cancer cell lines into mice with tumor xenografts. PX-478
given at doses that caused tumor growth delay suppressed
HIF-1a levels up to 71% in HT-29 human tumor xenografts.
The decrease in HIF-1a was associated with a decreased
expression of the HIF-1 downstream target genes. The
expression of VEGF, an important angiogenic factor
produced by solid tumors leading to the development of
new blood vessels from preexisting capillary beds (65) and
an autocrine factor for hematological tumors (66), was
decreased by PX-478 by 38% (P < 0.05). The expression of
Glut-1, a ubiquitously expressed member of a family of

transport proteins responsible for the facilitated diffusion
of hexoses into mammalian cells (67, 68), was decreased by
76% (P < 0.05). Glut-1 inhibition was maintained for at
least 48 h. While many glut genes are activated post-
translationally by acute hypoxia (67), only glut-1 shows a
HIF-1-dependent increase in transcription in response to
prolonged hypoxia (67). Increased Glut-1 expression has
been associated with aggressive tumor growth and
decreased metastasis free survival of patients with cervical
cancer (69). Interestingly, the expression of HIF-2a in tumor
macrophages was not inhibited by PX-478. Unlike HIF-1a,

Table 3. Antitumor activity of PX-478 against human tumor xenografts in scid mice

Tumor Initial tumor
volume (mm3)

PX-478
(mg/kg/day)

Schedule Regression
(%)

Growth delay
(days)

Log10

cell kill
P

OvCar-3 ovarian 120 100 Q1D � 5 99 57 3.0 *
80 Q1D � 5 42 31 1.6 *

HT-29 colon 410 120 Q1D � 5 0 21 2.0 *
80 Q1D � 5 0 16 1.6 *
60 Q1D � 9 19 22 2.4

PC-3 prostate 138 100 Q1D � 5 71 30 2.0 *
60 Q1D � 5 2 10 0.7 *

DU-145 prostate 310 100 Q1D � 5 50 24 2.4 *
60 Q1D � 5 40 15 1.5 *

MCF-7 breasta 180 100 Q1D � 5 48 43 1.0 *
80 Q1D � 5 33 27 1.2 *

Caki-1 renal 250 100 Q1D � 5 44 54 1.8 *
60 Q1D � 5 6 12 0.4 *

Panc-1 pancreatic 125 100 Q1D � 5 40 35 2.0 *
60 Q1D � 5 10 27 0.9 *

MiaPaCa pancreatic 288 100 Q1D � 5 20 6 0.2 *
60 Q1D � 5 4 3 0.1 *

BxPC-3 pancreatic 100 100 (Q1D � 5) � 2b 20 30 0.8 *
75 (Q1D � 5) � 2b 20 17 0.5 *

A-549 non-small cell lung 370 100 Q1D � 5 0 2 0.1
60 Q1D � 5 0 0 0

SHP-77 small cell lung 160 100 Q1D � 5 100 >100 Cure *
75 Q1D � 5 100 >100 Cure *

Note: Mice were implanted s.c. with 107 tumor cells. When the tumor volume reached 100 to 300 mm3, the mice were randomized into groups of eight and i.p. drug treatment
started at the doses shown.
aFemale mice implanted with 17-h-estradiol 60-day slow release pellets.
bCourse repeated at 45 days.
*P < 0.05, compared with non-drug-treated control tumor growth rate.

Table 4. Antitumor activity of other drugs against human tumor xenografts in scid mice

Drug (i.p. dose) Schedule Tumor Initial tumor
volume (mm3)

Regression
(%)

Growth delay
(days)

Log10

cell kill
P

Taxol (21 mg/kg) Q2D � 5 A-549 non-small cell lung 370 0 21 0.9 *
Mitoxantrone (0.34 mg/kg) Q1D � 5 DU-145 prostate 600 0 6 0.6 *
Gemcitabine (180 mg/kg) Q2D � 3 MiaPaCa pancreatic 300 0 12 0.4 *
Melphalan (3 mg/kg) Q2D � 3 MCF-7 breasta 310 0 19 0.4 *
Melphalan (3 mg/kg) Q1D � 5 Panc-1 pancreatic 125 0 11 0.3

Note: Mice were implanted s.c. with 107 tumor cells. When the tumor volume reached the volume indicated, the mice were randomized into groups of eight and i.p. drug
treatment started at the doses shown.
aFemale mice implanted with 17-h-estradiol 60-day slow release pellets.
*P < 0.05, compared with non-drug-treated control tumor growth rate.
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HIF-2a is not regulated by hypoxia and does not stimulate
the transcription of typical HIF-1 target genes (53). Thus,
HIF-2a may have different functions to HIF-1a unrelated to
the hypoxia response (54) and, as we now show, is not
inhibited by PX-478.

PX-478 showed antitumor activity against a variety of
human tumor xenografts characterized by marked tumor
regressions and prolonged tumor growth delays. The tu-
mors used are among the most resistant to experimental
therapy (70) and were well established (0.1–0.8 cm3) at the
start of treatment. A 5-day course of PX-478 treatment gave
log10 tumor cell kills up to 3.0. With SHP-77 small cell lung
cancer, PX-478 was curative with no histologically detect-
able tumor at the site of implantation at the end of the
study. Antitumor activity was also seen with a single i.p.
dose of PX-478 as well as with i.v. and p.o. dose of PX-478.
Tumor regression occurred typically 3–10 days after a
course of PX-478 treatment and was characterized by
extensive apoptosis. Tumor HIF-1a and VEGF were not
significantly decreased at this time, although there was a
decrease in Glut-1. The ability of PX-478 to cause
regressions of very large tumor xenografts is important.
The paradigm established from many years of experimen-
tal chemotherapy is that larger tumors show a decreased
response to drugs and radiation compared with smaller
tumors either because of slower growth rates or because of
decreased drug access in larger tumors (71–74). PX-478
appears to cause a greater response in larger tumors than in
smaller tumors.

The peak PX-478 plasma concentration following a single
therapeutic dose of PX-478 was 1500 AM, which is
considerably higher than the 5–25 AM required to inhibit
HIF-1a in cancer cell lines (55). The plasma half-life of
PX-478 was 50 min and the inhibition of tumor HIF-1a,

Table 5. Schedule and route dependency of PX-478 antitumor activity

Tumor Initial tumor
volume (mm3)

PX-478
(mg/kg/day)

Route Schedule Regression
(%)

Growth delay
(days)

Log10

cell kill
P

MCF-7 breast cancera 190 200 i.p. Q1D 45 27 1.4 *
190 120 i.p. Q1D 50 17 0.9 *
190 80 i.p. Q1D � 5 50 44 2.3 *
310 120 i.p. Q1D � 5 17 51 2.9 *
190 120 i.p. Q2D � 5 79 48 2.5 *
190 80 i.p. Q2D � 5 45 37 2.0 *
310 80 i.p. Q1D � 5 every 4W � 3 0 60 3.3 *
310 80 i.p. Q2D � 5 every 4W � 3 27 62 3.4 *
310 120 i.p. QW � 10 0 60 3.3 *
310 60 i.p. Q1/2W � 20 0 45 2.5 *

PC-3 prostate cancer 550 100 i.p. Q1D � 5 72 26 1.3 *
550 80 i.p. Q1D � 5 0 13 1.1 *
550 80 i.v. Q1D � 5 0 13 1.1 *
550 25 p.o. Q1D � 5 0 16 1.3 *

Note: Mice were implanted s.c. with 107 tumor cells. When the tumor volume reached a predetermined size, the mice were randomized into groups of eight and drug treatment
started at the doses and by the schedules shown.
aFemale mice implanted with 17-h-estradiol 60-day slow release pellets.
*P < 0.05, compared with non-drug-treated control tumor growth rate.

Figure 6. Relationship between PX-478’s antitumor activity and tumor
HIF-1a. A, Western blot (middle panel ) showing HIF-1a levels in human
cancer cell lines grown in air (-) and exposed to hypoxia (1% oxygen) for
16 h (+). Loading was normalized using lamin A (data not shown).
Immunohistochemistry staining (upper and lower panels ) of HIF-1a in
tumor xenografts between 150 and 300 mm3 grown from the same cell
lines in scid mice. B, tumor regression caused by PX-478 in the different
tumors with low, medium, and high HIF-1a staining. C, tumor growth
delay caused by PX-478 in the different tumors with low, medium, and
high HIF-1a staining. Dashed line, the calculated regression (P = 0.016).
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which lasted about 8 h, corresponded to the time that PX-
478 in plasma was maintained at above 10 AM. There was a
rapid and short-lived decrease in mouse VEGF in plasma.
The inhibition of plasma VEGF was more rapid than the
inhibition of HIF-1a itself and so is unlikely to be mediated
through an effect of PX-478 on VEGF transcription.
Platelets and neutrophils are a major source of circulating

VEGF (75), which is released by a non-hypoxia-dependent
mechanism (76). The turnover of VEGF in plasma occurs
with a half-life for human VEGF of around 30 min (77).
Thus, the effect of PX-478 on plasma VEGF may be through
an inhibition of release by VEGF from blood elements.

The inhibition of tumor growth by PX-478 appears
to involve the suppression of tumor HIF-1a. This is

Table 6. Toxicity of PX-478 by daily i.p. administration for 5 days

Parameter Units Control PX-478
(100 mg/kg � 5 days)

Blood cells
White blood cells K/Al 4.35 F 0.52 0.18 F 0.38*
Neutrophils K/Al 2.18 F 0.39 0.13 F 0.10*
Lymphocytes K/Al 2.15 F 0.28 0.29 F 0.13*
Monocytes K/Al 0.05 F 0.01 0.02 F 0.01
Red blood cells M/Al 10.7 F 0.2 9.9 F 0.3
Hemoglobin g/dl 14.3 F 0.1 13.7 F 0.6
Platelets K/Al 1112 F 35 1059 F 92

Chemistry
Alkaline phosphatase U/l 172.6 F 13.0 222.5 F 51.5
Glucose mg/dl 183.7 F 4.7 115.4 F 23.3
Alanine aminotransferase U/l 26.9 F 5.4 39.9 F 14.0
Protein g/dl 5.3 F 0.1 5.7 F 0.2
Blood urea nitrogen mg/dl 10.9 F 0.7 8.8 F 1.0
Creatinine mg/dl 0.2 F 0.0 0.1 F 0.0

Note: Groups of four male C57BL/6 mice received PX-478 at a dose of 100 mg/kg/day i.p. for 5 days dissolved in 0.9% NaCl. The mice were killed 24 h after the last dose and
blood was taken for chemistry.
*P < 0.01, compared with nontreated control value.

Figure 7. Long-term toxicity of PX-
478 by daily i.p. administration for 5
days. Groups of four male C57BL/6
mice received vehicle alone (o) or PX-
478 i.p. at a dose of 100 mg/kg (.)
dissolved in 0.9% NaCl daily for 5
days. Arrows, daily dosing. Blood was
collected by retro-orbital puncture into
EDTA at the times shown. Points,
means of four mice; bars, SE.
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demonstrated by the association between PX-478’s anti-
tumor activity and HIF-1a levels in a variety of different
human tumor xenografts in scid mice. A-549 non-small
cell lung cancer, which showed very little HIF-1a staining
in xenografts, was resistant to treatment with PX-478. This
was the only tumor that did not respond at all to PX-478.
Tumor xenografts showing high levels of HIF-1a staining,
OvCar-3 ovarian, PC-3 prostate, Caki-1 renal, and SHP-77
small cell lung cancer, all showed marked tumor
regression and growth delay caused by treatment with
PX-478. The sensitivity of large tumors to PX-478 may
relate to the increased HIF-1a staining seen in larger
tumors.

The decrease in tumor growth following suppression of
tumor HIF-1a could occur through several mechanisms.
Much attention has focused on the HIF-1a-dependent
production of angiogenic factors such as VEGF in the
stimulation of tumor and tumor growth (36, 38, 78).
However, some evidence suggests that the major effect of
HIF-1a in stimulating tumor growth may not be through
increased angiogenesis. Tumors formed by HIF-1a-defi-
cient hepatoma cells show a decreased growth rate
compared with tumors from wild-type cells although they
have similar vascular parameters (7). Tumors formed from
wild-type and HIF-1a �/� knockout mouse embryonic
fibroblasts show similar vascular density despite differ-
ences in VEGF expression (37). Human pancreatic cancer
cells transfected with a dominant-negative HIF-1a form
tumors that grow more slowly than nontransfected cells
with decreased Glut-1 expression and glucose uptake but
no change in angiogenesis measured by microvessel den-
sity (6). Based on these results, it has been suggested that
compromised glucose uptake and metabolic adaptation
following inhibition of HIF-1a, rather than inhibition of
angiogenesis, is responsible for the reduced tumorigenicity
(6, 7, 37). This is consistent with what we found with PX-
478, which gave a relatively small decrease in tumor VEGF
and no change in tumor vascular parameters, while there
was a marked and prolonged decrease in tumor Glut-1.

The major toxicity of PX-478 with a 5-day course of
administration to mice was neutropenia. The neutropenia
could be an effect of PX-478 on white blood cell formation
due to inhibition of VEGF formation (66). The inhibition of
erythropoietin formation and red blood cell synthesis
consequent to inhibition of HIF-1a (20) was a potential
toxic effect of concern. However, plasma erythropoietin
levels were not acutely decreased by PX-478 and only
decreased later when red blood cell levels were decreased.
Thus, it appears that the decrease in erythropoietin is a
consequence of decreased red blood cells rather than the
cause.

In summary, we have shown that PX-478 has marked
antitumor activity including cures against several estab-
lished human tumor xenografts that is related to the levels
of HIF-1a in the tumors. PX-478 is able to cause regressions
of even very large tumor xenografts and was curative in
one tumor type. The antitumor studies were conducted in
conjunction with pharmacokinetic and pharmacodynamic
studies showing that PX-478 inhibits tumor HIF-1a and the
expression the downstream genes for VEGF and Glut-1.
The inhibition of tumor growth appears to correlate with
inhibition of glucose metabolism rather than inhibition of
angiogenesis.
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