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ABSTRACT: The hypoxia-inducible transcription factor (HIF-1a) plays a central role in tumor development. PX-478 is an
experimental anti-cancer drug known to inhibit HIF-1« in experimental tumors. The purpose of this study was to identify
MRS-visible metabolic biomarkers for PX-478 response prior to phase I/II clinical trials. Single-voxel in vivo localized "H
spectra were obtained from HT-29 tumor xenografts prior and up to 24 h after treatment with a single dose of PX-478.
Profiles of water-soluble and lipophilic metabolites were also examined ex vivo with both "H and *'P spectroscopy for peak
identification and to interrogate the underlying biochemistry of the response. The total choline (tCho) resonance was
significantly decreased in vivo 12 and 24 h following treatment with PX-478 and this was confirmed with high-resolution 'H
and *'P MRS. In non-aqueous extracts, significant reductions in cardiolipin, PtdEtn (phosphatidylethanolamine) and PtdI
(phosphatidylinositol) were seen in response to PX-478. Although there were trends to a decrease in lactate (and lipid)
resonances in vivo and ex vivo, these changes were not significant. This is in contrast to inhibition of in vitro glucose
consumption and lactate production by PX-478 in HT-29 cells. The significant and robust change in tCho has identified
this as a potential '"H MRS-visible biomarker for drug response in vivo while high-resolution spectroscopy indicated that
GPC, PC, myol, PE, GPE, CL, PtdEtn and PtdI are potential ex vivo response biomarkers. Copyright © 2005 John Wiley &

Sons, Ltd.
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INTRODUCTION

Solid tumors with areas of hypoxia are the most aggres-
sive and difficult to treat.' Even micrometastases have
areas of hypoxia at the growing edge where tumor growth
outstrips new blood vessel formation.” Hypoxic cancer
cells can survive the hostile microenvironment by chan-
ging to a glycolytic metabolism,** becoming resistant to
programmed cell death (apoptosis),” and producing fac-
tors such as vascular endothelial growth factor (VEGF)
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that stimulate new blood vessel formation from existing
vasculature (angiogenesis) leading to increased tumor
oxygenation and growth.® The cellular response to hy-
poxia is often mediated through the hypoxia inducible
factor-1 (HIF-1) transcription factor.””® HIF-1 is hetero-
dimer consisting of HIF1-«. and HIF-13 subunits which
associate in the cytosol prior to transport to the nucleus’
where they bind to hypoxia response element (HRE)
DNA sequences.'” HIF-153 is constitutively expressed
and its levels are not changed by hypoxia.'' HIF-1a is
constitutively expressed but, under aerobic conditions, it
is rapidly degraded in normal cells by the ubiquitin-26S
proteasome pathway such that it is virtually indetect-
able.'” Under conditions of hypoxia, HIF-1a degradation
is inhibited and HIF-1« protein levels increase, resulting
in an increase in HIF-1 transactivating activity.

HIF-1« expression has been detected in the majority of
solid tumors examined including brain, bladder, breast,
colon, ovarian, pancreatic, renal and prostate, whereas no
expression was detected in surrounding normal tissue,
nor was it detected in benign tumors.'* Clinically, HIF-
la over-expression has been shown to be a marker of
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highly aggressive disease and has been associated with
poor prognosis and treatment failure in a number of
cancers including breast, ovarian, cervical, oligodendro-
glioma, esophageal and oropharyngeal.'*® HIF-1q le-
vels correlate with tumor grade as well as vascularity.' "'
These observations suggest that HIF-1 mediates hypoxia-
induced VEGF expression in tumors leading to highly
aggressive tumor growth.

PX-478, (S)-2-amino-3-[4’-N,N-bis(2-chloroethyl)amino]
phenylpropionic acid N-oxide dihydrochloride, is a novel
agent that suppresses both constitutive and hypoxia-
induced levels of HIF-1c in cancer cells.” The inhibition
of tumor growth by PX-478 is positively associated
with HIF-1« levels in a variety of different human tumor
xenografts in SCID mice. Welsh ef al. showed a reduction
in HIF-1« levels in HT-29 tumors 2h after a single dose
of PX-478 that returned to normal 8h after treatment.
Similar changes were also observed with VEGE. More
recently, we characterized the effect of PX-478 on
HT-29 xenograft tumors using dynamic contrast
enhanced and diffusion-weighted MRI and showed that
this drug induced early changes in vascular permeability
followed by large changes in cellularity.?’ The time
course of this effect was fairly different from the changes
in HIF-la since the effects on tumor permeability
and cellularity were maximum by 24h and returned to
baseline by 48h post-treatment. This investigation is a
follow-up to these studies to determine if there are meta-
bolic changes that occur in response to PX-478 that are
visible in vivo by MRS.

MRS provides non-invasive biochemical information
on tissues and can be used to study the physiopathology
of tumors and tumor cells in vitro, ex vivo and in vivo. It is
also used to assess tumor response to therapy both in
experimental and in human tumors.?>~*® 'H spectroscopic
studies usually focus on choline-containing compounds
and lactate, which have been shown to be elevated in a
variety of human tumors compared with the normal
tissue,”’ > while various phosphorus-containing compo-
nents of phospholipid metabolism, such as phosphomo-
noesters (PMEs) and phosphodiesters (PDEs), are readily
observed using *'P MRS. Clinically, MRS has already
demonstrated the potential for improved diagnosis, sta-
ging and treatment planning of brain, breast and prostate
cancer.?>'7%7

The aim of this study was to identify metabolic
markers for hemodynamic changes consequent to
HIF-1« inhibition and tumor response to PX-478 treat-
ment. For that purpose, we first performed in vivo single
voxel "H spectroscopy in HT-29 xenograft tumors
before and until 24h after treatment with PX-478.
Second, we studied profiles of water-soluble and lipo-
philic spectral components with both 'H and *'P in vitro
spectroscopy on extracts from HT-29 tumors treated
with 0-150mg/kg of PX-478. Finally, in order to
characterize further the metabolic changes observed
in vivo and ex vivo, lactate production and glucose
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uptake were measured on HT-29 cells before and after
treatment with PX-478.

EXPERIMENTAL
Cell line and tumor implantation

HT-29, a tumorigenic, non-metastatic human colon car-
cinoma cell line, was obtained from the American Tissue
Type Collection (Rockville, MD). Cells were passaged
twice weekly with a 1:2 split and cultured in Dulbecco’s
modified Eagle’s medium (DMEM:F12) supplemented
with 10% fetal bovine serum (HyClone, Fort Collins,
CO). For inoculation, ~ 10° cells in 0.1 ml of media were
injected subcutaneously into the right flank of female
severe combined immunodeficient (SCID) mice of age
5-6 weeks (obtained from the Arizona Cancer Center
Experimental Mouse Shared Services). Mice developed
palpable tumors within 1 week of inoculation. Tumors
were allowed to grow to 100-500 mm® prior to imaging.
All animal protocols were approved by the University of
Arizona Institutional Animal Care and Use Committee
(IACUCQ).

Treatments

PX-478 was provided by Prolx Pharmaceuticals (Tucson,
AZ) and was prepared fresh each day in 0.9% NaCl as a
10 mg/ml solution and administered i.p. to the mice
within 30 min of preparation. For in vivo spectroscopy,
mice were treated with 125 mg/kg of PX-478 (n=10)
and were studied 0, 1, 2, 12 and 24 h later (mice were
removed from the magnet between the 2 and 12h time
points and between the 12 and 24 h time points). Mice
were anesthetized using 1.0-2.0% isoflurane carried in
oxygen. Body temperature was maintained at 37 °C with
a circulating water blanket and was monitored using a
rectal Luxtron fluoroptic thermometer (Luxtron, Santa
Clara, CA). For ex vivo high-resolution spectroscopy, mice
were treated with either vehicle (n = 3) or with increasing
doses of PX-478 (50-200 mg/kg, n=38) and killed 24 h
later. Tumor was excised and immediately clamped and
frozen in liquid nitrogen and stored at —80 °C.

Tumor extracts

The freeze-clamped tumors were treated as follows.
Extraction of the water-soluble metabolites and of the
lipids was performed by a dual phase extraction (DPE)
method.** Tissue samples were placed in 10 ml of ice-
cold methanol containing 0.4 mM phenylphosphonic acid
(Aldrich, Milwaukee, WI) for 1h. The tissue was then
homogenized in the methanol solution within 1 min. An
equal volume of chloroform was added to the homogenate
and the mixture was vigorously vortexed. Then 10 ml of
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doubly distilled water were added and the mixture was
vortexed again. This mixture was allowed to stand
overnight at —20°C until phase separation. The upper
methanol-water phase and the lower chloroform phase
were separated. The interface was saved for protein
dosage. Both fractions were reduced under a nitrogen
stream. The lipid extracts were reduced until total evapora-
tion while the aqueous samples were lyophilized to dry-
ness. Aqueous and lipid samples were stored at —20 °C.
Before 'H and *'P NMR measurement of aqueous
extracts, the dried aqueous residue was dissolved in
I ml of D,O and treated with the resin Chelex 100
(Sigma, St. Louis, MO). The mixture was vortexed and
the resin was separated by centrifugation. Prior to *'P
NMR studies of the lipid extracts, samples were buffered
(150 nMm tricene buffer) and 6 mm EDTA (Fluka, Buchs,
Switzerland) was added to minimize the interaction of the
phosphate with the divalent ions. The dried chloroform
residue was dissolved in a mixture of 0.8 ml of chloro-
form and 0.1 ml of methanolic EDTA and centrifuged.

MR spectroscopy

In vivo single-voxel 'H magnetic resonance spec-
troscopy. All imaging was performed on a 4.7 T hor-
izontal bore MR imager (Bruker, Billerica, MA). Mice
were positioned into a 24 mm i.d. Litzcage coil (Doty
Scientific, SC). Volumes of interest (VOIs) were placed
inside tumors according to T7,-weighted reference
images. VOIs ranged from 27 to 125 mm® depending on
the tumor size and were placed to avoid signal contam-
ination from surrounding tissue. Optimization of mag-
netic field homogeneity (localized shimming) was
performed manually, achieving a linewidth of the water
resonance below 15 Hz. Water suppression was achieved
through a 15 ms Gaussian presaturation pulse centered at
the water frequency38 and proton MR spectra were
obtained with a PRESS (point resolved spectroscopy”)
localization technique. Typical acquisition parameters
were TR=4s, TE=136ms, data points=4096,
averages =512, total acquisition time=34min 8s. MR
spectroscopic data were analyzed using XWIN-NMR soft-
ware (Bruker). Signal intensities of choline-containing
compounds (tCho, 6=3.22ppm), creatine-containing
compounds (tCr, 6 =3.01 ppm) and ‘lactate + lipids’ peak
(lac +lip, 6=1.33ppm) were calculated by deconvolu-
tions of the resonance lines in postprocessed Fourier
spectra. Postprocessing included zero filling to 8K data
points and time domain apodization with a Gaussian
function (line-broadening =20), Fourier transformation
and phase and baseline corrections. Peak intensities were
normalized with the intensity of the water peak of the non-
water suppressed scan as described in other studies.*

In vivo magnetic resonance spectroscopy of
tumor extracts. All spectra were recorded on a DRX-
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500 high-resolution NMR spectrometer operating at
11.7T (Bruker, Rheinstetten, Germany). The sample
tube was spun at 16 Hz. Proton spectra were collected
at 500.1 MHz and phosphorus spectra were recorded at
202.5MHz. In addition to comparison with literature
assignments, all signal assignments were made by adding
pure substances of individual metabolites to sample
solution and comparing peak heights before and after
addition. The protein content of each tumor was deter-
mined using the Bradford assay.

"H spectroscopy. A 0.4ml volume of the aqueous
extracts was transferred to 5 mm NMR tubes. The spec-
tral parameters were: 90° pulse, 128 scans, 65K data
points, sweep width =10,330Hz, temperature = 280°K,
acquisition time =3.17 sec, delay =2sec. A 5.7mM so-
lution of 3-(Trimethylsilyl)propionic acid (TSP) was
used as an external standard for sample quantification.
A line-broadening of 0.3 Hz was applied prior to Fourier
transformation. Quantification was performed by com-
paring the integrated TSP signal with the signal of
interest in the tumor spectrum after baseline and phase
correction. The surface area of each peak was normalized
to the number of contributing protons per molecule and to
tumor protein content. Absolute concentrations are given
as means = SEM in nmol/mg protein.

3p spectroscopy. 0.4 ml of the lipid or of the aqueous
extracts were transferred to 5 mm NMR tubes. For aqu-
eous extracts, the acquisition parameters were: 90° pulse,
5000 scans , 65K data points, sweep width =10,162 Hz,
temperature = 280 K, acquisition time =3.22s, delay =
9s. For non-aqueous extracts, the acquisition parameters
were identical except that only 1200 scans were acquired.
An 8.7mMm solution of 1-APP (1 aminopropylphospho-
nate) was used as an external standard. All free induction
decays were subjected to 1 Hz apodization before Fourier
transformation, phasing and baseline correction. Quanti-
fication was performed by comparing the integrated 1-
APP signal with the signal of interest in the tumor
spectrum. The surface area of each peak was normalized
to the number of contributing phosphorus per molecule
and to tumor protein content. Absolute concentrations are
given as means = SEM in nmol/mg protein.

In vitro assays

Toxicity assay. Cells plated overnight in 96-well plates
at a concentration of 1 x 10° per well were treated with a
5-500 puM range of PX-478 or media as control for 24 h
under hypoxia. Plates were washed once in media then
maintained for 48 h under regular incubation conditions.
Cells were fixed with 0.025% glutaraldehyde (Sigma) for
30 min followed by 0.1% Crystal Violet (Sigma) stain for
60 min. Plates were washed twice with doubly distilled
water and dried for 18 h with 1.0% acetic acid. Assay
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plates were read by measuring the absorbance at 590 nm
on a Microplate Reader (BioTek Instruments, Germany).

Glucose uptake assay. Cells were seeded in replicates
of six in 24-well culture plates and grown to about
80% confluence in DMEM growth media (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal calf serum
(Omega Scientific, Tarzana, CA). Cultures were treated
with PX-478 and transferred to a 2% O, (hypoxic) culture
incubator for 24 h. Plates were washed in glucose-free
RPMI medium supplemented with 12 mM NaCHO;5 and
100 um desferoxamine mesylate (DFO) iron chelating
reagent (Sigma). Cells were then suspended in 4 nCi of
& H]-2-deoxy-D-glucose in RPMI medium supplemented
with 5.56 mM D-(+ )-glucose and 12mM NaHCO;5; and
incubated for 1h in hypoxia. Disintegrations per minute
(dpm) per nanomole were determined from samples of
culture supernatant using a 5000TD series liquid scintil-
lation counter (Beckman Coulter, Brea, CA). Cells were
washed in glucose-free medium and lysed with 0.1M
NaOH for measurement of dpm per well from lysate
sample. Remaining lysate was neutralized with 0.1 M HCl
and assayed for protein concentration using Bradford
Reagent (Pierce, Rockford, IL). Glucose consumption
rates were expressed as nmol/min/mg protein.

Lactate production assay. Cells seeded in 96-well
culture plates were grown to~ 80% confluence in growth
medium, washed in glucose-free RPMI, then treated
with PX-478 diluted in RPMI medium supplemented
with 5.56mM D-(+ )-glucose and 12mm NaHCOs;.
Cells were then transferred to hypoxia for 16h. The
presence of lactic acid was verified with lactate reagent
(Sigma). Lactate production values were expressed as
nanomoles of lactate from culture supernatant over time
(minutes) and protein concentration (milligrams).

RESULTS

In vivo single-voxel 'H
magnetic resonance spectroscopy

An in vivo "H MR spectrum from a representative HT-29
tumor is shown in Fig. 1. The time courses of changes in
the main metabolites observed in vivo are shown in Fig. 2.
A significant reduction in the total choline (tCho) signal
of the PX-478-treated group relative to pretreatment
values was observed 12 and 24 h after treatment. In vivo,
tCho may comprise signals from choline-containing
compounds, such as glycerolphosphocholine (GPC),
phosphocholine (PC) and choline itself, together with
contributions from other metabolites, such as myoinosi-
tol, taurine and phosphoethanolamine. The total creatine
(tCr) signal was not resolved in all spectra and was not
quantified at all time points. Nonetheless, it could be
measured at 0 and 24 h and no significant changes were
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Figure 1. Typical in vivo single-voxel "H spectroscopy of HT-
29 xenograft tumors. tCho, total choline; tCr, total creatine;
lac + lip, lactate and lipid peak

observed (data not shown). Although the lactate and lipid
(lac + lip) peak shows a trend to decrease, no significant
change was observed at any time point, possibly owing to
the variable contribution of the lipid content that results
in a large variability of the measurement.
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Figure 2. Relative quantification of (A) total choline (tCho)
and (B) the lactate and lipid peak (lac+ lip) with in vivo "H
spectroscopy on HT-29 xenograft tumors before and up to
24 h following treatment with PX-478. Peak intensities were
normalized with the intensity of the water peak of the non
water suppressed scan. *p < 0.05, Student’s t-test. N=10
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Figure 3. Ex vivo high-resolution 'H spectrum of an HT-29
xenograft tumor aqueous extract (choline region, 3.34—
2.94 ppm). 1, Myoinositol (myol); 2, taurine (Tau); 3, glycer-
olphosphocholine (GPC); 4, phosphocholine (PC); 5, choline
(Cho); 6, phosphoethanolamine (PE); 7, creatine (Cr)

In vitro magnetic resonance
spectroscopy of tumor extracts

In order to resolve the major components of the choline
and lactate regions, we obtained in vitro high-resolution
'"H MR spectra of the aqueous extracts. The choline
region of a typical in vitro "H MR spectrum (i.e. 3.34—
2.94 ppm) is shown in Fig. 3. Concentrations of myoino-
sitol (ml), taurine (Tau), choline (Cho), PC, GPC (with a
contribution of Tau), creatine (Cr), alanine (Ala) and
lactate (Lac) in tumor extracts were quantified. Of those
metabolites, the levels of PC (p =0.02), GPC (p =0.02)
and ml (p=0.05) were significantly decreased in the
PX-478-treated tumor extracts (n=28) compared with
vehicle-treated tumor extracts (n = 3) (Table 1), whereas
changes in the other metabolites were insignificant. The

changes were observed at all doses (i.e. 50-150 mg/kg),
where the higher doses were similar to the dose used for
in vivo studies. Standard additions showed that Tau, ml
and GPC were isochronous. For mlI the upfield resonance
was used for quantification and for Tau the middle peak
was used. Extracts also allowed unequivocal assignment
of the methyl lactate resonances. Consistent with the
in vivo results, there was reduced lactate in the presence
of drug, yet the differences did not reach signifi-
cance (Table 1). This is in contrast to the effects of PX-
478 on glucose uptake and lactate production in vitro (see
below).

In vitro *'"P MRS of the aqueous extracts showed
statistically significantly decreased levels of phos-
phoethanolamine (PE) (p =0.04), PC (p =0.02), glycer-
ophosphoethanolamine (GPE) (p=0.01) and GPC
(p =0.03) in the PX-478-treated tumors relative to the
vehicle-treated tumors (Table 1). An expanded typical *'P
spectrum (i.e. 4.8-0.35ppm) of the tumor aqueous ex-
tracts is presented in Fig. 4. Table 1 also shows that the
changes observed for PC and GPC, two metabolites that
are visible with both 'H and *'P MRS, are consistent with
those two techniques and that the absolute amounts are in
the same range. The fact that the values are slightly
higher in the 'H spectra might be due to the interference
of other metabolites contributing to those peaks, such as
Tau being partly underneath GPC and PC. However, the
changes observed after treatment with PX-478 were
similar with both 'H and *'P spectroscopy.

Finally, in vitro *'P MRS of the lipid extracts allowed
the quantification of most membrane phospholipids, such
as phosphatidylethanolamine (PtdEtn), phosphatidylcho-
line (PtdCho) and its lyso derivative lyso-PtdCho, PtdCho
plasmalogen, phosphatidylinositol (Ptdl), sphingomyelin
(SM) and cardiolipin (CL). An expanded typical 3p
spectrum (i.e. 0.3 to —1.0 ppm) of the tumor lipid extracts
is presented in Fig. 5. SM and peak 4 were not always

Table 1. In vivo 'H and 3'P MRS of HT-29 aqueous tumor extracts following vehicle or PX-478 treatment

Peak no. Frequency Metabolites Vehicle PX-478 p
(ppm) (nmol/mg tumor Pi) (n=3) (n=238)
Fig. 3 "H MRS
1 3.271 ml 2.2+0.5 1.1£0.3 0.05
2 3.243 Tau 51+£1.2 34408 NS
3 3.234 GPC 17.9+4.1 9.0+1.5 0.02
4 3.228 PC 29.4+6.0 12.8+3.0 0.02
5 3.206 Cho 39+1.5 3.8+0.8 NS
7 3.023 Cr 36.2+6.8 24.8+3.6 NS
Not shown 1.477 Ala 11.9+1.9 85+ 1.1 NS
Not shown 1.333 lac 49.4+8.9 389+3.6 NS
Fig. 4 *'p MRS
1 4.360 PE 14.4+3.1 87+13 0.04
2 3.870 PC 23.5+4.1 10.7+£2.2 0.02
4 1.045 GPE 7.6+1.6 2.8+0.6 0.001
5 0.490 GPC 13.7£25 52+1.1 0.003

Data are expressed as the mean == SEM. ml, myoinositol; Tau, taurine; GPC, glycerophosphocholine; PC, phosphocholine; Cho, choline; Cr, creatine;
Ala, alanine; lac, lactate; PE, phosphoethanolamine; GPE, glycerophosphoethanolamine; NS, not significant. Two-tailed unpaired #-test was used to

compare changes between groups.
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Figure 4. Ex vivo high-resolution 3'P spectrum of an HT-29
xenograft tumor aqueous extract (4.8-0.35ppm). Peak 1,
Phosphoethanolamine (PE); peak 2, phosphocholine (PC);
peak 3, inorganic phosphate (Pi); peak 4, glyceropho-
sphoethanolamine (GPE); peak 5, glycerophosphocholine
(GPC)

resolved and were therefore not quantified. Among the
other metabolites, significant decreases in CL, PtdEtn and
Ptdl were observed (Table 2). Two unidentified com-
pounds were also significantly decreased.

In vitro cell metabolism

The in vivo and ex vivo 'H MRS data showed an
insignificant effect of PX-478 on lactate levels. This

drug has been previously reported to inhibit the expres-
1.2

sion of the glucose transporter GLUT-1."" Therefore, we

Figure 5. Ex vivo high-resolution 3'P spectrum of an HT-29
xenograft tumor lipid extract (0.3-1.0 ppm). Peak 1, cardi-
olipin (CL); peaks 2—4, unidentified; peak 5, sphyngomyelin
(SM); peak 6, phosphatidylethanolamine (PtdE); peak 7,
lyso-PtdE; peak 8, phosphatidylinositol (Ptdl); peak 9, phos-
phatidylcholine (PtdCho) plasmalogen; peak 10, PtdCho

Copyright © 2005 John Wiley & Sons, Ltd.

further examined the effect of PX-478 on glucose meta-
bolism in vitro. Treatment doses were similar to those
reported previously. Briefly, PX-478 was non-toxic at
concentrations up to 150 um for up to 16h of exposure
and 100 pMm for up to 48 h. Figure 6A shows that lactate
production rates were significantly (p < 0.05) decreased
by PX-478 at doses >20pum under hypoxic, but not
normoxic, conditions. This is consistent with the action
of this drug on HIF-1a which is normally elevated under
hypoxic conditions. Similarly, glucose consumption was
significantly decreased at doses of 75 and 150 pmol/h/mg
in the presence of hypoxia [Fig. 6(B)].

DISCUSSION

We recently characterized the effect of PX-478 on
dynamic contrast enhanced (DCE) and diffusion MRI
in vivo.*' These data showed a dramatic reduction in
tumor vascular permeability within 2h and an increase
in apparent diffusion within 24 h of PX-478 treatment. In
this study, we further investigated in vivo and ex vivo
MRS to characterize the metabolic response of tumors to
this anti-HIF-1« therapy.

Using in vivo 'H spectroscopy, we were able to show a
significant decrease in the tCho peak 12 and 24 after
treatment with PX-478 and a lack of change in the tCr
peak 24 h after treatment. In vitro, we were able to resolve
most of the metabolites contributing to the ‘choline
region’ with high-resolution spectroscopy and observed
significant decreases in GPC, PC and myol levels in the
treated tumors. Elevated concentrations of choline meta-
bolites are observed by MRS in a variety of malignancies
and choline-derived metabolites undergo extensive
alterations as a result of malignant transformation. (re-
viewed in Morse and Gillies*'). For example, progression
of tumor cells to a malignant phenotype has been asso-
ciated with a reversal in the ratio of PC to GPC and an
overall increase in the content of these two metabolites.*
Enhanced choline transport and increased synthesis of
PC were proven to be dominant pathways responsible for
the elevated presence of choline metabolites in breast
tumors.”> Glunde er al.?’ further identified increased
choline kinase activity and also increased phospholipase
C activity (catabolism) as the major factors responsible
for elevated PC levels in breast cancers. Clinically,
reduction in the tCho peak in response to neoadjuvant
chemotherapy in breast cancer has been observed.*?
tCho has also recently been tested as a predictive factor
for clinical response of patients with locally advanced
breast cancer.*? Choline-kinase inhibitors are a potential
chemotherapeutic target by blocking the production of
phosphocholine.** Regarding myo-inositol, it has been
reported to be elevated in breast-cancer tissue extracts in
comparison with adjacent control tissue using the ad-
vanced data analysis technique of self-organizing maps.*’
It has also been shown to be elevated in high-grade
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Table 2. In vivo 3'P MRS of HT-29 lipid tumor extracts following vehicle or PX-478 treatment

Peak no. Frequency Metabolites Vehicle PX-478 p
(ppm) (nmol/mg tumor Pi) (n=3) (n=298)

1 0.172 CL 4.14+0.8 23+09 0.04
2 0.151 2 20+0.3 1.1+ 0.1 0.01
3 —0.034 3 19.7+2.1 11.3+£2.0 0.04
6 —0.201 PtdEtn 75+£20 26+04 0.005
7 —0.323 lyso-PtdCho 1.3+04 1.440.6 NS

8 —0.389 PtdI 55+19 1.8+04 0.01
9 —-0.777 PtdCho plasmalogen 29+1.1 1.8+£0.2 NS
10 —0.84 PtdCho 51.5£9.0 33.0£6.5 NS

Data are expressed as the mean = SEM. CL, cardiolipin; PtdEtn, phosphatidylethanolamine; PtdCho, phosphatidylcholine; Ptdl, phosphatidylino-
sitol; NS, not significant. Two-tailed unpaired 7-test was used to compare changes between groups.

glioma®’ and in prostate cancer.*® However, myo-inositol
was also found decreased in some human colon carci-
noma extracts.*’ Although consistent in some studies, the
use of this metabolite as marker of non-brain tumor
response is not yet accepted.

A peculiar *'P spectral feature of aqueous tumor
extracts is the prominent signals in the phosphomonoe-
ster (PME) and phosphodiester (PDE) frequencies,
mainly constituted of PE and PC and of GPC and GPE,
respectively.”>*® These have been studied as possible
indicators of malignancy, tumor response to therapy
and even predictors of long-term response.*”>* Our
results show high basal levels of both PMEs and PDEs
in aqueous extracts of HT-29 tumors that are significantly
decreased after anti-tumor treatment with PX-478. This
correlates well with Negendank et al.,”> who described
early decreases in PME signals as good predictors of
response to either radio- or chemotherapy. Notably,
Chung et al.” 6 reported an increase in PC and PME levels

100

—e— hypoxia
--0-- NOrmoxia

nmol/min/mg protein

0 20 40 80 160
(PX-478 uM)

Figure 6. (A) In vitro lactate production rate in HT-29 cells
with increasing doses of PX-478, under both normoxic and
hypoxic conditions. *p < 0.05, **p<0.01, one-way AN-
OVA, Dunnet post hoc test, signification relative to the
control data point (Opm of PX-478). N=8. (B) In vitro
glucose consumption rate in HT-29 cells with increasing
doses of PX-478 under hypoxic conditions. **p < 0.01,
one-way ANOVA, Dunnet post hoc test, signification relative
to the control data point (0 um of PX-478). N=6

Copyright © 2005 John Wiley & Sons, Ltd.

following treatment with the Hsp90 inhibitor 17AAG of
HT-29 tumors that might indicate a particular mechanism
of action for 17AAG which is not yet fully understood.
PE has been shown to prevail over PC in breast, brain,
liver cancers and lymphomas,> which is not the case in
our study. PE/PC ratios of < 1.0 have been observed in
cultured cells with high S-phase fractions.*® We observe a
ratio of 0.61 in the HT-29 tumor extracts that is not
significantly modified after treatment (0.80). The PC/
GPC ratio has been suggested as a possible indicator of
altered PL turnover during tumor progression.**>” This
ratio was also not modified after treatment in our study. It
is often assumed that increased pools of PCho and PE
reflect intensified cell membrane synthesis, associated
with accelerated tumor cell replication. However, the
biochemical mechanisms underlying changes in the con-
tents of PL metabolites are still not clear. Experiments to
date suggest that not only biosynthetic pathways, but also
mitogen- and oncogene-induced activation of PdtCho-
and PtdEtn-specific phospholipases may contribute to the
accumulation of PE and PC pools in tumor cells.*”*®

Regarding lipid extracts, significant decreases in CL,
PtdEtn and PtdI were observed after treatment with PX-
478. Merchant er al.”® reported elevated levels of both
PtdEtn and PtdI in malignant compared to benign sam-
ples of breast tissue. Sterin et al.”® reported a lack of
change in the phospholipid profile of MB231 cells
cultured in matrigel after treatment with paclitaxel, yet
a high concentration of adriamycin caused a decrease in
PtdC in the same system. Increased malignancy in
gliomas was shown to be accompanied by an increase
of PtdC.%

Finally, in vitro measurements showed a significant
decrease in glucose consumption and also in lactate
production under hypoxic conditions after treatment
with PX-478. Although, until now, there have been no
conclusive results regarding a relationship between lac-
tate concentration and tumor malignancy, some groups
have found that lactate concentrations have prognostic
value in patients with gliomas or cervical cancers.®’%* A
decrease in lactate in response to cyclophosphamide
treatment was observed in vitro (on cells and tumor
extracts) and also in vivo in RIF-1 tumors resulting

NMR Biomed. 2005;18:430-439
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from decreased glycolytic metabolism and an increase in
tumor perfusion/permeability.63

The lack of a significant effect of PX-478 on lactate
levels in the current study is contrasted with the inhibition
of glucose consumption and lactate production by this
drug in vitro. It is possible that the effects of this drug are
complicated in vivo by a direct inhibition of glycolysis,
which would decrease lactate, coupled to decreased
perfusion, which could lead to hypoxia and hence an
increase in lactate production via reversal of the Pasteur
Effect. Interestingly, Troy et al. have recently shown that
extracts of HIF-1a-deficient astrocytomas have slightly,
yet significantly, lower lactate levels compared with wild
type controls.®* They observed lactate:water ratios of
2.06 vs 3.67 in lactate-edited in vivo spectra and 10.4
vs 11.9 umol/g wet wt in ex vivo extracts for the HIF-1«
knockouts and wild-type astrocytomas, respectively.
These values are consistent with the current observations,
suggesting that HIF-1«v inhibition depresses lactate le-
vels. It remains a question in the current study whether
the lack of statistical significance between the pre- and
post-therapy lactate levels represent a true lack of an
effect or type 1 or 2 statistical errors. Both in vivo and ex
vivo data showed decreases in lactate resonances, yet
failed to reach significance. The lack of a significant
effect on in vivo spectra may have been caused by
interference with the co-resonant lipid peak, which would
be a type 1 (systematic) error. Ex vivo, variability in the
processing of tumors for extracts may have contributed to
the lack of significance, which would be a type 2 (non-
systematic) error. This is being further examined in vivo
using lactate editing during spectral acquisition. Never-
theless, the significant and robust change in tCho has
identified this as a potential "H MRS-visible biomarker
for drug response in vivo while high-resolution spectro-
scopy indicated that GPC, PC, myol, PE, GPE, CL,
PtdEtn and PtdI are potential ex vivo markers for drug
response.
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