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Abstract

The intensity of the total choline (tCho) signal in spectro-
scopic images of tumors is spatially heterogeneous. The
likewise heterogeneous physiologic tumor microenvironment
may contribute to this heterogeneity. We therefore investigat-
ed the relationship between hypoxia, choline metabolites, and
choline kinase (Chk) in a human prostate cancer model.
Human PC-3 prostate cancer cells were engineered to express
enhanced green fluorescent protein (EGFP) under hypoxic
conditions. These PC-3-5HRE-EGFP cells were characterized in
culture and as tumors transplanted in mice using 1H magnetic
resonance spectroscopy (MRS) and MRS imaging (MRSI)
combined with EGFP fluorescence microscopy and imaging.
Hypoxic EGFP-fluorescing tumor regions colocalized with
regions of high tCho in combined MRSI and optical imaging
studies. Cellular phosphocholine (PC) and tCho concentra-
tions as well as Chk expression levels significantly increased
following exposure of PC-3 cells to hypoxia. A putative
promoter region located 5¶ of the translation start site of the
human chk-a gene was cloned and luciferase (Luc)-based
reporter vector constructs were generated. Luc reporter
assays provided evidence that some of the putative hypoxia
response elements (HRE) within this putative chk-a promoter
region functioned in vitro . Chromatin immunoprecipitation
assays using an antibody against hypoxia-inducible factor
(HIF)-1A showed that HIF-1 can directly bind this region of
the endogenous chk-a promoter in hypoxic PC-3-5HRE-EGFP
cells. These data suggest that HIF-1 activation of HREs within
the putative chk-a promoter region can increase Chk-A
expression within hypoxic environments, consequently in-
creasing cellular PC and tCho levels within these environ-
ments. [Cancer Res 2008;68(1):172–80]

Introduction

The alteration of choline phospholipid metabolism in cancer
cells is a well-established observation (1–4) and several of the
enzymes and pathways causing these alterations have been
identified (5–7). However, the conditions and composition of the
tumor microenvironment in vivo , which is for example character-
ized by hypoxia, which modulate these alterations, have not been
extensively studied.

The increased levels of phosphocholine (PC) in prostate and
other cancers (4) result in an elevation of the total choline (tCho)-
containing compound signal detected in preclinical (8) and clinical
1H magnetic resonance spectroscopy (MRS) and MRS imaging
(MRSI) studies (9, 10). In prostate cancer, this tCho signal,
combined with the citrate signal, has been shown to correlate
with staging of the disease by the Gleason score and has shown
promise in clinical 1H MRSI studies of prostate cancer to
noninvasively evaluate prostate cancer aggressiveness (10). An
overexpression of choline kinase (Chk) has been identified as one of
the major causes of increased PC in clinical prostate cancers (11).
Chk overexpression and increased activity has also been shown in
malignant cells and tumors of the lung, colon, breast, and ovaries
(7, 11–13). In mammalian cells, the three known isoforms of Chk
are encoded by two separate genes, chk-a and chk-b (14), with two
functional isoforms Chk-a1 and Chk-a2 resulting from alternative
splicing of the chk-a transcript (14). Homodimeric and hetero-
dimeric forms of Chk confer its enzymatic activity (14). Serum (15),
hormones (16, 17), mitogens, and growths factors, such as insulin
(15, 18, 19), platelet-derived growth factor (19, 20), fibroblast growth
factor (19, 20), epidermal growth factor (18), prolactin (21), and
estrogens (22), can activate Chk. Carcinogens can induce Chk-a
expression (14), possibly due to a xenobiotic-responsive element
in the putative promoter region of the chk-a gene (14). Pharma-
cologic (23) and RNA interference–mediated (12) targeting of Chk
are currently being explored as potential anticancer therapies.
These studies have confirmed that Chk contributes to malignant
transformation and progression, as down-regulating Chk resulted
in increased differentiation (12) and reduced proliferation of breast
cancer cells (12, 23) and reduced tumor xenograft growth (23).

The spatial distribution of the tCho signal detected by MRSI in
malignant prostate tumors (9, 10), as well as in breast (24) and
brain (25) tumors, is frequently heterogeneous. The causes for this
heterogeneity are largely unknown because molecular character-
izations of excised tumor specimens typically report on the entire
sample. Therefore, information on the spatial heterogeneity of
enzyme distributions, especially in relation to the tumor micro-
environment, is not retained. Hypoxia is known to exist in several
cancers, including prostate cancer (26). These hypoxic tumor
microenvironments pose a problem for radiation and chemo-
therapy (27, 28); cancer cells located in hypoxic environments
undergo adaptive responses, which render them resistant to
radiation and chemotherapy, resulting in recurrence (29). Cells
adapt to hypoxia by stabilizing the a subunit of hypoxia-inducible
transcription factor-1 (HIF-1), which is ubiquitinated and
degraded under normoxic conditions. HIF-1 functions as tran-
scriptional activator for several genes containing hypoxia response
elements (HREs) within promoter/enhancer regions of these genes
(30). Thus, HIF-1 modulates the expression of, among others,
vascular endothelial growth factor (VEGF), inducible nitric oxide
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synthase, heme oxygenase 1 glucose transporter, and the glycolytic
enzymes aldolase A, phosphoglycerate kinase 1, enolase 1, and
lactate dehydrogenase A by up-regulating their gene expression in
hypoxic regions (30).

We have previously described a human prostate cancer cell line,
PC-3-5HRE-EGFP, with inducible enhanced green fluorescent
protein (EGFP) expression under the regulation of a HRE-
containing promoter (31). The availability of this prostate cancer
model expressing EGFP within hypoxic microenvironments has
now allowed us to investigate the relationship between hypoxia, the
MRSI-detectable tCho and PC concentrations, and Chk regulation.
This will further our understanding of the role of hypoxia in the
heterogeneous distribution of tCho in vivo . Combined 1H MRSI
and optical imaging was performed on PC-3-5HRE-EGFP pros-
tate cancer xenografts. The effects of hypoxia on cellular PC,
glycerophosphocholine (GPC), and free choline (Cho) concentra-
tions were also assessed in wild-type PC-3 and PC-3-5HRE-EGFP
cells in culture using 1H MRS of cell extracts. Chk protein levels
were detected by immunoblotting in parallel experiments. To
delineate the molecular pathways leading to the hypoxia-induced
changes in these prostate cancer models, we cloned a portion of
the putative human chk-a promoter and identified putative
functional HREs within it using luciferase (Luc)-based reporter
assays. Finally, we directly tested for in vivo binding of HIF-1 to the
endogenous chk-a promoter in human PC-3 prostate cancer cells
maintained under hypoxia using chromatin immunoprecipitation
(ChIP) assays. These studies provide compelling evidence that
hypoxia regulates Chk expression and consequently cellular and
tumoral PC and tCho concentrations in this prostate cancer
xenograft model by means of HIF-1a signaling.

Materials and Methods

Prostate cancer cell models, induction, and detection of hypoxia. An
androgen-independent human prostate cancer cell line, PC-3 (32, 33),

derived from a metastatic lesion of a prostatic adenocarcinoma in the

lumbar vertebra, was obtained from the American Type Culture Collection.

Wild-type PC-3 cells were maintained as previously described (4). To
generate PC-3 cells that express EGFP under hypoxic conditions as an

internal, HIF-1–driven hypoxia sensor (Fig. 1A), PC-3 cells were stably

transfected with a construct containing five copies of the HRE of the human
VEGF-A gene ligated to the cDNA of EGFP, which generated PC-3-5HRE-

EGFP as previously described (31).

Wild-type PC-3 or PC-3-5HRE-EGFP human prostate cancer cells were

exposed to hypoxic conditions in a commercially available culture
chamber (BioSpherix Ltd.). This humidified culture chamber was

maintained at 37jC and equilibriated with a mixture of 0.3% to 0.5% O2

and 5% CO2 for the required time intervals using controlled N2 and CO2

gas infusions (BioSpherix Ltd.). In some experiments, hypoxia was
mimicked with 200 Amol/L CoCl2 (31). Controls were placed in a

standard cell culture incubator at 37jC in a humidified atmosphere

containing 21% O2 and 5% CO2.

EGFP expression in normoxic control and hypoxic PC-3-5HRE-EGFP cell
cultures was detected by fluorescence microscopy using a 20� objective

attached to a Nikon inverted microscope, equipped with a filter set for 450 to

490 nm excitation and 500 to 550 nm emission and a Nikon Coolpix digital
camera (Nikon Instruments, Inc.). EGFP expression was verified in

corresponding PC-3-5HRE-EGFP protein lysates subjected to SDS-PAGE

and by immunoblotting with anti-EGFP antibody (BD Biosciences) as

described below.
Tumor xenograft studies. Solid PC-3-5HRE-EGFP tumor xenografts

were obtained by inoculating 2 � 106 PC-3-5HRE-EGFP cells in 0.1 mL HBSS

(Sigma-Aldrich) s.c. in the right flank of male severe combined

immunodeficient (SCID) mice. Tumor xenografts reached their final

experimental size of 297 F 51 mm3 (mean F SE, n = 18) within 8 weeks.
As previously described, low oxygen tension of pO2 of f0 mmHg was

detected in EGFP-fluorescing regions, and higher oxygen tensions

comparable with normal muscle tissue were detected in nonfluorescing

peripheral tumor regions in in vivo measurements using a fiber-optic
oxygen probe (31).

Combined in vivo MRSI and ex vivo EGFP fluorescence imaging.
Twenty-one tumors were studied with combined MRSI and EGFP

fluorescence imaging. MRSI was performed on preclinical MR scanners
using two-dimensional chemical shift imaging (CSI) sequences. The

BASSALE sequence was implemented on a horizontal bore 4.7 T GE-CSI

(Bruker Biospin Corp.) spectrometer (n = 7) as previously described (34, 35).

A standard two-dimensional CSI spin-echo sequence was used on a 4.7
T Bruker Avance (Bruker BioSpin Corp.) spectrometer (n = 14). Male SCID

mice bearing PC-3-5HRE-EGFP tumor xenografts were anesthetized as pre-

viously described (31). The tumor was placed inside a home-built solenoid
coil, mounted on a heated cradle (31). A reference image from a 4-mm-thick

central tumor slice was acquired using a spin-echo sequence (msme-tomo,

Bruker). Water-suppressed MRSI was performed on the same 4-mm-thick

central slice, with an in-plane resolution of 0.5 mm � 0.5 mm per pixel for
BASSALE or 1 mm � 1 mm per pixel for the two-dimensional CSI sequence

with VAPOR water suppression and the following variables: echo time

(TE) of 272 or 136 ms (two cases), repetition time of 1,086 ms, field of view

(FOV) of 1.6 cm � 1.6 cm, 256 phase encode steps (16 � 16 voxels), number
of scans (NS) of 6 for BASSALE and 8 for two-dimensional CSI, block

size of 1,024, and sweep width of 4,000 Hz. Reference two-dimensional

CSI images of the unsuppressed water signal were acquired of the same
slice with TE = 15 ms and NS = 2, with all other variables remaining

the same.

Following these MRSI studies, mice were sacrificed and each tumor was

marked for spatial referencing and sectioned to obtain a freshly cut 2-mm-
thick central slices coarsely matching the central MRSI-imaged slice. Bright-

field and EGFP fluorescence images of the same FOV were acquired from

both sides of this central fresh tumor slice with a 1� objective on the Nikon

inverted microscope described above to visualize hypoxia.
In vivo MRSI and ex vivo EGFP fluorescence data processing,

coregistration of MRSI with EGFP fluorescence images, and subse-
quent colocalization analysis. Spectroscopic images of the tCho-
containing compound signal at 3.2 ppm and the water signal at 4.7 ppm

were generated from the MRSI data sets using an in-house IDL program.

These MRSI, EGFP fluorescence, and bright-field images from the same FOV

were imported in the freeware program ImageJ 1.37v1 and converted to 8-
bit grayscale images. Water MRSI or the spin-echo image along with

corresponding tCho MRSI image, as well as EGFP fluorescence along with

corresponding bright-field image, which were spatially registered in ImageJ,

underwent the same image transformations. The bright-field images from
both sides of the tumor slice, along with EGFP fluorescence images, were

registered to each other by rigid body transformation using the TurboReg

plug-in.2 The averaged image of the coregistered EGFP fluorescence images

from both sides of the central tumor slice was generated to give a more
accurate representative of the overall fluorescence image throughout the

central tumor slice.

Coregistration of the microscopic EGFP to the corresponding tCho MRSI
image was achieved by registering the EGFP-registered, averaged bright-

field image, which was considered the source image, to the tCho MRSI-

registered water MRSI or spin-echo image, which was considered the target

image, by affine transformation (36) using the TurboReg plug-in.
Coregistration of the EGFP and tCho images could not be achieved for

3 of the 21 tumors because of drastic shape alteration of the central slice

following excision.

To evaluate whether hypoxic regions contain high tCho levels, we sub-
jected the coregistered EGFP fluorescence and tCho images to colocalization

1 http://rsb.info.nih.gov/ij/
2 http://bigwww.epfl.ch/thevenaz/turboreg/
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analysis using the Colocalization_Finder plug-in3 in ImageJ. Two points were
considered colocalized if their respective intensities were strictly higher than

the threshold of their channels along with their intensity ratio settings. The

threshold in each channel was set to a range from 50 to 255 (outlined by a

yellow rectangular), and an additional intensity ratio threshold of 50% was
applied (outlined by two red lines). For each tumor data set (n = 18), Pearson’s

colocalization coefficient, rp, the overlap coefficient, r0, and Manders’

coefficients, k1, and k2, were calculated as previously published (37).

Dual-phase extraction of cells, MR data acquisition, and processing.
Approximately 108 wild-type PC-3 or PC-3-5HRE-EGFP cells were harvested

following 24 h of normoxic or hypoxic exposure and fractionated into lipid

and water-soluble extracts using a dual-phase extraction method based on
methanol/chloroform/water (1:1:1, v/v/v) as previously described (6, 12, 38).

The samples were dissolved in deuterated solvents containing the

concentration and chemical shift standards 3-(trimethylsilyl)propionic-

2,2,3,3-d4 acid (TSP; Sigma-Aldrich) for water-soluble fractions or tetrame-
thylsilane (TMS; Cambridge Isotope Laboratories, Inc.) for lipid fractions.

Fully relaxed 1H MR spectra of the extracts were acquired on a Bruker

Avance 500 spectrometer operating at 11.7 T using a 5-mm HX inverse

probe as previously described (6, 12). MR spectra were processed, and the
signal integrals listed below were measured using Bruker XWIN-NMR 3.5

software (Bruker BioSpin). Integrals of the N-(CH3)3 signal of Cho at 3.209

ppm, PC at 3.227 ppm, GPC at 3.236 ppm, and TSP at 0 ppm in the water-

soluble extract 1H MR spectra, and of phosphatidylcholine at 3.220 ppm and
TMS at 0 ppm in the lipid 1H MR spectra, were determined and normalized

to cell size, number, volume, and the respective concentration standard as

previously described (4–6, 12).

Protein lysates, gel electrophoresis, and immunoblotting. Following
normoxic or hypoxic exposure, f3 � 106 cells at 60% to 70% confluence

were homogenized with lysis buffer containing a protease inhibitor cocktail

(Sigma-Aldrich) as previously described (12, 39). Total protein, 2.5 Ag for

EGFP detection or 50 Ag for Chk detection, was loaded in each lane. SDS-
PAGE and immunoblotting were performed as previously described (12, 39).

Blocked membranes were incubated for 24 h with appropriate dilutions of

mouse monoclonal anti-EGFP antibody (Clontech), custom-made polyclon-
al rabbit anti-Chk antibody as previously described (12), or mouse

monoclonal anti-h-actin antibody (Sigma-Aldrich). Washed membranes

were incubated with appropriate second-step horseradish peroxidase–

conjugated antibodies (Amersham), developed with SuperSignal West Pico
chemiluminescent substrate (Pierce Biotechnology), and captured on Blue

Bio film (Denville Scientific).

Cloning of the Chk promoter. The genomic sequence of the putative

human chk-a promoter was obtained by performing a BLAST search in
National Center for Biotechnology Information4 using the known promoter

sequence of the rat chk-a gene (D37884) as query sequence. A 2.3-kb region

at the 5¶-end of the human chk-a gene on chromosome 11 (NT_033903),

Figure 1. A, simplified diagram depicting the
5HRE-EGFP construct, which is activated by HIF-1
(HIF-1a/HIF-1h dimer) only under hypoxic conditions
as HIF-1a is continuously degraded under normoxic
conditions. HIF-1 binds HREs in the 5HRE-EGFP
construct resulting in EGFP expression, which can
be detected by fluorescence microscopy and imaging.
B, bright-field (top ) and EGFP fluorescence (bottom )
microscopic images (40� lens) of the same FOVs from
normoxic (left ) and hypoxic (right ) live PC-3-5HRE-
EGFP cells where hypoxia induces robust EGFP
fluorescence. C, immunoblots of EGFP levels in total
protein from cell lysates indicate little or no EGFP
expression under normoxia (left lane ), whereas high
EGFP protein expression was found under hypoxic
(right lane ) conditions. Actin immunoblotting was
performed as a loading control.

3 http://rsb.info.nih.gov/ij/plugins/colocalization-finder.html 4 http://www.ncbi.nlm.nih.gov/BLAST/
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immediately upstream of the translation start site, was found to contain
several putative HRE sites with the core sequence RCGTG. Due to its high GC

content, this 2.3-kb region was cloned as four smaller overlapping fragments,

and formamide [5% (v/v) final concentration] was added in all PCRs. The

four overlapping sequences were PCR amplified from human genomic DNA
(Sigma-Aldrich). The paired sense (S) and antisense (AS) primer sequences

used for the cloning of these fragments (Chk) were as follows: Chk S-1, 5¶-
GCGAGACAGAGTCTTGTTATGTTGGC-3¶; Chk AS-1, 5¶-CAGGGGCTTAG-

GAAATCCAGTGC-3¶; Chk S-2, 5¶-GGCAGCAGAATGGCGTGAACC-3¶; Chk
AS-2, 5¶-CTCCCGCAGCCTCAGTTTCCC-3¶; Chk S-3, 5¶-CGCCACACCGC-

CTCCCCATTG-3¶; Chk AS-3, 5¶-GGCAGCGTCCACAACGCCAGTAGC-3¶; Chk

S-4, 5¶-CAGTAGCCTCCAGACACGTTTCCTGCC-3¶; and Chk AS-4, 5¶-CAGA-

ATTTTGGTTTTCATGCCCGACAG-3¶. PCR products were subcloned into
the pCR2.1 TA vector (Invitrogen). The full 2.3-kb promoter region was

obtained by appropriate endonuclease digestions and ligation of these four

overlapping fragments. Each of the four fragments alone, as well as several
subligations of two or three consecutive fragments, and the full-length 2.3-kb

chk-a promoter were cloned into the pGL4-basic Luc reporter vector

(Promega). The partial promoter reporter constructs contain different

putative HRE sites.
Firefly Luc-based reporter assays. Approximately 4 � 104 cells per well

were plated in 24-well plates 24 h before transfection and cultured

overnight. Wells were transfected with 1 Ag of the full-length pGL4-Chk-a-

Luc reporter construct or one of the truncated putative HRE-containing
reporter constructs, along with 0.25 Ag of an EGFP (Amaxa, Inc.) or 5 ng

Renilla Luc (Promega) expression plasmid, to normalize the Luc reading to

the EGFP reading and account for variable transfection efficiencies.
Following overnight incubation, plates were transferred to the hypoxia

chamber or maintained under normoxia as described above. Luc expression

was assayed using a Luc assay kit (Promega). Cells were lysed according to

the manufacturer’s protocol and Luc activity and EGFP fluorescence were
measured with a Victor V3 multiplate reader (Perkin-Elmer). Values were

reported relative to the normoxic control readings as ratios (hypoxia to

normoxia). Each experimental condition was measured in triplicate and
each experiment was repeated at least twice.

Chromatin immunoprecipitation. ChIP was carried out following

established protocols (40) using wild-type PC-3 cells. Approximately 107 cells

were exposed to normoxic control conditions or hypoxia (<1% O2) for
24 h as described above. Cells were fixed by adding formaldehyde, at a

concentration of 1% (v/v), for 5 min at 37jC and quenched by addition of

glycine to give 0.125 mol/L concentration. Cells were lysed, and nuclei were

isolated and lysed by nuclei lysis buffer as previously described (40). Samples
were sonicated to shear DNA-protein complexes into fragments ranging

from 600 to 1,000 bp of DNA. Chromatin-protein complexes were

immunoprecipitated using anti-HIF-1a (Upstate USA), anti-histone deace-

tylase 3 (Upstate USA), or anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Santa Cruz Biotechnology, Inc.) antibodies. Anti-GAPDH samples

and samples prepared under normoxia served as negative controls. Addition

of 5 mol/L NaCl at 65jC overnight reversed sample cross-linking. DNA was
extracted from proteins using phenol/chloroform/isoamyl alcohol (25:24:1),

precipitated with ammonium acetate, resuspended in water, and subse-

quently analyzed by PCR using primers specific for the human chk-a
promoter, ChIP S-1 and ChIP AS-1, which flank HRE sites 3 to 5, as follows:
ChIP S-1, 5¶-CAGCGTCCACAACGCCAGTAG-3¶ and ChIP AS-1, 5¶-AACC-

GAGGTCTGAAGGAGGGAAG-3¶. The PCR product was amplified within 25

cycles and analyzed by ethidium bromide agarose gel electrophoresis using

standard protocols.
Statistical analysis of experiments. An unpaired two-tailed t test

(a = 0.05) was used to detect significant differences between experimental

groups using the JMP software package (Brooks/Cole-Thomson Learning).
P values of <0.05 were considered to be significant.

Results

Following exposure to 24 h of hypoxia (0.3–0.5% O2), human PC-
3 cells stably transfected with the 5HRE-EGFP construct (Fig. 1A)

Figure 2. A, example of CSI MRSI
data set from a PC-3-5HRE-EGFP
tumor (550 mm3) obtained with a spatial
resolution of 0.5 mm � 0.5 mm � 4.0 mm.
B, spectrum from a single 0.5 mm �
0.5 mm � 4.0 mm voxel showing tCho at
3.2 ppm and lactate/triglycerides
(lac/triglyc ) at 1.3 ppm (TE = 272 ms).
C, triplanar view of a tCho map (displayed
in red) generated from the data set shown
in Fig. 2A , fused with the corresponding
spin-echo image displayed in blue.
D, EGFP expression in hypoxic regions in
a fresh tissue slice matching the MRSI
slice, overlaid on a white light image.
Comparison of C and D reveals a coarse
colocalization between the tCho and
EGFP distributions.
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exhibited bright EGFP fluorescence as shown in Fig. 1B . Exposure
of PC-3-5HRE-EGFP cells to normoxic control conditions resulted
in undetectable EGFP fluorescence (Fig. 1B). These findings were
validated by immunoblots of total protein from corresponding
normoxic and hypoxic cell lysates probed with anti-EGFP antibody.
Hypoxic PC-3-5HRE-EGFP cells displayed an immunoreactive
EGFP band, whereas normoxic cells did not (Fig. 1C), proving that
EGFP was expressed only under hypoxic conditions.

To evaluate the relationship between hypoxia and the 1H MRS-
detectable tCho signal, solid tumors derived from PC-3-5HRE-
EGFP cells inoculated in male SCID mice were studied by a
combination of in vivo MRSI to detect tCho and ex vivo optical
fluorescence imaging to detect hypoxia-mediated EGFP expression.
Figure 2 displays a typical data set from a representative PC-3-
5HRE-EGFP tumor. A complete 1H MRSI data set together with a
representative 1H MR spectrum from this 1H MRSI data set
localized within a tumor region with relatively high tCho levels are
displayed in Fig. 2A and B . In Fig. 2C , the 1H MRSI data set shown
in Fig. 2A has been processed to display the tCho map overlaid
with the corresponding spin density map to spatially reference the
tCho distribution to the tumor morphology. Figure 2D shows the
EGFP fluorescence image overlaid with the corresponding bright-
field image from a fresh tumor slice matching the tCho map in
Fig. 2C . A comparison of the tCho and EGFP images from this
PC-3-5HRE-EGFP tumor revealed a coarse colocalization between
the tCho and EGFP distributions.

All PC-3-5HRE-EGFP tumors (n = 18) exhibited a heterogeneous
distribution of tCho levels within the tumor, as did the EGFP
fluorescence, indicating a heterogeneous distribution of hypoxic
regions within these tumors. To assess the level of colocalization
between tCho and EGFP in PC-3-5HRE-EGFP tumors quantitative-
ly, we first registered the EGFP to the tCho image by warping the
optical imaging data set containing the EGFP image to the 1H
MRSI/MRI data set containing the tCho MRSI image. Figure 3A
shows representative example images of a warped bright-field
image with its corresponding warped EGFP fluorescence image as
well as the corresponding tCho MSRI image. Overlay of the tCho
image displayed in red and the warped EGFP fluorescence image in
green showed partial colocalization of tCho and EGFP as evident
from the yellow pixels (Fig. 3A). The pixel intensity correlation
diagram of the tCho and EGFP image (Fig. 3A) exhibited a high
correlation of red tCho with green EGFP pixel intensities, as
evident from the large number of pixels concentrated on a straight
line y = x (Fig. 3A). All colocalized pixels within the thresholds of
50 < y < 255, 50 < x < 255, y/x > 50%, and x/y > 50% are displayed in
white on the tCho and EGFP overlay image (Fig. 3A), showing
a relatively high degree of colocalization of tCho and EGFP in
hypoxic regions. The pixel intensity correlation diagrams of 18
PC-3-5HRE-EGFP tumors are summed in Fig. 3B . The high number
of pixels localized on the straight line y = x indicates
good colocalization of EGFP fluorescence (green) and tCho signal
(red). Pearson’s colocalization coefficient from these 18 tumors was

Figure 3. A, the warped bright-field image (top left) was used to guide the concurrent warping of the corresponding EGFP fluorescence image (top center ). Thus,
the hypoxia-induced EGFP fluorescence and the corresponding tCho MRSI data set (top right ) were coregistered as described in Materials and Methods. In the resulting
overlay image (bottom left ), the tCho MRSI image has been rendered in red, whereas EGFP fluorescence is shown in green so that colocalization becomes yellow.
Bottom center, colocalization of tCho (red ) and EGFP (green ) was quantified by generating pixel intensity correlation diagrams of both images. Here, pixels within the
yellow rectangular region and bounded by the red lines correspond to the pixels displayed in white in the overlay image shown in the bottom right panel. Therefore,
an EGFP fluorescence and tCho MRSI point were only considered as colocalized if their respective intensities were higher than the threshold intensity [e.g., those points
with intensities that ranged from 50 to 255 (yellow rectangular ) plus an additional intensity ratio threshold of 50% that is bounded by the two red lines]. B, the sum of
all pixel intensity correlation diagrams was generated to quantify the colocalization of the EGFP fluorescence (green ) with the tCho MRSI signal and vice versa in all
18 tumors. The high number of pixels localized on what would be a straight line defined by y = x indicates good colocalization of EGFP fluorescence and tCho signal. This
is indicative of increased tCho levels in tumor regions with high EGFP expression.
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rp = 0.389 F 0.043, the overlap coefficient was r0 = 0.944 F 0.003,
and the Manders’ coefficients were k1 = 0.907 F 0.025 and k2 =
0.998 F 0.032 (all values are mean F SE, n = 18). The relatively
good colocalization of tCho with EGFP and vice versa confirmed
that hypoxic tumor regions with high EGFP expression contained
increased tCho.

To further test our hypothesis that hypoxia positively regulates
tCho levels, we measured cellular PC, GPC, and Cho levels in
hypoxic versus normoxic wild-type PC-3 and PC-3-5HRE-EGFP
cells in culture. Figure 4 shows that PC (P < 0.05) as well as tCho
(P < 0.05) concentrations and the PC to GPC ratio (P < 0.05 for
wild-type and P < 0.01 for PC-3-5HRE-EGFP) significantly increased
following hypoxic exposure compared with normoxia. Because PC
was the choline-containing metabolite responsible for the hypoxia-
mediated increase in tCho in PC-3 cells, and Chk converts Cho to
PC, we tested for changes in Chk expression levels following
hypoxia. Immunoblots of cell lysates, which were probed with our
custom-made anti-Chk antibody (12), showed that Chk protein

levels were significantly higher following 24 h of hypoxia compared
with normoxic control conditions in wild-type PC-3 and PC-3-
5HRE-EGFP human prostate cancer cells (Fig. 4A and B). These
results indicate that hypoxia increases cellular PC and thus tCho
levels by inducing Chk protein expression in prostate cancer cells.

As data from prostate tumor xenografts and cell culture showed
that hypoxia drove up tCho and PC concentrations along with Chk
protein expression levels, we tested for putative HRE sites within
the human chk-a promoter region. The human chk-a promoter
region was identified by a comparative BLAST search using the
known rat chk-a promoter sequence (41). Figure 5 displays a region
in the human genomic DNA that encompasses a 2.3-kb sequence
immediately upstream of the translation start site of the human
chk-a gene. Six putative HRE sites in this sequence are denoted by
vertical bars to mark their nucleotide positions relative to the
translation start site, with the core sequence RCGTG. This putative
human chk-a promoter sequence has a high GC content and is
TATA less, and to date, its core promoter has not yet been

Figure 4. Expanded regions of the 1H MR
spectra of normoxic (left ) and hypoxic
(right ) PC-3-5HRE-EGFP cells (A ) and
wild-type PC-3 cells (B) with corresponding
immunoblots probed with Chk antibody.
Actin immunoblotting was performed as a
loading control. C, quantification of 1H MR
spectra for wild-type PC-3 (left ; n = 3) and
PC-3-5HRE-EGFP (right ; n = 4) PC-3 cell
extracts from cells exposed to 24 h of
hypoxic conditions and normoxic controls.
Columns, mean; bars, SD. *, P < 0.05; **,
P < 0.01.
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identified. Fragments of the putative human chk-a promoter,
designated P2 to P7 (Fig. 5), which contained different numbers of
putative HREs, as well as the full-length 2.3-kb sequence,
designated P1 (Fig. 5), were tested for their response to hypoxia
by pGL4-based Luc reporter assays in wild-type PC-3 cells. Hypoxic
conditions were induced by treating cells for 24 h with 200 Amol/L
CoCl2, which stabilizes HIF-1a and acts as a hypoxia mimetic.
Figure 6A shows that the 2.3-kb (P1) construct pGL4-Chk-a-Luc
(+1 to �2309 nucleotides) was not induced following CoCl2
treatment. However, the Luc reporter constructs containing
truncations P4 to P7, which are devoid of the P2 (+1 to �670
nucleotides) portion, did respond by displaying hypoxia-induced
Luc activity (Fig. 6A). Comparable with the pGL4-Chk-a-Luc,
constructs P2 and P3 were not induced by CoCl2 treatment
(Fig. 6A). These findings indicate that the P2 region of this putative
human chk-a promoter may have transcriptional repressor activity.
The pGL4-P5-Luc reporter construct (P5: �338 to �1068
nucleotides) displayed the strongest response to the hypoxia
mimetic CoCl2, with a 2-fold induction by CoCl2 (n = 3; P < 0.02
hypoxia versus normoxia). The P5 sequence contains four putative
HRE core binding sites (Fig. 5). Figure 6B shows the time course of
Luc activity induction in PC-3 cells transiently transfected with
pGL4-P5-Luc after 6, 12, 18, and 24 h of hypoxic exposure in a
culture chamber containing pO2 < 1%. Induction of Luc activity
first occurred at 12 h and continued through 18 and 24 h of hypoxic
exposure, exhibiting maximum induction at 24 h (n = 3; P < 0.05 for
24 h versus 6 or 12 h). No additional significant increase in Luc
induction was detected for time periods longer than 24 h (data not
shown). Figure 6C shows that transient transfection of pGL4-P5-
Luc in wild-type PC-3 as well as PC-3-5HRE-EGFP cells resulted in
2-fold (wild-type PC-3, n = 3; P < 0.05 compared with 12 h) and
1.6-fold (PC-3-5HRE-EGFP, n = 2) induction of Luc activity,
respectively, following 24 h of exposure to hypoxia. These findings
indicate that the sequence within the putative human chk-a
promoter designated as P5 (Fig. 5), which contains four putative
HREs, can transmit the hypoxia-mediated transcription induction
of human chk-a in PC-3 prostate cancer cells.

ChIP assays were performed to determine whether stabilized
HIF-1 can interact with putative HRE sites of the endogenous

human chk-a promoter within the nucleus of live PC-3 prostate
cancer cells. Chromatin isolated from PC-3 cells subjected to
normoxic or hypoxic conditions (pO2 < 1%) was immunoprecipi-
tated with anti-HIF-1a antibody, and precipitated DNA was PCR
amplified using the primers ChIP S-1 and ChIP AS-1. These primers
are specific to the region of the putative human chk-a promoter
that encompasses HRE 3, 4, and 5 (Fig. 5). Figure 6D (lane 2) shows
that use of this specific primer pair resulted in the amplification of
a 282-bp PCR product following DNA precipitation from hypoxic
PC-3 cells using an anti-HIF-1a antibody. The same amplification
product was observed in positive control experiments, in which the
same 282-bp chk-a promoter sequence was amplified from total
unprocessed chromatin (lane 1 ) and from the ChIP DNA
precipitated with an anti-histone deacetylase 3 antibody (lane 3).
In contrast, nonspecific antibody-mediated precipitations resulted
in DNA templates that were not amplified with these ChIP S-1 and
ChIP AS-1 primers (lane 4). In addition, no amplification was seen
in normoxic control PC-3 samples that were precipitated by anti-
HIF-1a antibody (lane 5). These results indicate that HIF-1 binds to
the endogenous human chk-a promoter in vivo in hypoxic PC-3
cells and mediates transcription.

Discussion

This multimodal molecular imaging study provides evidence
that hypoxia can up-regulate Chk expression in cultured prostate
cancer cells. This up-regulation of Chk can be detected as an
increase of PC in cells and as an increase of tCho in vivo . We
showed that a large proportion of high tCho-containing regions
colocalized with the EGFP fluorescence from hypoxic regions
within the tumors. These results were supported by cell culture
data in the same human prostate cancer line, which showed that
exposure to hypoxia increased Chk expression along with an
elevation in cellular PC and tCho concentrations. Additionally, we
cloned a portion of the putative promoter region of the human
chk-a gene and showed with Luc-based reporter assays that an
apparently functional hypoxia-inducible region exists within this
region of the human chk-a gene. ChIP assays further corroborated
and strengthened this finding by showing in vivo binding of

Figure 5. Schematic diagram of the putative human chk-a promoter region-firefly Luc-based reporter assay constructs. Top, the 2.3-kb region of the human chk-a
gene, which is immediately upstream of the translation start site (+1). Putative HRE binding sites (core sequence RCGTG) are labeled HRE 1 to HRE 6 and
represented by vertical orange bars. Bottom, P1, entire 2.3-kb Luc reporter construct; P2 to P7, Luc-reported constructs of truncated regions of this 2.3-kb sequence.
All constructs were contained in the pGL4-basic vector and tested for endogenous HIF-1–mediated hypoxia-induced Luc expression in transient transfections of
wild-type PC-3 and PC-3-5HRE-EGFP cells.
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HIF-1a to the endogenous chk-a promoter region in PC-3 prostate
cancer cells.

Most genes with HREs in the promoter region function during
the adaptive response of cells to hypoxia (42). It is therefore likely
that the hypoxia-induced up-regulation of Chk-a and PC is part
of the response of cancer cells to adapt and survive in hypoxic
environments. The HIF-1a pathway has also been associated with
human cancer progression and poor prognosis, and several genes
that are transcriptionally activated through functional HREs are
associated with cancer progression (30, 43). Likewise, Chk has been
implicated in oncogenesis (11, 44). Chk is overexpressed in several
cancers (11–13), where the increased Chk levels can confer
increased proliferation rates (12, 23). Similarly, high PC levels are
associated with a more aggressive cancer phenotype (4, 5, 13).
Thus, Chk is gaining importance as a potential target for anticancer
therapy (12, 23), which can be monitored noninvasively by 1H MRS
and MRSI (12, 45). The data obtained here provide an additional
mechanism of action to explain the existence of tCho heterogeneity

in tumors. Given that Chk can be up-regulated in hypoxic regions,
it would be useful to investigate the effect of down-regulating Chk
to sensitize hypoxic cells to radiation or chemotherapy. Thus, Chk-
targeted anticancer therapy may be used in combination with
radiation or chemotherapy to target both hypoxic and normoxic
cancer cells.

Hypoxic regions of tumors have long proven to be resilient and
unresponsive to both radiotherapy and chemotherapy (27, 28, 43).
Such resistance to treatment contributes to the incidence of cancer
recurrence (29). Our results indicate that MRSI detection of tCho
and its heterogeneity might prove to be a useful biomarker not only
of tumor aggressiveness and progression but also of tumor hypoxia.
tCho can be imaged noninvasively in prostate cancers by 1H MRS
and MRSI (9, 10) and positron emission tomography using 11C- and
18F-labeled choline derivatives (46, 47). Although we observed
elevated tCho within a large portion of hypoxic regions, regions of
high tCho without EGFP were also occasionally observed. The
latter indicates that factors other than hypoxia also contributed to

Figure 6. A, the effect of hypoxia on Luc expression from the putative chk-a promoter region constructs, depicted in Fig. 5, was first tested by transient transfection
of wild-type PC-3 cells with these constructs followed by exposure of these cells to the hypoxia mimetic CoCl2 (200 Amol/L) for 24 h. Y axis, induction was evaluated
as the increase in Luc expression recorded during hypoxia relative to that observed during normoxia. Thus, in case of constructs P1 to P3, Luc expression was
repressed under these conditions. Columns, mean (n = 3); bars, SD. *, P < 0.02, hypoxia compared with normoxia. B, wild-type PC-3 cells transiently transfected with
the most responsive pGL4-P5-Luc reporter construct were exposed to hypoxic conditions in a hypoxic culture chamber (pO2 < 1%), which resulted in increased
Luc activity at 24 h, indicative of HIF-1a stabilization and the apparent binding of HIF-1 to P5. Values are again reported as hypoxia to normoxia ratios. Columns,
mean (n = 3); bars, SD. *, P < 0.05, groups were compared as indicated in the figure. C, hypoxic exposure of wild-type PC-3 (black columns ) and PC-3-5HRE-
EGFP (gray columns ) cells transfected with pGL4-P5-Luc resulted in an induction of Luc activity at 24 h. Columns, mean (n = 2–3); bars, SD. *, P < 0.05, groups
were compared as indicated in the figure. D, direct hypoxia-induced binding of HIF-1 to a region within the putative human chk-a promoter was shown in PC-3
cells by ChIP. Following normoxia or hypoxia (hypoxic culture chamber; pO2 < 1%), cross-linked chromatin-protein complexes from the treated PC-3 cells were
immunoprecipitated with anti-HIF-1a antibody or control antibodies. A 282-bp sequence within the putative chk-a promoter, encompassing HREs 3 to 5, as
depicted in Fig. 5, was PCR amplified from these precipitates using the primers ChIP S-1 and ChIP AS-1 (see Materials and Methods). Lane 1, total unprocessed
chromatin; lane 2, anti-HIF-1a antibody precipitation following hypoxia; lane 3, anti-histone deacetylase 3 antibody precipitation following hypoxia; lane 4, anti-GAPDH
antibody precipitation following hypoxia; lane 5, anti-HIF-1a precipitation following normoxia. Identical volumes from the final precipitations were used in the PCR.
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the spatial heterogeneity of the tumoral tCho levels. Other factors
and conditions of the tumor microenvironment, such as acidic
extracellular pH (48, 49) as well as paracrine signaling between
cancer cells and stromal cells (50), can also alter Chk and tCho
levels and should be investigated. Although our cell studies showed
a significant increase of both Chk and PC at 24-h exposure to
hypoxia, some of the variability in colocalization may have also
arisen from time-dependent differences between the Chk and the
EGFP response to hypoxia in tumors. Additional studies validating
these observations in other tumor models are also necessary before

increased tCho can be used as an endogenous marker to assist in
the evaluation of tumor hypoxia.
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