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hypoxic condition and VHL cannot recognize HIF-1ct as a
target, resulting in a reduced rate of degradation.'”'® The
stabilized HIF-1ot interacts with the constitutively expressed
HIF-1§ protein and induces the expression of certain genes
such as VEGF?, glycolytic enzyme® and erythropoietin.'®
The induction of these genes is triggered by the interaction
of HIF-1 with its cognate DNA recognition site, that is, the
hypoxia-response element (HRE).>® Previously, Shibata ez
al. developed an artificial hypoxia-inducible promoter sys-
tem using five copies of HRE (SHRE) derived from the
VEGF promoter and the human cytomegalovirus minimal
promoter (CMVmp), and demonstrated that the SHRE pro-
moter increased gene expression by a factor of more than
500 under hypoxic conditions in vitro.?"??

In the process of developing radiosensitizers, 2-nitroimi-
dazole derivatives have been found to accumulate in hypoxic
cells of solid tumors. Consequently, some methods to obtain
quantitative or qualitative data about tumor hypoxia have
been developed, and suitably labeled 2-nitroimidazole ana-
logues have been utilized to develop a variety of non-inva-
sive monitoring systems for tumor hypoxia, e.g. magnetic
resonance spectroscopy (MRS)??%, positron emission tomo-
graphy (PET)* and single photon electron capture tomo-
graphy (SPECT).” Pimonidazole, a well-known hypoxia

regions stained with the hypoxia marker.
MATERIALS AND METHODS

DNA constructs

The DNA fragments encoding EGFP and d2EGFP were
inserted between the Ncol and Notl recognition sites of the
pEF/myc/cyto vector (Invitrogen, Carlsbad, CA) to construct
the plasmids pEF/EGFP and pEF/d2EGFP, respectively. In
addition, the DNA fragment of the SHRE-hCMVmp enhanc-
er/promoter? was inserted between the Kpnl and Ncol sites
of pEF/EGFP and pEF/d2EGFP to construct the plasmids
pSHRE-EGFP and pSHRE-d2EGFP, respectively. To con-
struct the plasmid, pPCMV-d2EGFP, the DNA fragment of
the SHRE-hCMVmp enhancer/promoter of pSHRE-d2EGFP
was substituted for that of the intact CMV promoter.??

Cell culture and transfection

The human melanoma cell line Be11** (the gift from Dr.
Oya) was cultured in 20% FCS-MEM-1. To establish the
stable transfectants, the cells were seeded on a 60mm culture
dish and transfected with 5 pig of pCMV-d2EGFP, pSHRE-
EGFP or pSHRE-d2EGFP by using the Superfect Transfec-
tion Reagent (QIAGEN, Valencia, CA), according to the

marker, is also a 2-nitroimidazole derivative and has been
developed for the immunohistochemical analysis of tumor
specimens.??" Polarographic microelectrodes can directly
record the oxygen status of tumor tissues and have therefore
been widely used in clinical practice for cancer patients.*”
Although all of these methods yield detailed information
about tumor hypoxia, they do not accurately reflect HIE-1
activity because HIF-1 activation is caused by not only intra-
tumoral hypoxia but also by genetic alterations, such as
gain-of-function mutations in oncogenes and loss-of-func-
tion mutations in tumor-suppressor genes.”® Moveover,
growth factors and cytokines stimulate HIF-10t synthesis via
the oxygen-independent activation of phosphatidylinositol
3-kinase (PI3K)**® or mitogen-activated protein kinase
(MAPK) pathways.’? VHL mutation also leads to over
expression of the HIF-10. protein.*® Therefore, lack of a rou-
tine, easy and dynamic method to monitor HIF-1 activity in
solid tumors remains a major problem.

In the present study, we developed a suitable and conve-
nient system to monitor HIF-1 activity in real-time in tumor
xenografts by using the SHRE promoter.”*? Destabilized
Enhanced GFP (d2EGFP) was chosen as the reporter gene
because it can be detected without any substrate or cofactor,
and especially because the half-life of d2EGFP is reduced to
less than 2 hours. Such short half-life is due to the residues
422-461 of mouse ornithine decarboxylase protein (MODC
domain) fused in d2EGFP protein, and makes it possible to
observe HIF-1 activity in real-time.*® We were consequently
able to demonstrate that d2EGFP fluorescence is observed in
vitro only under hypoxic conditions and in vivo in the

manufacture’s instructions. Three hours after the transfec-
tion, the culture medium was changed to the medium con-
taining 800 pg/ml of G418 disulfate (Nacalai Tesque, Kyoto,
Japan), an antibiotic to select the stable transfectant, and the
cells were cultured for an additional 2 weeks. With the aid
of a fluorescent microscope with a 488 / 510 filter, a stable
transfectant with strong fluorescence was isolated from the
cells transfected with pCMV-d2EGFP plasmid. The stable
transfectant with pSHRE-d2EGFP, on the other hand, was
treated under hypoxic conditions (0.02%) for 20 hours
before being isolated.

Hypoxia treatment and reoxygenation

Cells were treated under various hypoxic conditions. In
one procedure, 90% N2, 5% H; and 5% CO; with a palladi-
um catalyst were used in an Environment Chamber (Sheldon
Manufacturing, Inc., Cornelius, OR). In another, the cells
were treated in pre-warmed aluminum chambers by means
of exhausting and gassing with 95% N, and 5% CO,, for var-
ious cycles to produce oxygen concentrations of 2%, 0.2%,
0.02% and <0.01%. After the hypoxic treatment (0.02% O-)
for 20 hours, the cells were cultured in the incubator with
95% air and 5% CO: for the times indicated in each figures
to reoxygenate the cells.

Flow cytometry analysis

Green fluorescence was analyzed with a flow cytometer
(Becton Dickinson, San Jose, CA), and the data were pro-
cessed with CellQuest software (Becton Dickinson). Histo-
grams of GFP were plotted with the log scale for GFP fluo-
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Fig. 1. Hypoxia-responsible d2EGFP expression in Bell/SHRE-d2EGFP stable transfectant. (A) Schematic diagrams of the
CMV-d2EGFP gene (top) and the SHRE-d2EGFP gene (bottom). (B) Both stable transfectants Bell/SHRE-d2EGFP (a, ¢) and
Bel1/CMV-d2EGFP (b, d) were treated under hypoxic condition (0.02% O») for 20 hours, and reoxygenated for 4 hours. (C) After
the same treatment as described in (B), Be11/CMV-d2EGFP (a) and Be11/5SHRE-d2EGFP (b) were subjected to FACS analysis and
histograms of their flnorescent intensity are shown.
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rescence and the results were recorded as means of the
middle of the peaks.

Immunohistochemical analysis

Stable transfectants of Bell with pCMV-d2EGFP or
pSHRE-d2EGFP (10° cells in 100 pul of PBS) were subcuta-
neously (s.c.) injected into the flank or leg of 6-8 weeks
nude mice (BALB/c nu/nu; CLEA Japan, Inc., Tokyo,
Japan). When the tumor diameter exceeded 15 mm, the
tumor bearing mice were intraperitoneally (i.p.) injected
with pimonidazole hydrochloride’®?” (60mg/kg), and 90
min later, the solid tumors were surgically removed and
fixed in 10% Formalin Neutral Buffer Solution pH 7.4
(Wako Pure Chemical Industries, Osaka, Japan). Immun-
ostaining for the detection of d2EGFP expression and
hypoxic cells was carried out with the anti-GFP Ab (BD Liv-
ing Color™ A.v. Peptide Antibody; Clontech, Franklin
Lakes, NJ) and with anti-pimonidazole Ab (Hypoxyprobe-1
kit; Natural Pharmacia International, Inc., Belmont, MA),
respectively, by the indirect immunoperoxidase method as
described previously.’® To calculate the percentage of
pimonidazole-positive cells and d2EGFP-expressing cells in

the Bell/SHRE-d2EGFP solid tumor, the corresponding
pimonidazole-stained cells and d2EGFP-stained cells were
quantified with NIH Image 1.63 software, and compared to
the quantity of the whole tumor.

Fluorescent microscope analysis and imaging of HIF-1
activity in vivo

Microscopic analysis was conducted with an Olympus
BX-60 microscope fitted with Olympus U-MWIB filter
cubes (460-490 nm for excitation filter, 505-550 nm for
dichroic filter and 515-550 for emission filter). Images were
taken with a Sensys CCD Camera (Photometric, Livingston,
UK). Blue color excitation light and yellow filters were used
for the in vivo real-time imaging.

RESULTS

Hypoxia-inducible fluorescence from cells transfected
with pSHRE-d2EGFP

To establish a convenient system to visualize the HIE-1
transcriptional activity in tumor xenografts in real-time, we
first constructed the pSHRE-d2EGFP plasmid (Fig. 1A). A
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Fig. 2. Effects of various hypoxic treatments on d2EGFP fluorescence. (A) After hypoxic treatment (0.02% O,) of various durations, flu-
orescent intensity of Be11/SHRE-d2EGFP stable transfectants was analyzed with FACS and is shown as a histogram. (B) Ratios of fluores-
cent intensity of the same cell preparations as in (A) to the intensity without hypoxic treatment are shown as relative fluorescence units. (C)
After various hypoxic treatments (2%, 0.2%, 0.02% and <0.01%) for 20 hours, fluorescent intensity of Bell/SHRE-d2EGFP stable trans-
fectants was analyzed and is shown as a histogram. (D) Ratios of fluorescent intensity of the cells after the same hypoxic treatments as in
(C) to the intensity after aerobic treatment are shown as relative fluorescence units. (E) After hypoxic treatment (0.02% O,) for 20 hours,
Bel1/SHRE-d2EGFP stable transfectants were reoxygenated for various durations and the fluorescent intensity was analyzed and is shown
here as a histogram. (F) Ratios of fluorescent intensity of the cells after the same treatment as in (E) to the intensity after aerobic treatment
are shown as relative fluorescence units. Bel1/SHRE-EGFP stable transfectants (solid triangles), Be11/SHRE-d2EGFP stable transfectants

(solid squares).
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SHRE promoter was employed to induce reporter gene
expression under the control of HIP-1 activity,?*® and
d2EGFP was used as a reporter gene, because its half-life is
reported to be somewhat less than 2 hours,® which we
thought should enable us to observe HIF-1 activity in real-
time. The human melanoma cell line Bel1 was stably trans-
fected with the plasmid pSHRE-d2EGFP, and a clone was
isolated by taking advantage of the hypoxia-dependency of
the d2EGFP expression (Fig. 1A). In addition, Bell, this
time stably transfected with pCMV-d2EGFP plasmid, was
established as a control with constitutive expression of
d2EGFP (Fig. 1A). To confirm the occurrence of hypoxic
induction, both stable transfectants were processed in 0.02%
of oxygen concentration. The fluorescence microscopic
examination clearly showed that Bel1/5SHRE-d2EGFP trans-
fectants expressed negligible levels of fluorescence under
aerobic conditions but adequate levels of fluorescence after
hypoxic treatment (Fig. 1Ba and c). On the other hand,
Bel1/CMV-d2EGFP transfectants showed bright green fluo-
rescence under both aerobic and hypoxic conditions (Fig.
1Bb and d).

FACS analysis also clearly showed fluorescent intensity in
both cell lines (Fig. 1C). In the cell population of Bell/
SHRE-d2EGFP transfectants, a more than 200-fold induc-
tion of d2EGFP fluorescence was observed after hypoxic
treatment compared to after aerobic treatment (Fig. 1Cb),
whereas constitutive fluorescence was observed after both
aerobic and hypoxic treatment in the Bell/CMV-d2EGFP
transfectants (Fig. 1Ca). These results indicate that the
SHRE-CMVmp promoter can be used as a specific and
robust hypoxia-inducible promoter. Although hypoxic treat-
ment itself seemed to somewhat diminish the brightness of
the Bell/CMV-d2EGFP transfectants (Fig. 1Ca), such dif-
ference was hardly detectable by fluorescence microscopic
analysis (Fig. 1Bb and d).

Effects of various hypoxic treatments on d2EGFP fluo-
rescence

In order to analyze the effects of hypoxic treatment of var-
ious durations on fluorescent intensity, Bel1/SHRE-d2EGFP
transfectants were treated under hypoxic conditions for 0, 2,
6, 12, and 24 hours, after which the green fluorescence was
monitored by means of FACS analysis. Even after 2 hours
of hypoxic treatment, fluorescence was detected with fluo-
rescent microscopic as well as with FACS analysis (Fig. 2A
and data not shown). Increases in both fluorescent intensity
and number of fluorescent cells depended on the duration of
hypoxic treatment up to 24 hours, after which saturation lev-
els were reached (Fig. 2A and B).

To assess the oxygen concentration required for inducing
d2EGFP expression, Bell/SHRE-d2EGFP cells were treat-
ed for 20 hours with various oxygen concentrations, that is,
<0.01%, 0.02%, 0.2% and 2%. FACS analysis showed that
d2EGFP expression increased when the oxygen concentra-

Be11/5HRE-d2EGFP Be11/5HRE-d2EGFP

Be11/CMV-d2EGFP

Fig. 3. Real-time imaging of HIF-1 activity in the Bel1/5HRE-
d2EGFP tumor xenograft. (A), (B) Heterogeneous fluorescence in
the tumor xenograft with Bell/SHRE-d2EGFP cells was detected
by means of blue excitation light and a yellow filter. (C) Homoge-
neous fluorescence in the tumor xenograft with Bell/CMV-
d2EGFP cells was used as control.
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tion was reduced from 20% to 0.2%, and maintained a high
expression level from 0.2% to anaerobia (<0.01%) (Fig. 2C
and D). Even at the 2% oxygen concentration, fluorescent
intensity increased almost 1,000 times compared to the one
at 20% oxygen concentration (Fig. 2D), and could be detect-
ed directly with the fluorescence microscope (data not
shown).

Next we analyzed the effect of reoxygenation on d2EGFP
fluorescence, because oxygen molecules are reported to be
necessary for chromophore formation of GFP and its deriv-
atives.’® Bell/SHRE-d2EGFP cells were treated under
hypoxic conditions (0.02% O,) for 20 hours, and reoxygen-
ated for various lengths of time in the incubator with 95%
air and 5% COa,. The hypoxic treatment even without any
reoxygenation enhanced fluorescence by a factor of more
than 200 compared to that observed under aerobic condi-
tions (Fig. 2E and F). Reoxygenation for 4 hours resulted in
a sharp and high peak of fluorescerice, after which the fluo-
rescence levels decreased dramatically. To examine the

Be11/CNIV-d2EGFP

effect of the MODC domain fused in d2EGFP on protein
stability, we established the Bell/SHRE-EGFP cells, in
which expression of the EGFP protein (without MODC
domain) was controlled by the SHRE promoter. When the
Bell/SHRE-EGFP cells were subjected to the same experi-
ment as described above, they showed more stable fluores-
cence than the Bell/SHRE-d2EGFP cells during the obser-
vation period (Fig. 2F). These results clearly demonstrate
that the decrease in the fluorescence of Bell/SHRE-
d2EGFP was due to the MODC domain of the d2EGFP pro-
tein.

Real-time imaging of HIF-1 transcriptional activity in
tumor xenograft

In order to visualize the HIF-1 transcriptional activity in
a solid tumor in a living mouse, Bel1/SHRE-d2EGFP cells
were s.c. inoculated into nude mice. One month after the
implantation, these cells formed solid tumors with diameter
of more than 15 mm. Real-time imaging under the blue exci-
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Fig. 4. Immunohistochemical analysis of d2EGFP-expressing cells in the Bel1/SHRE-d2EGFP tumor xenograft. Tumor xenografts of
Bel1/CMV-d2EGFP cells (A and B) and Be11/SHRE-d2EGFP cells (C-H) were stained with anti-GFP Ab (A, C and F), HE (B, D and G)
and anti-pimonidazole Ab (E and H). F, G and H show higher magnifications of the square areas in C, D and E, respectively. Bar = 100 pm.
N = necrotic tumor tissue; V = well-oxygenated viable tumor tissue; arrow = blood vessel.
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tation light showed heterogeneous, partition-dependent and
weak green fluorescence in the tumor xenograft with Bell/
SHRE-d2EGFP cells (Fig. 3A and B). In comparison, tumor
xenografts with Bel1/CMV-d2EGFP cells showed strong
and homogeneous green fluorescence (Fig. 3C). No fluores-
cence was observed in the parental Bell tumor (data not
shown).

Characterization of GFP-expressing cells by immuno-
histochemical analysis

HIF-1 activation is induced by not only intratumoral
hypoxia but also the other stimuli.?®?*? To determine, there-
fore, whether hypoxic stimuli definitely up-regulated the
SHRE-promoter activity in our in vivo study, the regions
expressing d2EGFP in the solid tumor were compared to
those stained with the hypoxic marker pimonidazole.”*?” In
the Bell/CMV-d2EGFP solid tumor, homogeneous and
strong expressions of d2EGFP proteins were detected with
the anti-GFP Ab, which recognizes all of GFP derivatives
including d2EGFP (Fig. 4A). HE-stained section of Bell/
CMV-d2EGFP xenograft revealed that the d2EGFP-express-
ing cells were in the viable regions (Fig. 4B). On the other
hand, heterogeneous expressions of d2EGFP were observed
in the tumor xenografts with Bell/SHRE-d2EGFP cells
(Fig. 4C). The d2EGFP-positive cells were located in the
boundary area between the well-oxygenated viable regions
and the necrotic regions (Fig. 4C and D). Similar regions in
the Bell/SHRE-d2EGFP tumor also stained with anti-
pimonidazole Ab, (Fig. 4E).

Higher magnifications of the square areas in Fig. 4C, 4D
and 4E are shown as Fig. 4F, 4G and 4H, respectively. In the
HE-stained specimen, red blood cells clearly showed the
location of tumor blood vessels (Fig. 4G), which were sur-
rounded by viable tumor cells in direct proximity, and more-
over by necrotic tumor cells at a greater distance. To be pre-
cise, the necrotic regions were located more than 100 um
from the blood vessels. In addition to the HE-stained speci-
mens, the higher-magnified images stained with anti-GFP
AD clearly demonstrated that the d2EGFP-expressing cells
were located about 100 pum from the tumor blood vessels
(Fig. 4F). Finally, the staining pattern obtained with anti-
GFP Ab was very similar to that produced by the hypoxia
marker pimonidazole (Fig 4F and H). These results strongly
suggest that the SHRE-system induces d2EGFP expressions
in hypoxic tumor cells.

In the specimens stained with anti-GFP Ab and anti-
pimonidazole Ab, it was also clear that more cells were
stained with the former than with the latter. For quantifica-
tion, both specimens were analyzed with NIH Image 1.63
software. The percentage of pimonidazole-positive cells in
the whole solid tumor was 9.2 & 3.8% (n = 5), while that of
d2EGFP-expressing cells in the whole solid tumor was sig-
nificantly higher, 22.7 + 6.1% (n = 5; p < 0.01).

DISCUSSION

HIF-1 induces various kinds of hypoxia-responsive gene
expressions, which are related to the malignant phenotype of
tumor cells, such as angiogenesis, metastasis, invasion and
evasion of apoptosis.>™ The lack of a technique that allows
for convenient imaging of HIF-1 transcriptional activity
therefore remains as one of the problems for basic research
aiming at the development of anticancer drugs in cancer
treatment. In order to address this issue, we developed an
imaging system using both an HIF-1-responsive promoter
and a specific reporter protein. Shibata et al. examined var-
ious combinations of HRE and promoters to achieve higher
responsiveness of promoter activity to hypoxic stress, and
demonstrated that the combination of SHRE and a CMVmp
induces 500 fold more gene expression under hypoxic con-
ditions than under aerobic conditions. Moreover, the expres-
sion level under hypoxic conditions is almost same as the
one by the intact CMV promoter.”® We therefore employed
the SHRE-hCMVmp enhancer/promoter system for the
study presented here. In agreement with previously reported
results,?® only negligible levels of reporter expression were
observed under aerobic conditions but these levels became
clearly detectable after hypoxic treatment. For this reason,
the SHRE enhancer/promoter met our requirements better
than any other regulatory systems.

We chose a derivative of GFP protein as the reporter gene
because no additional cofactor or substrate is needed for its
visualization. Attention must be paid, however, to applying
GFP derivatives to in vivo imaging because anoxic condi-
tions inhibit chromophore formation.*® In fact, we observed
in the FACS analyses that hypoxic treatment itself seemed
to diminish the brightness of the Be11/CMV-d2EGFP trans-
fectants somewhat (Fig. 1Ca), and that d2EGFP fluores-
cence increased after reoxygenation (Fig. 2E and F). But
when we treated the cells with the translation inhibitor,
cyclohexamide, just after the hypoxic treatment, the
d2EGFP signal did not increase after reoxygenation (data
not shown). This finding suggests that the increase in fluo-
rescence after reoxygenation was not mainly the result of
chromophore formation but of translation. We can therefore
conclude that chromophore formation was not significantly
inhibited in our experimental setting. Additionally, such
small differences in fluorescent intensity were hardly detect-
able with fluorescence microscopic analysis (Fig. 1Bb and
d). Thus, there seemed to be no serious obstacles to employ-
ing d2EGFP as a reporter for our purpose.

The SHRE enhancer/promoter system has been used to
analyze the effect of x-ray irradiation on tumor reoxygen-
ation as well as on subsequent HIF-1 activation.®) The HIF-
1-mediated promoter with eight copies of HRE has also been
used to develop a novel PET imaging system.*” In both cas-
es, however, assessment in real-time seemed to be difficult,

J. Radiat. Res., Vol. 46, No. 1 (2005); hitp://jrr.jstage.jst.go.jp

106



100 J. Liu et al.

because the reporter proteins were so stable®® that some of
them may have remained in the cells after reoxygenation.
The reason why we choose d2EGFP rather than the other
GFP derivatives was the short half-life of the protein, which
is caused by the MODC domain fused in it.3® In fact, we
were able to demonstrate that d2EGFP fluorescence has a
more rapid turnover than that of EGFP (Fig. 2F). Moreover,
when we treated the cells with cyclohexamide just after the
hypoxic treatment and just before reoxygenation, the
d2EGFP fluorescence disappeared within 2 hours (data not
shown). This MODC activity enabled us to assess HIF-1
activity in solid tumors in real-time.

Bel1/CMV-d2EGFP showed homogeneous fluorescence
in the whole tumor, while heterogeneous occurrence of
green fluorescence was directly visualized in tumor
xenografts inoculated with Bel1/SHRE-d2EGFP cells. Our
in vitro study enabled us to estimate to some extent the
hypoxic status in the solid tumor. As Bel1/SHRE-d2EGFP
expressed detectable amounts of fluorescence in response to
different hypoxic stimuli, e.g. 0.02% O; for 2 hours and
<2% O3 for 20 hours, we can assume that the fluorescent
cells in the solid tumors were exposed to at least these con-
ditions. At this time, however, an accurate assessment of
tomor hypoxia with this method alone is not possible. For
instance, it was difficult to distinguish the acute hypoxia
from the chronic one. Moreover, we might not have visual-
ized the acute hypoxia, but chronic one alone, because most
gene expressions take a certain time. Therefore, combining
our method with computer based image analysis and/or flow
cytometry analysis can be expected to expand the-efficacy
and application of SHRE-d2EGFP as an imaging system.

Immunohistochemical analysis clearly showed that the
d2EGFP-expressing cells are located at a distance of about
100 pm from the tumor blood vessels, and the staining pat-
tern is almost the same as the one obtained with anti-
pimonidazole Ab. These results suggest that the SHRE
enhancer/promoter induces d2EGFP expressions in response
to hypoxic stimuli in the solid tamor. However, more highly
magnified images showed that more cells are stained with
anti-GFP Ab than with anti-pimonidazole Ab in the bound-
ary area between viable and necrotic regions (Fig. 4F and
H). The quantitative analysis using NIH Image 1.63 software
also clearly showed that there were certainly more GFP-
expressing cells than pimonidazole-positive cells. Although
these results might have been caused simply by the different
sensitivities of the Abs, it is also possible that the HIF-1
activity is up-regulated by another regulatory pathway inde-
pendent of hypoxia. The up-regulation of HIF-1ol activity
has been observed even under normoxic conditions in renal
carcinoma cells, in which the von Hippel-Lindau tumor sup-
pressor gene had lost its function.*® Furthermore, HIF-1
activity increases when the PI3K/AKT signaling pathway is
activated.>® Regardless of the HIF-1-activating mechanisms,
the SHRE-d2EGFP system can reflect the HIF-1 activity, so

that this system can be used for monitoring HIF-1 activity
in real-time in vivo.

It has been reported that HIF-2 as well as HIF-1 regulates
gene expression of VEGF, glycolytic enzymes and other
HRE-driven genes in response to hypoxia.*® Although HIF-
2 plays some important roles in physiological stress
response, the details of its mechanism and how it differs
from that of the HIF-1 pathway remain unknown. To exam-
ine whether the SHRE enhancer/promoter system is regulat-
ed by HIF-2 activity, too, we assessed its hypoxia respon-
siveness by using a squamous cell carcinoma cell line, in
which the HIF-1o gene was mutated, and found evidence of
the HIF-2-dependency of the SHRE system. (in preparation).
These findings indicate that this monitoring method can be
used to analyze details of the activities of the HIF family in
vivo. Moreover, this method can be expected to contribute to
the development of HIFs-targeting drugs,” such as YC-140
and TOP3.5354)
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of a Hypoxia-Targeting Drug in Living Animals
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Abstract
Solid tumors containing more hypoxic regions show a more

malignant phenotype by increasing the expression of genes
encoding angiogenic and metastatic factors. Hypoxia-inducible
factor-1 (HIF-1) is a master transcriptional activator of such
genes, and thus, imaging and targeting hypoxic tumor cells
where HIF-1 is active are important in cancer therapy. In the
present study, HIF-1 activity was monitored via an optical
in vivo imaging system by wusing a luciferase reporter gene
under the regulation of an artificial HIF-1-dependent promoter,
SHRE. To monitor tumor hypoxia, we isolated a stable reporter-
transfectant, HeLa/SHRE-Luc, which expressed more than 100-
fold luciferase in response to hypoxic stress, and observed
bioluminescence from its xenografts. Immunohistochemical
analysis of the xenografts with a hypoxia marker, pimonida-
zole, confirmed that the luciferase-expressing cells were
hypoxic. Evaluation of the efficacy of a hypoxia-targeting
prodrug, TOP3, using this optical imaging system revealed that
hypoxic cells were significantly diminished by TOP3 treatment.
Immunohistochemical analysis of the TOP3-ireated xenografts
confirmed that hypoxic cells underwent apoptosis and were
removed after TOP3 treatment. These results demonstrate that
this model system using the SHRE-luciferase reporter construct
provides qualitative information (hypoxic status) of solid
tumors and enables one to conveniently evaluate the efficacy
of cancer therapy on hypoxia in malignant solid tumors.
Mol Imaging (2005) 4, 182-193. ’

Keywords: Hypoxia-inducible factor-1 (HIF-1), tumor hypoxia, hypoxia response element
(HRE}, luciferase bioluminescence, optical imaging.

Introduction

An insufficient blood supply to a rapidly growing tumor
leads to the presence of hypoxia, which is a well-known
feature of solid tumors [1]. It is clinically important
that insufficient tumor oxygenation affects the efficiency
of chemotherapy and radiotherapy [2-4]. Moreover,
hypoxic conditions increase the aggressiveness of
tumor cells by inducing the expression of several
genes related to proliferation, angiogenesis, invasion,
and metastasis to aid survival in the severe tumor
microenvironment [5-7]. Most of such genes contain
a hypoxia responsive element (HRE), which is the
binding site of hypoxia inducible factor-1 (HIF-1) [8],
the master transcriptional regulator of cellular adaptive
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responses to hypoxic stress [5,9]. HIF-1 is a heterodimer
that consists of an alpha subunit (HIF-1o)) and the
constitutively expressed beta subunit (HIF-1(3). HIF-1a
expression is regulated in an oxygen-dependent manner
at the posttranslational level and is responsible for the
regulation of HIF-1 activity [9]. In normoxia, HIF-1a is
hydroxylated on the proline residues in the oxygen-
dependent degradation domain (ODD) by prolyl hy-
droxylases [10,11]. The hydroxylated proline residues
accelerate the interaction of HIF-la protein with von
Hippel-Lindau tumor suppressor protein, resulting in
the rapid ubiquitination and subsequent degradation of
HIF-1a [5,12-15].

HIF-1 as well as tumor hypoxia have been recognized
as a crucial target for cancer therapy, therefore, strate-
gies detecting and evaluating them are desired [5,16].
Recently, hypoxia-responsive promoters have been ap-
plied to develop hypoxia imaging and targeting strate-
gies. HRE derived from vascular endothelial cell growth
factor (VEGF) promoter [8] has been employed to
establish the artificial -hypoxia-responsive promoter.
The promoters containing HRE in tandem significantly
increase the gene expressions in response to hypoxic
stress and successfully induce anti-tumor effects in vivo
[17-22]. Above all, SHRE promoter, which consists of
five copies of HRE and human cytomegalovirus minimal
promoter, enhances more than 500-fold transcription
under the hypoxic conditions than under the aerobic
conditions [19]. Green fluorescent protein [20,21] and a
prodrug-activating enzyme [22] under the regulation of
SHRE promoter show the potential for tumor hypoxia-
specific imaging and targeting, respectively. We have

Abbreviations: HE, hematoxylin - eosin; HIF, hypoxia-inducible factor; HIV-1, human immuno-
deficiency virus type-1; HRE, hypoxia response element; ODD, oxygen-dependent degradarion;
PTD, protein transduction domain; siRNA, small interfering RNA; TOP3, tat-ODD-procaspase-3;
TUNEL, TaT-mediated oUTP nick end labelling; VEGF, vascular endothelial growth factor.
Corresponding author: Shinae Kizaka-Kondoh, COE Formation for Genomic Analysis of
Disease Model Animals with Multiple Genetic Alterations, Department of Radiation Oncology
and Imaging-applied Therapy, Kyoto University Graduate School of Medicine, 54 Kawabara-
cho, Shogoin, Sakyo-ku, Kyoto, 606-8507, Japan; e-mail: skondoh@kuhp kyoto-uacjp.
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developed a protein prodrug, TOP3 [23,24], which is
composed of the protein transduction domain derived
from human immunodeficiency virus-1 tat protein (HIV
tat-PTD), a part of HIF-la. ODD domain and the dor-
mant form of caspase-3, procaspase-3. HIV tat-PTD
fusion proteins can be delivered to many different
cells in the whole body in a concentration-dependent
manner [25,26] and ODD fusion proteins can be
specifically stabilized under hypoxic conditions [23].
Therefore, hypoxia-specific targeting of tumor cells has
been accomplished by TOP3 in hypoxic ascites as well
as in vitro [23,27].

In this report, we demonstrate that the imaging
system using a SHRE-luciferase reporter gene can effi-
ciently detect and monitor tumor hypoxia where HIF-1
is active in living mice., By using this system, we success-
fully demonstrate that TOP3 certainly targets hypoxic
tumor cells in solid tumors, indicating that this model
system allows sensitive, real-time, and spatio-temporal
analyses of tumor hypoxia in solid tumors and provides a
useful method to evaluate the efficacy of a cancer
therapy on hypoxia in malignant solid tumors.

Materials and Methods
Cell Cultures, Reagents, and Hypoxic Treaiment

The human cervical epithelial adenocarcinoma cell
line, Hela, and the human pancreatic cancer cell line,
CFPAC-1, were purchased from the American Type
Culture Collection (#CCL-2 and #CRIL-1918, respective-
ly). Hela cells were maintained in 5% FBS—Dulbecco’s
modified Eagle’s medium, and CFPAC-1 cells were
maintained in 10% FBS-Iscove’s modified Dulbecco’s
medium (Nacalai Tesque, Kyoto, Japan). Both of the me-
diums were supplemented with penicillin (100 units/mL)
and streptomycin (100 pg/mL). To create a hypoxic
condition of <0.02% of oxygen tension, the cells were
treated in a Bactron Anaerobic Chamber, BACLITE-1
(Sheldon Manufacturing, Cornelius, OR).

Preparation of Protein Prodrug

TOP3 was overexpressed in Escherichia coli and
purified as described previously [23]. Purified TOP3
was dissolved in Tris—HCI buffer (pH 8.0) at a concen-
tration of 1 mg/mL.

Plasmid DNA

To construct the pEF/Luc plasmid, which constitu-
tively expresses luciferase under the control of EF-1a
promoter [28], luciferase ¢cDNA was amplified from
pGL3 promoter vector (Promega, Madison, WI) by PCR
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using Luc-Bam-sense primer; AAGGATCCACCATGGAA-
GACGCCAAA and Luc-RV-anti primer; TTGATATCTTA-
CACGGCGATCTTTCC. The PCR product was then
digested with BamHI and EcoRV and inserted be-
tween BamHI and EcoRV recognition sites of pEF6/
Myc-His B plasmid (Invitrogen, Carlsbad, CA). To con-
struct the pEF/SHRE-Luc plasmid, the DNA fragment,
which consists of SHRE promoter and luciferase gene,
was obtained by Kprl and Xbal digestion of SHRE-
hCMVmp-Luc plasmid [19] and inserted between Kpnl
and Xbal recognition sites of pEF/myc/cyto plasmid
(Invitrogen).

Isolation of HeLa/EF-Luc and HelLa/SHRE-Luc Cells

To establish Hela/EF-Luc and HeLa/SHRE-Luc cell
clones, Hela cells were transfected with pEF/Luc plas-
mid and pEF/SHRE-Luc plasmid, respectively, by calcium
phosphate method using the Mammalian Transfection
Kit (Stratagene, La Jolla, CA) and were selected by
culturing for an additional 10 days in the culture me-
dium containing 5 pg/mL of blasticidine S (Invitrogen)
for HeLa/EF-Luc or 400 pg/mL of G418 (Nacalai Tesque)
for HeLa/SHRE-Luc. Antibiotics-resistant colonies were
isolated and established as clones. Representative clones
were used here.

Luciferase Assay in vitro and Western Blot Analysis
HeLa/SHRE-Luc cells were seeded onto a 24-well dish
(1 x 10* cells/well) and cultured under aerobic or hy-
poxic conditions for 0, 1, 2, 4, 8, and 16 hr. The cells were
then washed with PBS and lyzed with 100 pL Passive
Lysis Buffer (Promega) and 10 pL of the lysates were
applied for the luciferase assay (Promega). For Western
blot analysis, the cells were directly harvested in the
100 pL of 1x loading buffer [29] after the same hy-
poxic treatment as above, and 20 pL of them were
electrophoresed on a 7.5% SDS-polyacrylamide gel
and transferred onto PVDF membrane (Amersham Bio-
sciences, Piscataway, NJ). HIF-1a protein was detected
with monoclonal anti-HIF-1a antibody (BD Bioscience
Pharmingen, San Diego, CA) and anti-mouse IgG horse-
radish peroxidase linked whole antibody (Amersham
Bioscience) using the ECL-PLUS system (Amersham Bio-
science) according to the manufacturer’s instruction.

Real-time Monitoring of Luciferase Activity in vivo
Cell suspensions of Hela/EF-Luc cells and HeLla/
SHRE-Luc cells (1 x 10° cells/100 pL of PBS) were sub-
cutaneously inoculated into the left and right hind legs
of 6-week-old female nude mice (BALB/c nu/nu; Japan
SLC, Hamamatsu, Japan), respectively. The mice were
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used for each experiment 10 days after the implantation.
For the in vivo imaging of bioluminescence, the tumor-
bearing mice were intravenously injected with 100 plL
of p-luciferin solution (10 mg/mL in PBS; Promega). And
exactly 15 min later, the mice were applied to wis®.100
in vivo Imaging System (Xenogen, Alameda, CA) to
measure the luciferase activity as the externally detected
photon count. During imaging, the mice were kept on
the imaging stage in the anesthetized condition with
2.5% of isoflurane gas in oxygen flow (1.5 L/min).
Obtained images were analyzed by using Living Image
2.50—Igor Pro 4.09A software (Xenogen). Pixel inten-
sities within the regions of interest were summed to
vield integrated intensity of bioluminescence as photon
counts. In all of the imaging experiments, reproducihility
was confirmed by using 5 independent tumor-bearing
mice, and representative images are shown.

Growth Delay Assay

The tumor mass of CFPAC-1 xenografts was mea-
sured with a caliper, and the tumor mass was calculated
as 0.5 x L » W* The tumor mass of Hela/EF-Luc
xenografts was measured as the externally detected
photon counts, The tumor mass on each day was com-
pared with the one on Day 0, to calculate the relative
LMoL Mass.

Immunobistochemical Analysis

Pimonidazole hydrochloride (Natural Pharmacia In-
ternational, Belmont, MA) was intraperitoneally in-
jected into tumor-hearing mice (60 mg/kg) at 90 min
before surgical excision of solid tumor in each ex-
periment. The excised solid tumors were fixed in 10%
formalin neutral hulfer solution (pH = 7.4; Wako Pure
Chemical Industries, Osaka, Japan) and embedded in
paraffin.

To detect pimonidazole-binding and luciferase pro-
teins, paraffin-embedded sections were treated with
anti-pimonidazole (Natural Pharmacia International)
and anti-luciferase (Promega) antibodies, respectively,
and stained by indirect immunoperoxidase detection
method (DakoCytomation, Carpinteria, CA). Counter-
staining with hematoxylin was also conducted. Paraffin-
embedded serial sections were also stained with
hematoxylin—eosin (HE), To calculate the percent-
age of hypoxic regions, pimonidazole-positive areas
were quantified using NIH Image 1.63 software (NIH,
Bethesda, MD) and compared with the one of whole
tumor, This analysis was conducted in a double-blind
fashion.

For the detection of apoptotic cells, the paraffin-
embedded sections were stained with ApopTag Fluo-
rescein In Situ Apoptosis Detection Kit (Chemicon
International, Temecula, CA), according to the manu-
facturer’s instruction.

Statistical Analysis

Data are expressed as means = SD. Statistical signif-
icance of differences was determined by the paired two-
tailed Student’s ¢ test. Differences were considered
statistically significant for p < .05,

Results
HIF-1-dependert Luciferase Activity
in Hela/SHRE-Luc Cells

To assess the HIF-1 activity in solid tumors, we took
advantage of the HIF-1-mediated gene expression. We
isolated a stable Hela clone (Hela/5SHRE-Luc) after
transfection with SHRE-hCMVmp-Luciferase reporter
gene [19], which was reported to induce luciferase
expression in response to hypoxic stress. When Hela/
SHRE-Luc cells were cultured under hypoxic conditions,
their luciferase activity was increased 100-fold more than
the one cultured under aerobic conditions (Figure 14),
HIF-1ov proteins were gradually stabilized over the hy-
poxic treatment periods (Figure 1B). These data indicate
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Figure 1. HIF-I-dependernt hiciferase aciivity in Heéla/SHRE-Luc cells. (4) Hela/
SHRE-Luc cells were ireated under aevobic ov bypoxic conditions for the
indicated time and thelv luciferase gctivities were measured and umines-
cence (RELD is shown i the figure. The vesults are the mean # 8D, n = 3. (B)
Fela/SHRE-Luc cells were tregted wnder hypoxic conditions for the indicated
time amd HIF-1o protein expression was analyzed by Western blotting.
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that the HeLa/SHRE-Luc cells can be employed to mon-
itor the oxygen-dependent HIF-1 activity.

Optical Imaging of HIF-1 Activity in Tumor Xenografi

Optical in vivo imaging systems enable us to detect
tumor cells in the same animals repeatedly [30], and
thus, we can monitor the change of luciferase activity
in the same tumor xenografts by measuring biolumi-
nescence throughout the experiment period. We first
examined Hela/SHRE-Luc xenografts by immunohis-
tochemical analysis if luciferase expression was cor-
responding with hypoxic microenvironment in them.
The presence of hypoxic cells in solid tumors was
assessed by using a bioreductive hypoxia marker, pimo-
nidazole hydrochloride [31]. The regions detected with
anti-luciferase antibody (Figure 2Aa; dark brown) were
almost identical to the pimonidazole-positive regions
(Figure 2Ab; dark brown), and both were located at
the boundary areas between viable (Figure 2Ac; V)
and necrotic regions (Figure 2Ac; N), indicating that
the cells expressing luciferase were certainly hypoxic.
The bioluminescence from the Hela/5SHRE-Luc tumor
xenografts was externally monitored by optical in vivo
imaging system (Figure 2Ba; right hind leg).

To confirm that the intensity of bioluminescence
from HeLa/SHRE-Luc xenografts reflects hypoxic status
in the xenografts, we reduced the blood flow to the
Hela/SHRE-Luc xenografts by ligaturing the tumor-
bearing right legs and examined the xenografts via an
optical in vivo imaging system at the indicated time
(Figure 2Ba-Bd). Hela/EF-Luc tumor xenografts, in
which luciferase was constitutively expressed, were
set in the left hind legs and were untreated during
the experiment as an internal control for the im-
aging procedure. The bioluminescence from the liga-
tured Hela/5SHRE-Luc xenografts increased over time
(Figure 2Ba—Bd), whereas changes in biolumines-
cent intensity were hardly observed without ligature
(Figure 2Be—-Bh). To examine whether the increase
in bioluminescence was dependent on the SHRE pro-
moter, we conducted same experiments using the mice
with HeLa/EF-Luc xenografts in both legs. The biolumi-
nescence intensity from the Hela/EF-Luc xenografts
was not influenced by the ligaturing (data not shown).
Each experiment was conducted by using 5 inde-
pendent tumor-bearing mice to confirm reproducibility,
and representative images are shown in the figure.
These results indicate that the increase of biolumines-
cence from ligatured HeLla/5SHRE-Luc xenograft reflected
the increase of hypoxic regions because of poor blood
supply and suggest that the SHRE-luciferase reporter
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system can be used to monitor tumor hypoxia in solid
tumors via in vivo imaging system.

Evaluation of Hypoxia-targeting Efficacy of TOP3
with the Optical Imaging Method

We recently developed an anti-tumor protein pro-
drug, TOP3, which is composed of HIV-1 tat-PTD, a part
of HIF-1oe ODD domain and procaspase-3 (Figure 3).
Because Tat-PTD ensures the in vivo delivery of fusion
protein into a variety of different cells in a rapid and
concentration-dependent manner [25,26], and the ODD
domain facilitates the specific stabilization of fusion
protein under hypoxic conditions [23], tat-ODD fusion
protein, whose stability is regulated through the same
ODD-dependent mechanism as HIF-1a protein, is accu-
mulated in the hypoxic tumor cells in vivo [23,27].
Accumulated TOP3 is subsequently cleaved by endoge-
nous caspases, which are activated to some extent by
hypoxic stress, and increases active caspase-3, resulting
in hypoxia-specific cell death in hypoxic ascites as well as
in vitro [23,27]. Although TOP3 did reduce the volume
of solid tumors, it was not clear if TOP3 targeted hypoxic
tumor cells in solid tumors. By using this imaging
method, we can monitor hypoxic tumor cells over
TOP3 treatment period, and thus, we can clarify the
TOP3 effect on solid tumors.

TOP3 was intraperitoneally injected into nude mice
(n = 5) with a Hela/SHRE-Luc xenograft in the right
hind leg and with a HeLa/EF-Luc xenograft in the left
hind leg three times in 5-day intervals. The biolumines-
cent signals from both xenografts were monitored via
the in vivo imaging system and relative photon counts
and representative images are shown (Figure 4A-C).
Because the photon count corresponds to tumor mass
when the luciferase is constitutively expressed in the
tumor cells [30], the effect of TOP3 on whole tumor
mass was measured as the bioluminescence from the
HelLa/EF-Luc xenograft in the left hind leg. On the other
hand, the effect of TOP3 on hypoxic tumor cells was
assessed as the bioluminescence from the HelLa/SHRE-
Luc xenograft in the right hind leg. The bioluminescent
signals from both HeLa/EF-Luc and HeLa/SHRE-Luc xeno-
grafts of buffer-treated mice increased over the observa-
tion periods (Figure 4A, B, and Ca—Cc). In the buffer-
treated mice, the increase in the bioluminescence from
hypoxic regions was more than 22-fold (Figure 4B)
during the period, in which the whole tumor mass
increased about 16-fold (Figure 4A), indicating that
hypoxic regions gradually increased as the tumor vol-
ume increased. On the other hand, the bioluminescence
from hypoxic regions of the TOP3-treated mice was
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A Anti-luciferase Anti-pimonidazole HE

ligature

non-ligature

0 2 4 8

Length of Treatments (hr)

Figare 2. Optical imaging of HIF-1 activity in Hela/SHRE-Luc tumor xenografls. (A) Serial sections of Hela/SHRE-Luc xenograft were subjecled to
fimmunobistochemical analysis with anti-luciferase antibody (a) and anti-pimonidazole antibody (b), and to HE staining (c). N = necrotic tumor lissue;
V = well-oxygendated viable tumor tissue. (B) Hela/EF-Luc cells and Hela/SHRE-Luc cells were subcutaneously inoculated into the left and right bind legs, respectively
(a-h). Blood flow to the HeLa/SHRE-Luc xenografl was decreased by ligaturing the right bind leg (a—d). During the ligaturing treatment, change in blolumi-
nescence was sequentially monitored in the same mouse just afier (@), 2 bours after (b), 4 bours afler (c), and 8 hours dfter (d) the beginning of ligaturing.
As a control, the bioluminescence was sequentially monitored without the ligature at the same time course (e—h). Hela/EF-Luc xenograft in the left leg was legft
untreated as an internal control. During the experiment, mice were kept exposed to anestbesia with 2.5% of isoflurane gas in oxygen flow (1.5 Limin) and put on

the tmaging stage.
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TOP3

Penetration into Cells

Figure 3. Oxygen-dependent degradation and hypoxia-specific activation of TOP3. In well-oxygenated cells, TOP3 will be degraded through the same ubiquitin—
proteasome system as HIF-1oc protein (for details, see Ref. [16]). In. hypoxic tumor cells, TOP3 are stabtlized, and upstream caspases are activated to some extent by

hypowic stress, and therefore, TOP3 will be cleaved to generate an active caspase-3, inducing apopltotic cell death.

minimized on Day 3 after the first administration and
was continuously suppressed during the treatment pe-
riod (Figure 4B and Cd-Cf: right legs), in which whole
tumor mass increased about 9-fold (Figure 4A). These
data clearly demonstrate the hypoxia-targeting effect of
TOP3 in solid tumors.

Specific Targeting of Hypoxic Tumor Cells
by TOP3 in vivo

To investigate whether the suppressed biolumines-
cence in TOP3-treated xenografts were the conse-
quence of the reduction of hypoxic/HIF-1-activating
cells in solid tumors, we investigated the sections of
TOP3-treated xenografts by immunohistochemical anal-
ysis. To avold the influence of luciferase expression,
CFPAC-1 xenografts were examined with the same ex-
perimental time frame as HeLa/SHRE-Luc xenografts,
First of all, we confirmed that the growth of CFPAC-1
xenografts was comparatively suppressed during TOP3
treatment (Figure 5A). The growth of TOP3-treated
tumors was suppressed during the sequential TOP3
treatment, but accelerated thereafter (>Day 15); the

slope of the growth curve of buffer-treated tumors was
0.211. The slope of the TOP3-treated tumor (from Day 0
to Day 15) was 0.087, but it reverted to a similar slope to
that of the untreated tumor after Day 15 (0.225). Tumor
growth doubling time (TGDT) clearly shows a growth
delay of TOP3-treated tumors (Table 1; p < .05). TOP3
treatment decreased the growing speed of the CFPAC-1
tumor to almost one-third of the untreated ones.

The tumors were surgically excised 5, 24, and 48 hr
after TOP3 administration, and were embedded in par-
affin for HE staining and for immunochistochemical
analysis with anti-pimonidazole antibody. We repeated
the above staining with three to four independent
tumors for each group. The percentage of pimonida-
zole-positive cells (dark brown) in a whole solid tumor
represents the percentage of hypoxic regions (Fig-
ure 5B). Hypoxic regions in the 48-hr samples from
TOP3-treated xenografts were significantly reduced com-
pared with the ones in buffer-treated xenografts (p <
.01). The staining pattern of serial sections from the 5-hr
samples was basically the same between TOP3-treated
and buffer-treated xenografts, whereas the patterns of
24- and 48-hr samples from TOP3-treated xenografts

Figure 4. Evaluation of the efficacy of TOP3 via an optical in vivo imaging system. Tumor-bearing mice with Hela/EF-Luc cells (left bind leg) and Hela/SHRE-Luc cells
(right hind leg) were intraperitoneally injected with Tris—HCl buffer (pH 8.0) or TOP3 (20 mg/kg) on Days 0, 5, and 10. (A) To calculate the relaiive lumor mass during
the buffer or TOP3 treatments, the bioluminescence (photonsisec/ROI) from HelLa/EF-Luc tumor xenograft in the left bind leg on each day was divided by the one on Day 0

and shown as relative photon counts. The resulls are the mean. of 5 independent lumor-bearing mice = SD for each group. *p < .05. (B) To calculate the relative hypoxic
regions during the buffer or TOP3 treatments, the bioluminescence (photons/sec/ROI) from Hela/SHRE-Luc tumor xenograft in the right leg on each day was divided by
the one on Day 0 and shown as relative photon counts. The resulls are ihe mean of 5 independent tumor-bearing mice = SD for each group. *p < .05, **p < .01. (C) The

bioluminescence was externally monitored by IVIS imaging system to analyze ibe effects of the TOP3 treaiments on the whole tumor mass (see left hind leg) and on the
hypoxic regions (see right bind leg). Representalive images just after (a and d), 3 days after (b and e), and 13 days afler (c and [) initial TOP3 injection are shown.
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were totally different from those of buffer-treated ones
(Figure 5C). The pimonidazole-positive cells were grad-
ually decreased in the TOP3-treated sections (Figure 5Cg,
Cj, and Cm). Higher magnified images clearly show that
the boundary areas between viable regions and necrotic
regions, which corresponded to pimonidazole-positive
cells in buffer-treated xenografts, were empty spaces in
the TOP3-treated samples (Figure 6D—F). To investigate
the status of the hypoxic tumor cells between 5 and
24 hr after TOP3 treatment, we examined xenografts with
ToT-mediated UTP nick end labelling (TUNEL) at 12 hr
after TOP3 treatment. Much more TUNEL-positive green
fluorescence was detected around the boundary area
between viable and necrotic cells in the TOP3-treated
xenograft than in the buffer-treated xenograft (compare
Figure 7A with Figure 7D). These data indicate that TOP3
induces apoptosis in hypoxic tumor cells of the boundary
regions and efficiently eliminates these cells.

Discussion
Recent progress in optical imaging in vivo provides us
with various information such as neoplastic cell growth
[30], molecular localization [32], enzymatic reaction {33],
and protein—protein interactions [34] in living animals. It
also contributes towards collecting internal information
without the sacrifice of animals. All of the results pre-
sented here demonstrate that the optical imaging meth-
od using SHRE-luciferase reporter gene enables us to
efficiently and easily monitor tumor hypoxia, where HIF-1
is active in living animals, and precisely evaluate
the efficacy of anti-cancer therapies on tumor hypoxia.
HIF-1-dependent promoter has been used to monitor
hypoxic status in tumors [20,21,35]. Their reporters
were fluorescent proteins. Because permeability of bio-
luminescence in living animals is much better than
fluorescence, a luciferase reporter system allowed sen-
sitive, quantitative, real-time spatio-temporal analyses of
the dynamics of neoplastic cell growth [30]. Because the
quantitation of total photons from xenografts, in which
tumor cells express luciferase gene under a constitu-
tively active promoter, is an indicator of tumor burden

Table 1. Staristical Analysis of TGDT

Treatment Hela/SHRE-Luc (days = SD) CFPAC-1 (days * SD)
Buffer 32=x12 48=23
TOP3 7.6 = 2.4* 12.6 = 5.4*

TGDT was calculated as the mean of the days on which relative tumor mass of
each tumor reached to two fold of the one on Day 0. Data were based on the
results obtained by using HeLa/SHRE-Luc cells (# = 5) and CFPAC-1 cells (7 = 6)
in Figures 4A and 5A, respectively,

*» < .05 (vs. buffer).

[30], progressive tumor growth or regression could be
monitored by repeated analyses of HeLa/EF-Luc xeno-
grafts at serial time points (Figure 4A and C, tumors
in left legs). On the other hand, because the quantita-
tion of total photons from Hela/5HRE-Luc xenografts is
an indicator of tumor hypoxia, qualitative information
(hypoxic status) of solid tumors could be obtained by
this model system (Figure 4B and C, tumors in right
legs). When the growths of HeLla/EF-Luc and HelLa/
SHRE-Luc xenografts were assessed with caliper, they
were equally suppressed with TOP3 treatment in vivo
(data not shown), indicating that both xenografts
showed equal sensitivity to TOP3 treatment. These re-
sults further strengthen the argument that the decrease
in photon counts from TOP3-treated HeLa/SHRE-Luc
would reflect the decrease of tumor hypoxia in the
xenografts (Figure 4B and C).

According to the previous report, the HIF-1o small
interfering (si) RNA, but not the HIF-2a siRNA, sup-
presses hypoxia-dependent VEGF promoter activity in
Hela cells [36]. This suggests that the HRE from the
VEGF promoter is exclusively dependent on HIF-1
activity in Hela cells. Moreover, Western blot anal-
ysis confirmed that the up-regulation of luciferase
activity was accompanied with the stabilization of HIF-
la protein in Hela/SHRE-Luc cells (Figure 1). Because
HIF-1 activity is closely associated with tumor hypoxia
[37] and the HIF-1-induced expression of luciferase
corresponds with hypoxic region in HeLa/SHRE-Luc
xenografts (Figure 2A), bioluminescence from the xeno-
grafts should reflect the existence of tumor hypoxia
where HIF-1 is active.

Figure 5. Decrease in hypoxic/HIF-1-expressing cells in the TOP3-treated tumor xenografis. (A) CFPAC-1 tumor-bearing mice were tntraperitoneally injected with

buffer or TOP3 on Days 0, 5, and 10. To calculaie the relative tumor mass, the tumor mass measured with caliper on each day was divided by the one on Day 0.
Results are the mean of 6 independent tumor-bearing mice = SD for each group. (B) Tumor xenografis of CFPAC-1 cells were surgically excised 5, 24, or 48 br after
buffer or TOP3 injection, and stained with anti-pimonidazole antibody. To calculate the percentage of bypoxic regions, the percentage of pimonidazole-positive cells
0 a whole solid tumor was quantified with NIH Image 1.63 software. Resulis are the mean of three to four tumors from independent tumor-bearing mice + 8D for each
group. *p < .01 (C) Buffer-treated (a-f) and TOP3-treated (g— o) CFPAC-1 xenografts were surgically excised at the indicated times after the treatments, and serial
sections were slained with anti-pimonidazole antibody (a, d, g, j, and m), HE (c, f, i, I, and o), or secondary antibody only as a negative control (NC; b, e, b, k, and n).
Three to four tumors. from independent tumor-bearing mice were examined for each treatment group and representative tumor sections are shown. Bar = 1 mm. The

areas squared in f and o are applied io Figure 6A-C and Figure 6D—-GF, respectively.
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Anti-pimonidazole

Buffer

TOP3

NC HE

Figure 6. Iffect of TOP3 on hypoxic/HIF-1-expressing cells in xenografl. The areas squared in Figure 5¢f and Co are magnified and shown in A-C and D-F,
respectively. Buffer-treated (A—C) and TOP3-treated (D ~H) CFPAC-1 xenografis were stained with HE (C and I)), anti-pimonidazole antibody (A and D) and without
primary antibody as a negative conirol (NC: B and E). Bar = 100 ym. Arrow = emply spaces belween viable region and necrotic region.

The immunohistochemical analysis using anti-
luciferase antibody and anti-pimonidazole antibody in-
dicated that the locations of the luciferase-expressing
cells and the pimonidazole-positive cells were very simi-
lar. Both of them were located at the houndary areas
between viable cells and necrotic regions (Figure 2A).
However, their content and intensity were slightly dif-
ferent. The areas where luciferase was expressed were
significantly wider than the ones where pimonidazole-
positive cells were located. Because the oxygen concen-
tration decreases as the distance from the blood vessels
increases, HIF-1a stabilization may have occurred under
milder hypoxic conditions than the binding of pimonida-

TUNEL

Buffer

TOP3

Antl-pimonidazole

zole compounds with thiol groups in proteins, which
occurs in less than 10 mmHg [38] (www.radonc.unc.edu/
pimo/main.htm). Although oxygen-dependent regulation
is the major regulation for HIF-1la expression, we must
consider that HIF-1 expression is also affected by oxygen-
independent regulation [39,40], and pimonidazole reac-
tivity is absolutely oxygen-dependent [31,38]. Because
HIF-1 activity is closely associated with malignant pro-
gression [5,16], monitoring HIF-1 activity in solid tumors
is crucial for cancer therapy.

Because TOP3 stability is regulated by the same
oxygen-dependent mechanism as HIF-la protein
through common ODD domain, both TOP3 and HIF-

HE

Figure 7. Apoplosis of hypoxic/HIF-1-expressing cells in TOP3-treated tumor xenograft. CFPAC-1 xenografis excised at 12 br after either buffer (A-C) or TOP3 (D~-F)
administration were stained for TUNEL (A and D). Serial tumor sections were stained with anti-pimonidazole antibody (B and ) and Il (C and F). Three lumors

were examined for each (reatment group and representative tumor sections are shown. Bar = 1 mm.
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1o must be stabilized in the same hypoxic tumor cells
in vivo as well as in vitro. Therefore, TOP3 is expected
to target HIF-1o-expressing hypoxic tumor cells, leading
to shutting off the HIF-1-induced gene expression. In
accordance with this expectation, the disappearance of
pimonidazole-positive cells from TOP3-treated tumor
sections (Figures 5B,C, 6D, and 7E) and the existence
of empty spaces between viable and necrotic regions in
the TOP3-treated tumor sections (Figure 6D—F) strongly
suggests the elimination of hypoxic/HIF-1-expressing
cells after TOP3 treatment. Although the disappearance
of these areas may be a consequence of the removal
of fragile apoptotic cells from the section during the
staining process, TOP3-targeted cells must be removed
in vivo because the total tumor mass and the photon
counts of HeLa/SHRE-Luc xenografts were significantly
reduced after TOP3 administration (Figure 4B and C).
Although the precise mechanism underlying the re-
moval of hypoxic tumor cells by TOP3 in vivo has not
been investigated, it is likely that such cells initially
undergo apoptosis, as shown in vitro [23] and in vivo
(Figure 7), and that they might be removed by mac-
rophages attracted by the caspase-3-induced “eat-me
signal” [41].

TOP3 did not influence luciferase~luciferin reaction
in vitro (data not shown). The bioluminescent signals
from HeLa/EF-Luc were not so significantly decreased as
the one from the HeLa/SHRE-Luc xenografts of TOP3-
treated mice (Figure 4C). These results indicate that the
significant decrease of the bioluminescent signals from
'Hel.a/SHRE-Luc xenografts of TOP3-treated mice was
not simply due to interference of TOP3 in luciferase—
luciferin reaction in vivo. Low oxygen concentration
influences the luciferin reaction, and thus, we cannot
simply compare the bioluminescent signals from Hela/
EF-Luc xenografts with the one from Hela/SHRE-Luc
xenografts. However, as long as monitoring the same
Hela/SHRE-Luc xenografts, the change in the biolumi-
nescent intensity should reflect the amount of hypoxic
tumor cells,

The first TOP3 administration caused the most signif-
icant reduction in HIF-1 activity on Day 3 (Figure 4B and
C). Because Hela/SHRE-Luc cells had little luciferase
activity under aerobic conditions in vitro (Figure 14),
the photon counts detected in the TOP3-treated xeno-
grafts on Day 3 may have been background (Figure 4B
and Ce). If so, almost all HIF-1-expressing cells were
removed as the results of the first administration. The
sequential administration with TOP3 in 5-day intervals
resulted in remarkable suppression of the increase in
the bioluminescence from Hela/SHRE-Luc xenografts.

The relative photon counts from buffer-treated Hela/
SHRE-Luc tumors reached 22-fold, whereas the ones
from TOP3-treated tumors were still suppressed on
Day 15 (Figure 4B and C). All of these results strongly
suggest that the optica1 imaging of HIF-1 activity by a
luciferase reporter system can contribute to the screen-
ing and the development of HIF-1-targeting drugs and
the convenient evaluation of the efficacy of anti-cancer
therapy on tumor hypoxia.

In optical imaging, there was a time lag between the
decrease in the photon counts and the elimination of
the pimonidazole-positive cells after TOP3 treatment
(Figures 4A-C, 5B and C). Concretely, after the first
TOP3 administration on Day 0, the tumor became the
smallest on Day 2 (Figure 4A) and the pimonidazole-
positive cells decreased within 2 days (48 hr; Figure 5B
and C), whereas relative photon counts became the
lowest on Day 3 (Figure 4B and C). Although luciferase
expression is initiated by a hypoxic stimulus, luciferase
activity remains even after the surrounding conditions
change to aerobic until the protein is degraded. Hence,
monitoring the HIF-1 activity as a luciferase activity may
not be always punctual. Therefore, it is necessary to
further improve the reporter system to realize real-time
imaging.
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