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Abstract. The activity of nuclear factor-kB (NF-KB), a
nuclear transcription factor, influences both critical tumor
promotion and host—tumor interactions. Preventing NF-KB
activation may thus inhibit the development of cancer.
Therefore, development of easy and rapid methods to
evaluate the regulation of NF-KB is needed for drug
discovery. The aim of this study was to visualize the
regulation of NF-KB by real-time, noninvasive
bioluminescence and microPET imaging in vivo. Materials
and Methods: A highly responsive HepG2/NF-KB/luc clone
L for 12-O-tetradecanoylphorbol-13-acetate (TPA)-
induced tumor promotion inhibited by methotrexate (MTX)
was selected by high-throughput bioluminescent imaging
(BLI) in vitro. BLI and microPET using 18F—fluor0—
deoxyglucose (FDG) imaging were performed in
HepG2/NF-KB/Luc/L hepatoma-bearing SCID mice.
Results: The luciferase expression by BLI assay reflected
that the TPA-induced NF-KB activity was suppressed by
MTX after 16 h treatment. A positive correlation between
in vitro and in vivo MTX-suppressed TPA-induced NF-KB
activity was indicated. MicroPET imaging could not
demonstrate any decrease in FDG uptake during the early
stage at 24 h after TPA and MTX treatment. Conclusion:
BLI directly revealed that MTX inhibited cellular
transformation by suppressing NF-KB activity. Molecular
imaging would accelerate the validation of the gene
regulation of tumor cells in preclinical cellular and mouse
models.
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Hepatocellular carcinoma (HCC), the third leading cause of
cancer mortality in the world, usually develops in the
background of chronic hepatitis with inflammation (1). The
molecular and cellular mechanisms linking chronic
inflammation to tumorigenesis remain unresolved. The
activation of nuclear factor-kB (NF-kB), a hallmark of
inflammatory responses that is usually detected in tumors,
may constitute a missing link between inflammation and
cancer. Intermittent suppression of a major signal factor, such
as NF-KB, could be a useful tool to prolong the premalignant
phase and inhibit tumor progression in chronic inflammatory
diseases with high cancer risk (2, 3).

NF-kB is a nuclear transcription factor that affects a
variety of cellular functions and influences tumor biology
and host—tumor interactions. Heterodimers of NF-KB are
most often sequestered in the cytoplasm in an inactive form
bound to inhibitors of NF-kB (IKBs). When activated by a
number of tumor-promoting agents, including tumor-necrosis
factor-o. (TNF-a), NF-KB binds to the NF-KB-responsive
element present in the promoter of tumor-associated genes,
leading to the induction of genes which then transforms
hepatocytes into malignant cells (2, 4). Selective deletion or
suppression of NF-KB activity could induce programmed cell
death of transformed hepatocytes and subsequently reduce
the incidence of liver tumors (1). Thus, preventing NF-kB
activation in the hepatocytes of chronic liver inflammation
may inhibit the development of liver cancer and is therefore
a potential target for cancer prevention in chronic
inflammatory diseases (1).

A wide range of human disorders involves inappropriate
regulation of NF-KB, including cancer (5, 6), neurode-
generative diseases (7), rheumatoid arthritis (8), asthma (9),
inflammatory bowel disease (10) and atherogenesis (11). As
treatments of such diseases may include selective modulators
of NF-KB, it is necessary to validate these studies with
appropriate animal models. Traditionally, NF-KB activity has
been assessed in sacrificed animals by band-shift analysis of
nuclear extracts, nuclear localization of NF-KB by specific
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antibodies, or by analyzing reporter gene activity in
homogenates (12) or sections (13) of transgenic mice
containing a reporter gene controlled by NF-KB-responsive
elements. Since phosphorylation of NF-KB in many cases is a
prerequisite for transcriptional activity, nuclear localization or
DNA binding alone cannot distinguish between
transcriptionally active and inactive NF-kB (14). Furthermore,
the sacrifice of mice is necessary for obtaining tissues in
histological and cellular analysis. These methods take samples
from living animals and sample preparations for detection are
time consuming and tedious. In addition, these methods cannot
easily reflect the real-time regulation of tumor promoting
responses.

Noninvasive imaging of reporter gene expression using
various imaging modalities is playing an increasingly
important role in defining molecular events in the field of
oncology. Bioluminescent imaging (BLI) provides sensitive
in vivo detection and quantification of cells specifically
engineered to emit visible light (15). Nowadays, the
development of transgenic mice provides a noninvasive
model to define mechanisms through which NF-kB leads to
the development of diseases (16-18). It is also very helpful
to develop tumor-bearing mice that express a luciferase
reporter whose transcription is dependent on NF-KB activity.
The relative amount of luminescence can thus be assayed
noninvasively by real-time imaging.

Functional positron-emission tomography (PET) using
I8F_fluorodeoxyglucose (FDG), which detects glucose
metabolic activity, has been widely used to assess the
location(s) of tumors for diagnosis and monitoring for
recurrence or response to various treatments (19). Molecular
imaging using microPET could monitor the genetic and
cellular processes in vivo and provides a new era for many
kinds of research in small animal studies (20, 21). A
multimodality approach combining BLI and nuclear imaging
would provide the advantages of speed and ease of validating
gene regulation and metabolism in tumor cells.

12-O-tetradecanoylphorbol-13-acetate (TPA) is a potent
tumor promoter and shares several biological activities of
epidermal growth factor (EGF) (22). Study of antitumor
promotion by cancer drugs and compounds has been utilized
in TPA- induced tumor promotion models (23, 24). Although
the role of NF-KB in tumor promotion and suppression has
been discussed, direct visualization of NF-KB regulation by
methotrexate (MTX) and simultaneous monitoring of the
glucose metabolism during MTX treatment in human
hepatoma cells have not yet been reported. In this study, a
human hepatoma stable clone (HepG2/NF-KB/Luc/L)
transfected with a luciferase gene driven by NF-kB-
responsive elements was constructed and selected. The
regulation of NF-kB by MTX on the TPA-induced-tumor
promotion was monitored by bioluminescent imaging (BLI)
in vitro. Furthermore, the regulation of NF-KB and glucose
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uptake by MTX was evaluated by BLI and FDG/microPET
noninvasive imaging in HepG2/NF-KB/Luc/L hepatoma-
bearing SCID mice.

Materials and Methods

Cell culture and stable transfection. HepG2 cells were purchased
from American Tissue Culture Collection (ATCC), and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 400 pg/ml G-418 (Life
Technologies, Gaithersburg, MD, USA). Recombinant HepG2/NF-
KB cells were co-transfected with AlwNI-linearized pNF-kB-Luc
DNA containing five NF-KB responsive elements (5’-TGGGGACT
TTCCGC-3’) upstream of a firefly luciferase gene (Stratagene, La
Jolla, CA, USA) and 2.5 pg EcoRI-linearized pSV3-neo DNA by
SuperFect transfection reagent (Qiagen, Valencia, CA, USA). Diluted
single-cell clones were subcultured 48 h later and selected with 400
pug/ml G-418 (Promega, Madison, WI, USA) in 96-well plates.
Recombinant bioluminescent cell clones were designated as
HepG2/NF-kB/Luc (Figure 1).

TPA and MTX treatment. Single tumor clones were imaged and
evaluated for stable bioluminescence activity in vitro. The TPA-
induced highest expression single clones were selected for further
animal experiments. Hepatoma cell lines (HepG2, HepG2/NF-
KB/Luc clones) were seeded at a density of 5x103/100 pl in 96-well
plates and allowed to adhere for 16 h at 37°C. The cells were then
treated with different amounts of TPA (20, 100 ng/ml) (Sigma, St.
Louis, MO, USA) and methotrexate (10, 50, 100 pg/ml) and then
incubated at 37°C. After 16 h of incubation, the cells were washed
with ice-cold PBS.

Luciferase activity imaging. The luciferase activity was measured
by adding 200 pl luciferase reagents (150 pg/ml) (Xenogen,
Alameda, CA, USA) for 10 min prior to imaging. Bioluminescent
imaging was performed with a highly sensitive, cooled CCD camera
mounted in a light-tight specimen box (IVIS® Imaging System 100
Series; Xenogen, USA), using protocols similar to those described
elsewhere (15). Quantification of signals in the regions of interest
(ROI) from displayed images were designated around each well by
grid mode and quantified as total photon counts or photons/s using
Living Image® software (Xenogen). Background bioluminescence
from the imaging box was in the range of 1x104 photon counts or
1-2x105 photons/s.

WST-1 assay. Cell viability was quantified by colorimetry based on
the metabolic cleavage of the tetrazolium salt WST-1 (Roche, Nutley,
USA) by mitochondrial dehydrogenase in viable cells (25). After
incubation for 16 h, 100 ul WST-1 reagent was added to each well
and the plates were incubated for 2 h at 37°C, at which time the
absorbance of each well was measured at 450 nm with reference to
620 nm using a microplate reader (Thermo Labsystems, Beverly,
MA, USA).

Animal experiments. Animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of the
INER. Twenty-one eight-week-old female SCID nu/nu mice
obtained from the National Animal Center of Taiwan (Taipei,
Taiwan) were subcutaneously injected with 1x106 HepG2/NF-
KB/Luc/L cells in the right hind flank at day 0.
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Figure 1. Construction of HepG2/NF-KB/Luc cell lines for measuring reporter gene expression and glucose accumulation using different imaging
modalities. Luc (firefly luciferase) is an optical bioluminescence reporter gene. !SF-fluorodeoxyglucose (FDG) is a glucose metabolic PET imaging
probe. Noninvasive, quantitative, and repeated imaging the luc gene expression either by catalysis of an optical reporter probe or by trapping of a
PET probe can be imaged by both optical CCD camera and microPET in living subjects. HK: hexokinase; c-TK: cellular thymidine kinase; FLT: 3’-

deoxy-3’-18F-fluorothymidine.

To monitor the treatment response, the mice were anesthetized
with 1.5% isoflurane (positioned prone in the scanner) and performed
BLI imaging on days 15 and 16 after tumor inoculation. Treatments
were initiated when tumor volume was about 50 mm3. Tumor volume
was calculated as (length x width x height x 3.14)/6. The mice were
divided into 3 experimental groups (n=5 at each group): The control
(vehicle) group (Group A) was obtained by intraperitoneal treatment
with phosphate-buffered saline (PBS). Group B was obtained by
intraperitoneal treatment with TPA (0.5 mg/kg of TPA in 200 pl of
PBS/mouse) on day 15 post inoculation of HepG2/NF-kB/Luc/L
cells, and Group C was obtained by intraperitoneal treatment with
TPA (0.5 mg/kg of TPA in 200 pl of PBS/mouse) and MTX (50
mg/kg) on day 15 post inoculation of HepG2/NF-KB/Luc/L cells.

In vivo imaging of luciferase activity. For in vivo BLI imaging,
animals were anesthetized (1-2% isoflurane) and given the
substrate D-luciferin intraperitoneally at 150 mg/kg in DPBS. At
10-15 min after luciferin injection, two mice were placed onto the
stage inside the light-tight camera box with continuous exposure of
1-2% isoflurane and imaged with the IVIS Imaging System® 100
Series (Xenogen). Imaging times ranged from 2 s to 1 min,
depending upon tumor bioluminescence and size. Regions of
interest (ROI) from displayed images were designated around the
tumor sites and quantified as total photons/s by the Living Image®
software (Xenogen).

FDG/microPET imaging. The mice were divided into 3
experimental groups (n=2 at each group): Group A and B
underwent the same treatments as described above. Group C was

treated intraperitoneally with TPA (0.5 mg/kg of TPA in 200 pl of
PBS/mouse) on day 15 and MTX (50 mg/kg) on day 16 post
inoculation of HepG2/NF-KB/Luc/L cells. To monitor the treatment
response of tumor, FDG/microPET scanning was performed on day
15 before treatment, and day 16 and 17 after tumor inoculation. The
mice under gas anesthesia with isoflurane were injected via a tail
vein with 250 pCi !8F-FDG and then were imaged using a
microPET-R4® system (Concorde Microsystems, Knoxville, TN,
USA) (26). Only the data of 60-70 min after i.v. administration
were reconstructed as static images. For data analysis, an ROI was
placed on each tumor in the transaxial images. AsiPro software
(Concorde Microsystems) was used for viewing microPET images
and for data analysis. The counts in each ROI were converted to
radioactivity per g of tissue (nCi/g), assuming a tissue density of 1
g/ml, and then normalized to percentage injected dose per gram of
tissues (% ID/g).

Statistical analysis. Data are presented as meanzstandard error
(SE). Unpaired t-test was used for comparison between two
experiments. A value of p<0.05 was considered statistically
significant.

Results

Effect of TPA and MTX on the NF-KB activity in hepatoma
cells. Since NF-KB is known to regulate cytokine and growth
factor expression through binding to specific responsive
elements located in the promoters of target genes, we
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Figure 2. Effect of methotrexate (MTX) on TPA-induced NF-KB activity in hepatoma cells. A, HepG2/NF-KB/Luc/L 5,000/cells were seeded into 96-
well plates and treated with 20 ng/ml TPA and various doses of MTX for 16 h. B, The luciferase activity was determined by optical imaging after the
addition of luciferin to the media. Effect of MTX on TPA-induced NF-KB activity was quantified at 16 h. The bars represent the relative luciferase
activity (RLU), which is presented as the RLU relative to untreated cells. The lines represent the cell viability during treatment. Values are
meanzstandard error of three independent assays; *p<0.05 compared with the same TPA treatment and MTX untreated group.
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monitored the effect of TPA on the NF-KB activity in
HepG2/NF-KB single clone cells by BLI at 16 h (Figure
2A). The quantitative results showed that relative NF-KB
activity was increased 2.11-fold at 20 ng/ml TPA (Figure
2B) in HepG2/NF-KkB/Luc/L cells. The results of relative
NF-KB activity indicated 20 ng/ml of TPA was better than
100 ng/ml at inducing the activity of NF-kB.

The effects of MTX on TPA-induced NF-kB activity in
HepG2/NF-kB/Luc cells were evaluated. The results showed
that MTX (10, 50, 100 pg/ml) significantly (p<0.05)
abolished the TPA (20, 100 ng/ml)-induced NF-KB activity
at 16 h (Figure 2B). Although MTX suppressed TPA-
induced NF-kB activity, the inhibition of endogenous NF-
KB was not significant if HepG2/NF-kB/L cells were not
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Figure 3. Visualization of MTX suppressed TPA-induced NF-KB
activity in HepG2/NF-KB/Luc L hepatoma-bearing SCID mice.
A, Mice were treated with TPA (10 ug/mouse, i.p.) or TPA (10
ug/mouse, i.p.) plus MTX (50 mg/kg, i.p.) on day 15. BLI was
performed on day 15 and 16 post inoculation of tumor cells. B,
Quantitative relative luciferase activity of NF-KB is presented
and compared with that from untreated or TPA plus MTX group
on day 15. Values are mean+SE. *p<0.05.

treated with TPA. The cell viability was found to be
unaffected by MTX (Figure 2B). Therefore, these results
directly proved by BLI that MTX inhibited NF-kB
activation. A highly responsive clone L for TPA-induced
tumor promotion inhibited by MTX was selected for in vivo
imaging study.

Monitoring MTX effects in vivo. The HepG2/NF-KB/Luc/L
tumor cells containing the luciferase gene are driven by a
promoter with five NF-KB-responsive elements in the
hepatoma-bearing mice. Therefore, the luciferase activity
reflected the NF-KB trans activity of HepG2/NF-KB/Luc/L
tumor The imaging data show that the
bioluminescent signals from the TPA-treated group were

in vivo.
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greater than those of TPA plus MTX and vehicle-treated
mice (Figure 3A). The quantitative relative luciferase activity
of TPA, TPA plus MTX, and the vehicle treated group was
0.94+0.16, 3.47+0.88, and 1.54+0.43, respectively (Figure
3B). The down-regulation of NF-KB activity was significant
(p<0.05) in the TPA plus MTX treatment groups, compared
with those from TPA-treated groups. These data indicated
that the inhibition of NF-kKB by MTX could be clearly
monitored at 24 h after treatment in vivo.

FDG/MicroPET imaging. FDG/microPET imaging has been
extensively used for diagnosing tumors that exhibit higher
metabolic activity than normal tissues. To visualize glucose
uptake in tumor xenografts before and after treatment,
FDG/microPET imaging was performed. Compared to
organs such as the heart, liver, kidneys, and bladder with
endogenous FDG signals, the uptakes by tumors were
significantly higher (Figure 4 A). The microPET imaging
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Figure 4. Effect of MTX in TPA-induced HepG2/NF-KB/Luc L
hepatoma-bearing SCID mice by FDG/microPET images. A,
Transverse and coronal views of FDG microPET images of
mouse before and after treatments. The yellow dotted lines
indicate the planar locations of transverse views shown next to
the coronal views. Tumors (Tu) are indicated by white arrows.
B, Average changes in glucose metabolic activity (FDG) after
TPA and MTX treatment. Mice were intraperitoneally treated
with vehicle (normal saline, NS) or TPA (0.5 mg/kg of TPA) at
day 15 and MTX (50 mg/kg) at day 16 post inoculation of
HepG2/NF-KB/Luc cells. MTX: methotrexate.

data showed that the FDG uptake by HepG2/NF-KB/Luc/L
after TPA induction was not different from that of the vehicle
group or the TPA plus MTX treatment group, which are
quantitatively summarized in Figure 4B. It indicated that
FDG/microPET imaging may not be able to demonstrate the
metabolic outcome of tumor growth inhibition by MTX at
24 h after TPA induction.

Discussion

Because NF-KB plays a crucial role in tumor promotion, tumor
cell survival and proliferation, NF-KB would be a potential
target to suppress tumor growth by inhibition of its activity.
The present study directly demonstrated the effect of MTX on
TPA-induced NF-KB activity by BLI in living animals.

The effect of MTX in the regulation of NF-kKB was
satisfactorily monitored and analyzed by BLI in vitro (Figure
2). The experiments are in agreement with earlier in vitro
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observation of MTX suppressing NF-KB activity (27). The
antiproliferative effects of MTX were mediated by
suppressing NF-KB activity through the inhibition of IkBa
phophorylation and degradation (27). Furthermore, the dose
of MTX was 50 mg/kg in vivo, which is below the maximum
tolerance dosage (706 mg/kg i.p. bolus administration) (28).
This might indicate that the change of NF-KB activity was
not caused by the toxicity effect of MTX. Our results showed
that noninvasive monitoring of the regulation of NF-kB
activity correlated well in vitro and in vivo.

FDG/microPET was applied to monitor the therapeutic
efficacy of MTX in a murine model of breast cancer (19).
These mice were intravenously injected with MTX with 12
mg/kg at day O, and FDG uptake was found to decrease
markedly after treatment with MTX at day 7. However, the
uptake of FDG did not show a significant change at day 1
after MTX administration (19). These results are consistent
with the data in our present study. The change of glucose
metabolism was not obvious after 24 h treatment with TPA
and MTX, which might partly account for the fact that FDG
uptake in HepG2/NF-KB/Luc/L tumors was not outstanding
after one day’s treatment (Figure 4). For the early detection
of DNA proliferation, 3’-deoxy-3’-'3F-fluorothymidine
(FLT) may have the potential to detect early changes in
tumor proliferation after chemotherapy (29). Due to uptake
by nucleotide transporter, FLT would be phosphorylated by
thymidine kinase and retained in tumor cells (Figure 1).
Furthermore, the influence of many physiological factors
(angiogenesis, hypoxia, and inflammation) may have
influence on the local FDG uptakes.

Optical imaging techniques represent a low cost and quick
modality for real-time analysis of gene expression in small
animal models but are limited by depth penetration and cannot
easily be applied to humans (30). In contrast, radionuclide-
based techniques have high sensitivity and good spatial
resolution but are somewhat limited by their higher cost and
production of isotopes. To date, various methodologies were
developed for imaging the reporter gene expression in living
cells and animals noninvasively and repetitively. Each of these
modalities has unique applications, advantages and limitations
that can be complementary to other modalities (31).

Noninvasive and sequential molecular imaging can serve
as an accurate guide in diagnostic and therapeutic studies,
since the tumor growth and therapeutic response in each
animal can be immediately assessed rather than data from
sacrificed animal at the same time points (32). Stathopoulos
et al. investigated malignant pleural effusion (MPE) using
NF-kB transfected green fluorescent protein-luciferase
plasmid by BLI, and visualized the tumor lesions by
combing the FDG/microPET/CT multi-modality (33). Their
results demonstrated one of the applications of BLI and
nuclear imaging in studying the effects of NF-KB in tumor
progression and metastasis.

Drugs modulating NF-KB are needed for treatment in a
number of diseases, including cancer. The hepatoma-
bearing mouse model enabling in vivo imaging of luciferase
reporter may be useful for screening potential drugs for the
treatment of cancer during tumor promotion periods with
aberrant NF-KB activation. Although the regulation of NF-
KB has been studied by conventional techniques, the
present study displays a rapid platform for the screening of
anticancer drugs by BLI within 24 h. We propose that
tumor models using other response elements or complete
promoters may serve in a general approach to monitor gene
expression in vitro and in vivo to study the mechanism of
diseases and to screen exogenous factors, such as nutrients,
Chinese herbs, pharmaceuticals, and environmental
carcinogens for the modulation of gene expression and drug
discovery.

Conclusion

The results described herein show that using the HepG2/NF-
KB/L hepatoma cancer cells in conjugation with optical and
FDG/microPET nuclear medical imaging platforms could be
valuable, sensitive and specific imaging tools, particularly in
drug discovery, and studies on tumorigenesis and metastasis.
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