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Fig. 2. Erosive lesions and squamous cell metaplasia. A, Representative image showing erosive lesions induced by treatment of
MWCNT-L or MWCNT-S; B, Representative image of squamous cell metaplsia.
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Fig. 3. Tracheal lesions in rat treated with MWCNT-L. A, Un- Fig. 4. Tracheal lesions in a rat treated with MWCNT-S.

damaged tracheal ciliated epithelium; B, An erosive le- A, Tracheal epithelium showing a transition from un-
sion with granulation tissue underneath the thin regen- damaged ciliated epithelium to regenerating flat epi-
erating epithelium; C, A higher magnification image of thelium overlying edematous granulation tissue. B, A
the lesion in B. MWCNT-L fibers (open arrows) can higher magnification image of the lesion in B. C, An
be clearly observed in the granulation tissue by polar- erosive lesion with granulation tissue containing many
ized light microscopy (PLM). black MWCNT-S fibers. MWCNT-S fibers are not vis-

ualized by polarized light microscopy (PLM).

posed of a single layer of columnar ciliated cells. Treat-  goblet cells was found in the columnar ciliated cell area,
ment with MWCNT-L induced marked damage to the sur-  although goblet cell damage was not obvious. MWCNT-L
face ciliated cells resulting in erosive changes (Fig. 2A)  fiber aggregates were frequently observed in the lesions
and replacement with flat cells without cilia and occa-  (Figs. 3B and 3C) but not in the healthy mucosa (Fig.
sional squamous cell metaplasia (Fig. 2B). An increase in ~ 3A). MWCNT-S caused similar mucosal damage (Fig. 4,
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Table 1. Lesions in the tracheal epithelium and lung

Tracheal epithelium

Lung

Treatment No. of rats Er.osmn . Regenerated cells . Granulation tissue
Incidence Incidence Proportion @ (No./cm?) b
(%) (%) (%)
Vehicle 4 0 0 0 0
MWCNT-L 3 100 *** 100 *** 27.2 £ 8.7%* 0.1+0.1
MWCNT-S 4 25 Hkk 100 **:* 32.7 4+ 11.5%%* 1.0 £ 0.2 #* ##

Notes: 2, the length of the regenerated lesion compared to the total length of the transverse tracheal circle; b, the number of granulation
lesions per square centimeter of the lung tissue; ** and *** represent p values < 0.01 and 0.001, vs the vehicle; # represents p values

<0.01, vs MWCNT-L

left panel) but, because of lack of MWCNT-S mediated
polarization, the fibers could not be detected by polarized
light microscopy (Fig. 4C, right panel).

Table 1 shows the incidences of erosion and incidenc-
es and the percentage of the length of the tracheal lesions
compared to the total length of the tracheal cross sec-
tion from rats administered vehicle or MWCNT. Tracheal
lesions in rats administered MWCNT-L (27.2 + 10.5) or
MWCNT-S (32.1 £ 15.8) were significantly greater than
in rats administered vehicle alone (p < 0.001 for both
comparisons). Although not significant, the incidences
of erosive lesions for MWCNT-L administered rats was
greater than for MWCNT-S administered rats.

The ratio of fluorescence of acetyled tublin on the sur-
face of the trachea (0.48 + 0.06) to submucosal DAPI flu-
orescence significantly decreased (p < 0.05) in rats treated
with MWCNT-L (Fig. 5). The value for the MWCNT-S
treated rats showed a similar decrease but was not signif-
icant. The results clearly indicate the quantitative loss of
ciliated cells by treatment with MWCNT-L.

In the lung, granulation foci composed of macrophag-
es and fibrotic cells surrounding MWCNT aggregates was
found (Fig. 6). Table 1 shows the number of granulation
foci in the lungs of rats administered vehicle or MWCNT.
The number of lesions in both the MWCNT-L and MWC-
NT-S administered groups were significantly higher than
in the vehicle control group (p < 0.001 for both compar-
isons). The lesion count in the MWCNT-S group (1.04 +
0.18) was significantly greater than the MWCNT-L group
(0.06 £ 0.06) (p <0.05) (Table 1).

DISCUSSION

The tracheobronchial ciliated epithelium is the first
defense line against inhaled dust particles. The dust par-
ticles are transported from the lung alveoli through the
bronchi and trachea toward the laryngopharynx by its

>
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Decrease in the proportion of ciliated cells in the bron-
chial epithelium. A, Representative images of immu-
nostaining with anti-acetylated tubulin staining the
cilia (left), DAPI (middle) and merged image (right);
B, The ratio of the intensity of acetyled tublin to DAPI
was decreased in the MWCNT-L group. n = 3~4;
* p <0.05 vs the vehicle.

directed ciliary movement. Pathologic changes in the
bronchial epithelium such as goblet cell hyperplasia and
squamous cell metaplasia have been found by studies
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Fig. 6.

PLM

Demonstration of MWCNTSs in the lung tissue. HE and polarized images of the lung tissue treated with MWCNT-L (A)

or MWCNT-S (B). Large aggregations of MWNNT-S (black mass) are found encapsulated in granulation tissue and small
particles are found in alveolar macrophages. As in the trachea, MWCNT-S is not visualized by polarized light microscopy

(PLM).

with particles such as ZnO particles (Choe et al., 1997)
and cigarette smoke (Neugut, 1988) and in some disecase
conditions such as bronchial asthma and chronic bron-
chitis (Aikawa et al., 1992). The ciliated cell damage in
these lesions causes impaired mucociliary protection and
increases deposition of particles and microorganisms in
the lung, causing inflammatory changes. These alterations
may cause chronic injury and cell regeneration leading to
an increase in carcinogenesis in the trachea, bronchi and
lung.

This is the first report to show that MWCNTSs cause
extensive damage and loss of ciliated epithelium in the
trachea followed by compensatory regeneration of cells
without cilia including metaplastic squamous cells. /n
vitro observation clearly indicated that MWCNT caused
impaired function of ciliated cells, potentially resulting
in decreased clearance of the fibers from the lung, such
as observed in studies of other fibers such as asbestos
(Woodworth et al., 1983). Decreased clearance of MWC-
NT would increase the retention time of the MWCNTs in

Vol. 39 No. 3

the trachea and lung, which, in turn, would maintain the
toxic effect, leading to even more loss of ciliated cells.
This would increase the risk of spread of MWCNT to oth-
er organs, especially to the pleural cavity.

It should be noted that damage to the lung differed in
MWCNT-L and MWCNT-S administered rats. Inflam-
matory changes, as evinced by an increase in granulation
tissue in the lung, were more extensive in MWCNT-S
administered rats. This indicates that there is an organ-
otropic toxic effect of MWCNT. This may be related to
their size and shape; however, further studies are neces-
sary to elucidate the mechanism of this difference.
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Abstract. A novel KRAS-mediated transgenic rat model has
previously been demonstrated, in which animals develop
multiple pancreatic ductal adenocarcinoma (PDAC) that is
histologically similar to human PDAC within two weeks.
Positron emission tomography (PET)/computed tomography
(CT) is commonly used for the diagnosis and staging of PDAC
in humans, and can be adopted for optimal use in animal
experiments. The aim of the present study was to evaluate
the carcinogenic process in a rat pancreatic carcinoma model
using small-animal multimodality imaging systems. The
utility of fluorodeoxyglucose (FDG)-PET/CT in detecting
the location and size of PDAC during tumor development
in the present transgenic rat model was assessed. A small
animal multimodality PET/CT system and contrast-enhanced
CT (CECT) system were used for the imaging analysis
of KRASS?Y male transgenic rats (n=6), which developed
pancreatic tumors following the administration of an injection
of Cre recombinase (Cre)-carrying adenovirus. Laparotomies
performed at six weeks post-treatment revealed that all three
(100%) Cre-expressing rats developed pancreatic tumors that
were <2 mm in diameter, none of which were detected by
BF-FDG PET/CT or CECT. At eight weeks post-treatment,
the pancreatic tumors were heterogeneously visualized by
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BE-FDG-PET/CT and CECT in two of the three rats. Further-
more, the autopsies confirmed that all three rats had developed
pancreatic tumors. These novel findings provide evidence that
the FDG-PET/CT imaging system is a valuable tool for the
evaluation of the carcinogenic process, and one which may
aid in treatment and preventive methods for pancreatic tumors
in mammalian models. A limitation associated with the early
detection of PDACs warrants further investigation.

Introduction

With >250,000 annual mortalities, pancreatic carcinoma is one
of the most lethal malignancies, ranking 12th worldwide (1).
Mortality resulting from this disease is high even in developed
countries, including Japan, the United Kingdom, France and
the United States (2,3). Overall, >75% of pancreatic carcinoma
cases are histologically characterized as pancreatic ductal
adenocarcinoma (PDAC) (4,5). The majority of cases of
PDAC are incurable due to the necessity of extensive resec-
tion, which is often not feasible, and due to the fact that the
disease is rarely identified at an early stage. Furthermore,
the majority of patients with advanced PDAC either do not
respond, or respond transiently to chemotherapeutic drugs and
radiation (6). Typically, the majority of patients with PDAC
succumb to the disease within one year of diagnosis, and the
overall five-year survival rate is <5% (7). Even in patients with
resectable carcinoma, the long-term outcome remains unsat-
isfactory due to the incidence of early recurrence following
surgical resection.

In order to gain an improved understanding of this lethal
malignant carcinoma, studies that use animal PDAC models with
pancreatic neoplasms that resemble human PDAC are usually
desirable. By focusing on human pancreatic adenocarcinomas
that express a high frequency of KRAS mutation, a transgenic
rat model carrying the human HRAS%? or KRAS®'?Y oncogene
was established (8,9). The activation of the target transgene is
attained by the injection of a Cre recombinase (Cre)-carrying
adenovirus into the pancreatic ducts of the animal via the
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common bile duct (8,9). In this model, the transgenic rats
usually develop pre-neoplastic and neoplastic pancreatic lesions
within two weeks of the viral inoculation (10). These lesions in
the transgenic rats exhibit morphological similarities to those
observed in human pancreatic lesions, including PDAC (11) and
intraepithelial neoplasias (PanINs) (9).

Due to the position of the tumors within the abdominal
cavity, laparotomy is the only technique that is able to deter-
mine the existence and size of pancreatic tumors within the
transgenic rats following virus inoculation, as the tumors
cannot be visually assessed from surface scans of the affected
rats. A previous study determined that in order to serologi-
cally detect early-stage PDAC in the rat models, serum N-ERC
levels and the levels of several serum miRNAs, which are
expressed differentially in PDAC transgenic rats and control
rats, could be used (8,12). However, even in the case of elevated
levels of high serum biomarkers, the exact location and size
of pancreatic tumors is difficult to detect unless exploratory
surgery is performed within the abdominal cavity.

BF-fluorodeoxyglucose-positron emission tomography
(["®*F-FDG-PET) is commonly used during the diagnosis
of pancreatic tumors (13,14). Due to a high sensitivity and
penetration depth, PET is considered to be more accurate for
the detection and identification of metastases in humans and
animal models than other imaging systems (15,16).

The objective of the present study was to evaluate the
carcinogenic process in a mammalian model using imaging
modalities, such as PET/computed tomography (CT), which
are applicable for the study of human PDAC.

Materials and methods

Animals. In total, six male KRASC’?Y oncogene transgenic
rats were used in the present study. Routine genotyping was
performed as previously described (8). The rats were kept in
plastic cages in an air-conditioned room at 24+2°C and 60+5%
humidity with a 12-h light/12-hour dark cycle. A basal diet
(Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water were
available ad libitum throughout the experiment. All experi-
ments were approved by the Animal Care and Use Committee
of Nagoya City University Graduate School of Medical
Sciences and the National Institute of Radiological Sciences
(Tokyo, Japan).

Procedure of adenovirus inoculation. The preparation and
inoculation of the adenoviruses was performed as previ-
ously described (9). In brief, a Cre-recombinase expressing
adenovirus was amplified in HEK293 cells and then purified
using the Vivapure AdenoPACK (Vivascience, Hannover,
Germany) (17). The titer of the adenovirus was then deter-
mined using an Adeno-X rapid titer kit (Clontech, Mountain
View, CA, USA). The virus was prepared to a concentration of
4.0x10° plaque-forming units/ml. The virus (300-400 pl) was
injected using a small syringe into the pancreatic duct of the
rats as previously described (9).

[®F-FDG-PET and CT procedures, and image analysis. The
time course of the experimental protocol is shown in Fig. 1.
For the present study, 10-week-old male KRAS%?Y transgenic
rats were used. The rats were divided into two groups, with
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three rats per group. The rats in groups 1 and 2 were admin-
istered with the Cre-expressing adenovirus vector or an empty
vector (negative control), respectively. A small-animal multimo-
dality PET system (Inveon; Siemens Healthcare Inc., Malvern,
PA, USA) was used for PET data acquisition. Following an
overnight fast, each rat (body weight, 403-583 g) was injected
with 15 MBq (14.6+1.6 MBq) *F-FDG (Nihon Medi-Physics
Co., Ltd., Tokyo, Japan) via the tail vein, whilst the rat was under
isoflurane anesthesia. The PET data acquisition was conducted
for 10 min, beginning 50 min after the *F-FDG injection. Using
a lamp, the body temperature of the rats was maintained at
between 36 and 37°C during the scan. The images were recon-
structed using a 3D maximum a posteriori (18 iterations with
16 subsets; $=0.2), without attenuation correction. The tracer
uptake was expressed as the standardized uptake value (SUV).

Subsequent to PET scanning, plain or contrast-enhanced CT
(CECT) was conducted with an X-ray source set at 90 kVp and
200 pA, using a small-animal CT system (R_mCT2; Rigaku,
Tokyo, Japan). For CECT, the rats were intravenously injected
with 10 ml Iopamiron 370 contrast medium (Bayer Yakuhin
Ltd., Osaka, Japan) using an infusion pump (NE-1000; Neuro-
science Inc., Tokyo, Japan) at the rate of 2 ml/min, whilst the
rats were under isoflurane anesthesia. The CECT images were
acquired 5 min subsequent to the injection. In order to reduce
the motion artifacts caused by respiratory and peristaltic
movement during the CT scan, a respiratory gating system
was used whilst the rats under inhalable isoflurane anesthesia.
The ®F-FDG-PET scanning was conducted at two, three,
four, five and eight weeks subsequent to administration of the
Cre-expressing adenovirus or the empty vectors. In order to
confirm the results of the PET analysis, the CECT scan was
also conducted at five and eight weeks subsequent to the virus
injection. For the quantitative analysis, the PET and CT data
sets were imported and the fused images were then obtained
using ASIPro VM software (CTI Concorde Microsystems,
Knoxville, TN, USA). Laparotomy was performed six weeks
subsequent to the injection in order to confirm the location
and size of the pancreatic tumors, which were visible to the
naked eye. The experimental rats were sacrificed eight weeks
subsequent to the injection.

Histopathological examination. The rats in groups 1 and
2 survived until the end of the experimental period. The pancre-
atic tumors and the normal pancreatic lobes were removed
from the abdomen of the rats, fixed with 10% buffered formalin
and then processed for histopathological examination using
hematoxylin and eosin stain (9). The pancreatic lesions were
diagnosed histopathologically based upon previously described
criteria (8,9).

Results

PETICT findings and histopathological examination. The
six rats were euthanized eight weeks subsequent to the injec-
tion of the Cre-expressing viral or empty vectors. All three
Cre-expressing transgenic rats in group 1 (100%) developed
orthotopic pancreatic tumors without distant metastasis. By
contrast, no tumors were identified in the negative control rats
of group 2. Upon macroscopic analysis, the tumors appeared
nodular and solid in shape, and were ochre yellow in color. The
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Table I. Mean SUV of the tumor and each organ in the experimental rats.

Tumor GI tract Kidney
Rat (SUV,0) (SUV,,.0) Liver (cortex and medulla)
1 0.7-1.2(14) 0.5-1.0(3.2) 04-05 0.8-0.9
2 09-2030) 0.5-1.82.7 0.5-0.6 09-1.1
3 ND 0.6-14(4.2) 0.6-0.7 09-1.1

The rats were inoculated with a Cre recombinase-expressing vector as described in the Materials and methods section. The values were
calculated using the scanning data obtained at eight weeks post-inoculation. SUV ., maximum standardized uptake value; GI, gastrointestinal;

ND, Not detected.

g 1 2 3 4 5 6 7 8 9 T
i3 73
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PETICT ® & & 0 ®
CECT ® ®
Laparo- ‘
tomy
Autopsy ﬁﬁ

Figure 1. Experimental time course. Closed circle indicates the time of
scanning. Closed triangle indicates the time of laparotomy. Open triangle
indicates the time of autopsy. Laparotomy and autopsy were performed
on the three rats from group 1 at eight weeks post-viral inoculation. Viral
inoculation was performed at week zero. PET, positron emission tomog-
raphy; CT, computed tomography; CECT, contrast-enhanced computed
tomgraphy.

e

Figure 2. Representative microscopic image of a pancreatic ductal adeno-
carcinoma, revealing papillotubular growth of the tumor cells and abundant
fibrous tissue proliferation (hematoxylin and eosin staining; magnification,
x100).

PET/CT images obtained eight weeks subsequent to the viral
injection revealed the majority of tumor tissues to be distinguish-
able from the adjacent organs, but the tissues were challenging
to distinguish from the normal intestinal tissues, depending on
the site of the tumor. The pancreatic tumors were of the ductal
adenocarcinoma histological type. The coexistence of adeno-
carcinoma and PanIN lesions surrounded by fibrous tissue with
inflammatory cell infiltration was also identified (Fig. 2).

["®F-FDG-PET imaging prior to experimental week five.
The representative maximal-intensity projection images
from ®F-FDG-PET are shown in Fig. 3. PET scanning

was performed four times prior to the five experimental
weeks. A marginal or very high uptake in the gastrointes-
tinal tract and urinary bladder, which was considered to
be physiological FDG uptake, was observed in all three
Cre-expressing transgenic rats and three control rats. At five
weeks post-treatment, the tumors were not clearly visualized
by the indicated imaging system. Following the laparotomy
at six weeks post-treatment, a few small nodules measuring
between 1 and 2 mm in diameter, indicative of a carcinoma,
were identified in the pancreas of all Cre-expressing trans-
genic rats. No metastases were identified in the rats of the
negative control group.

Analysis of CECT, PET and PETICT images at eight weeks
post-treatment. Representative slices of the "*F-FDG-PET/CT
fusion images obtained from the Cre-expressing transgenic
rats are shown in Figs. 4-6. The SUV,,,, and SUV__,, of the
pancreatic tumors and each organ are shown in Table 1. In
rat 1 (body weight, 503 g), the CECT images revealed a
heterogeneous lesion measuring 17 mm in the maximum
sagittal diameter in the left side of the abdomen. In addition,
the PET and PET/CT fusion images revealed moderately
increased "F-FDG uptake in the lesion located in the left
side of the abdomen, with a SUV,,, of <1.5. Physiological
FDG uptake was observed in the gastrointestinal tract, and
the SUV,,,, of this organ site was 3.2, as shown in Table I.
Autopsy revealed a large tumor in the splenic lobe, which was
detected by CECT and PET/CT. However, multiple tumors
that were present in the duodenal lobe of the pancreas were
not revealed by CECT and PET/CT (Fig. 4). In rat 2 (body
weight, 470 g), the CECT images revealed a heteroge-
neously-enhanced pancreatic tumor, measuring 20 mm
in the maximum sagittal diameter, in the left side of the
abdomen. PET/CT fusion images revealed moderate uptake
of BF-FDG (SUV,,,,, 3.0) in the pancreatic tumor. In addi-
tion, physiological FDG uptake in the gastrointestinal tract
(SUV,.» 2.7) was observed. During autopsy, a large tumor
in the splenic lobe was identified by the imaging analysis.
In addition, multiple tumors were identified in the duodenal
lobe of the pancreas, but these tumors were not visualized on
CECT and PET/CT (Fig. 5). In rat 3 (body weight, 564 g), the
presence of a tumor was not observed on either CECT or PET
scans (Fig. 6). Next, an incision was made in the abdomen of
the rat, and a number of nodules, which were smaller in size
than those observed in rats no. 1 and 2, were identified in the
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Figure 3. Representative positron emission tomography (PET) images of the transgenic rats at a maximum intensity projection. Images were obtained from
Cre recombinase (Cre)-expressing transgenic rats (1-3) and control rats (4-6). Scanning was performed at two, three, four and five weeks post-viral inoculation.
Subsequent to fasting, the rats were injected under isoflurane anesthesia with ~15 MBq "®F-fluorodeoxyglucose (FDG) via the tail vein. PET data was acquired
50 min post-injection. Physiological FDG uptake was observed in the intestines, kidney and urinary bladder, but no tumor masses were identified in any of the

images. L, left side; R, right side. SUV, standardized uptake value; w, weeks.

duodenal lobe of the pancreas. No tumor was identified in the
splenic lobe of the pancreas. No macroscopic metastasis was
identified in rats 1-3.

Discussion

A limited number of the documented studies that involve
imaging analysis of pancreatic tumors in animal models
used the FDG-PET/CT system (18,19). In the present study,
a KRAS-mediated transgenic rat model was used to develop
multiple pancreatic tumors that resembled the develop-
mental and histological features of human PDAC within
two weeks (8). In living rats at eight weeks post-treatment,
the pancreatic tumors were clearly enhanced in the CECT
images following the administration of a contrast media,
and were distinguishable from the gastrointestinal tract. In
the absence of imaging analysis, calipers are used to deter-
mine the location and size of a pancreatic tumor following
a laparotomy or autopsy of an animal. Imaging analysis
therefore allows each animal to be scanned sequentially
in a sectional plane of interest, such as transverse, coronal
or sagittal, and be monitored over time without the need
to be sacrificed. In addition, PET/CT enables the accurate
measurement of irregularly-shaped tumors in a pancreatic

tumor model. According to the Three Rs principle (20),
which aims to replace existing experimental methods with
those that do not use animals, reduce the number of test
animals used and refine methods in order to minimize the
suffering of test animals, the PET/CT system reduces the
number of animals required for experimental treatment and
control groups. This indicates that imaging systems should
be recommended for use in animal experiments. Recently,
inoculation efficacy has been improved by clamping the
common bile duct and increasing the amount of virus that is
administered. Using this technique, studies may be able to
control the size of the pancreatic tumor quantitatively within
an appropriate time period, a factor that demonstrates the
usefulness of this model.

With regard to studies that have used small animal
models, Kitahashi et al (21) used micro-CT to detect
chemically-induced pancreatic tumors of >4 mm in diameter
in Syrian hamsters. Another study by Fendrich er al (18)
detected precursor pancreatic adenocarcinoma lesions with
an activity of 9.6+0.5 MBq in a five-month-old transgenic
mouse model by FDG-PET/CT. Kayed et al (22) measured
the anticancer effects of cyclopamine in a pancreatic carci-
noma xenograft with an activity of 7.4 MBq model using
BE_PET/CT. The study examined the size and SUV of each
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Figure 4. Autopsy view, positron emission tomography (PET)/contrast-enhanced CT (CECT) and PET/CECT fusion images of rat 1. (A) Tumors were observed
in the duodenal lobe (left panel, red arrowheads) and the in splenic lobe (left and right panel, blue arrowheads) of the pancreas. (B) PET, CECT and PET/CECT
fusion images revealed a large mass on the left side of the body (arrowheads). Physiological fluorodeoxyglucose uptake was also observed in the kidneys and
intestines. L, left side; R, right side; SUV, standardized uptake value.
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Figure 5. Autopsy view, positron emission tomography (PET), contrast-enhanced CT (CECT) and PET/CECT fusion images of rat 2. (A) Tumors were observed
in the duodenal lobe (left and right panels, arrowheads) of the pancreas. The liver was intact. (B) PET, CECT and PET/CECT fusion images revealed multiple
tumor masses in the left side of the body (arrowheads). L, left side; R, right side; SUV, standardized uptake value.
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Figure 6. Autopsy view, positron emission tomgraphy (PET), contrast-enhanced CT (CECT) and PET/CECT fusion images of rat 3. (A) Tumors were observed
in the duodenal lobe (left panel, arrowheads), but not in the splenic lobe of the pancreas. (B) No tumor-like lesions were revealed in the PET/CT and CECT

images. SUV, standardized uptake value; R, right side; L, left side.

tumor that was grown in the hip region of nude mice during
a seven-day treatment period. A technical limitation in base-
line calibration occurred, but the system was believed to be
suitable for practical use. The SUV and SUV,,,, parameters
have been demonstrated in a previous study to be potential
predictors of early recurrence following the curative resec-
tion of lung carcinomas (23).

It was hypothesized that the amount of FDG uptake into
the pancreatic tumors would be higher compared with other
abdominal organs. However, the results shown in Table I indi-
cate that each value was not necessarily specific to the region
of interest. This indicates a limitation in the use of this param-
eter for differential diagnoses that are based upon imaging
techniques. To avoid bias during the measurement of the
SUV, representative areas of tumor tissues that demonstrated
moderate FDG uptake were selected. Therefore, the potential
limitations of this methodology should be considered when
calculating the SUV or SUV,,,,. This aspect warrants further
investigation.

PET images did not identify tumor masses in any organ
of the Cre-expressing rats until five weeks post-treat-
ment (Fig. 3). When the laparotomy was performed six
weeks subsequent to the viral inoculation, multiple tumors
measuring <2 mm in diameter were identified in the
pancreas of all three Cre-expressing transgenic rats. This
indicated that the transgenic rats developed macroscopically
visible tumors by six weeks post-treatment. At eight weeks
post-treatment, the PET/CT images revealed pancreatic
tumor masses in two of the three rats, which indicated a

potential limitation in the detection of tumors prior to the
eighth week by current imaging techniques. Pancreatic
tumors were primarily identified in the splenic lobe of the
pancreas by PET/CT. Tumors in the duodenal lobe, however,
could not be detected by such imaging analyses, even if
these tumors were confirmed by laparotomy. In addition,
the presence of smaller tumors, and a specific anatomical
location within the gastrointestinal tract, may affect the visi-
bility of the tumor. In the PET and PET/CT fusion images,
the pancreatic tumors were visible, but the physiological
BE-FDG uptake in the intestine reduced the appearance of
the lesions.

In conclusion, the present study demonstrated that
pancreatic tumors can be detected in rats using imaging
modalities eight weeks after viral inoculation. The
FDG-PET/CT imaging system is a valuable approach for the
evaluation of the carcinogenic process and potential treatment
or prevention methods for pancreatic tumors in mammalian
models. Therefore, it is proposed that this experimental
system can also be applied to studies that examine cases of
human PDAC.
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Tribbles related protein 3 (TRB3) pseudokinase plays a crucial role in cell proliferation, migration and
morphogenesis during development. In our recent study, an introduction of human TRB3 gene into mouse
mammary tumor cells caused an increase of proliferation of tumor cells and their nuclear size. In the current
study, to examine whether this gene causes de novo morphological changes in a specific organ site we have de-
veloped a novel variation of the transgenic mouse model that conditionally expresses human TRB3 (hTRB3)
gene using Cre-recombinase (Cre)/loxP recombination system. By injecting hTRB3 transgene construct into
pronuclei of mouse embryo, we eventually obtained four hTRB3 mice. The gene expression was controlled
by infection of adenovirus-expressing Cre via the tail vein of hTRB3 mouse. In Cre-mediated hTRB3 mouse,
expression of the hTRB3 protein was detected in the cytoplasm of hepatocytes in the liver. Expression of this
protein was also seen in lymphocytes in the spleen, glomerular endothelial cells, and epithelial cells of col-
lecting duct of the kidney. In hepatocytes of the hTRB3 mouse, nuclear size was significantly greater than
that of the wild type mouse, indicating that hTRB3 can play a role at least in part in hepatic morphogenesis.
The present animal model may provide a system for evaluation of de novo morphological changes induced by

Vol. 37, No. 6

a specific transgene in a specific organ site.

Key words

Tribbles related protein 3 (TRB3) is one of the mammalian
homologues of Drosophila Tribbles. This molecule contains
a serine/threonine kinase catalytic domain but lacks an ATP
binding site or one of the conserved catalytic motifs essen-
tial for kinase activity.”™ TRB3 has also been shown to be
involved in multiple cellular processes such as glucose/lipid
metabolism, muscle/adipocyte differentiation, and stress re-
sponse by interacting with various functional proteins.'>~'?
Three mammalian Tribbles homologues, TRB1, TRB2, and
TRB3 are crucial modulators of tumorigenesis.>'™'® TRBI
and TRB2 induce acute myelogenous leukemia by inhibit-
ing CCAAT/enhancer binding protein o (C/EBPa) function.'®
TRB3 is highly expressed in a wide range of human carci-
noma cell lines and in several types of human carcinoma.>'?
We have recently demonstrated that TRB3 promotes prolif-
eration and induces polyploidy of mouse mammary tumor
cells.'"¥ This finding was likely to indicate TRB3’s response
to morphological function. In the current study, by utilizing
the recombinant adenovirus expressing Cre-recombinase (Cre)
system we examined whether human TRB3 gene causes de
novo morphological changes in a specific organ site.

MATERIALS AND METHODS

Generation of Human TRB3 Transgenic Mouse We
ligated flag-tagged full length human TRB3 (hTRB3) cDNA”
into Kpnl and Swal restriction sites of pCALNLS vector (DNA
Bank, RIKEN Bio Resource Center, Ibaraki, Japan),”'"
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Tribbles related protein 3 (TRB3); transgenic mouse; Cre-recombinase (Cre)/loxP

and this construct was termed pCALNL-flag-hTRB3. The
pCALNL-flag-hTRB3 was digested at Sspl/HindIII restriction
sites.

African green monkey kidney fibroblast cell line COS7
was obtained from Cell Resource Center for Biomedical Re-
search Institute of Development, Aging and Cancer, Tohoku
University, Sendai, Japan and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) containing 10% fetal bovine serum (FBS)
(Life Technologies, Inc., Rockville, MD, U.S.A.). Expres-
sion vectors pCALNL-flag-hTRB3 (generated in this study),
pcDNA3.1-flag-hTRB3 (used as positive control),” pxCANCre
(DNA Bank, RIKEN Bio Resource Center) and empty vec-
tor pCALNLS (used as negative control) were transfected
into COS7 cells using FuGENEG6 reagent (Roche Diagnostics
Corp., Indianapolis, IN, U.S.A)), and these cells were cultured
in in a 6-cm culture dish. Using the transfected cells, levels
of protein expression were confirmed by Western blot assays.

After confirming the Cre/loxP system functions by exam-
ining the expression status of hTRB3 that can be measured
with Flag expression, the purified cassette (Fig. 1) was in-
jected into the pronuclei of C57BL/6NCrSlc mouse (CLEA
Japan, Tokyo, Japan). A total of 184 injected eggs were trans-
planted into pseudo-pregnant C57BL/6NCrSlc mouse. Of 8
potential transgenic mice screened, four mice were shown
to carry the transgene by polymerase chain reaction (PCR)
as described below. These four transgenic founder mice
were then mated with wild type C57BL/6NCrSlc mice (wild
mice) and offspring were screened for the presence of the
transgene by PCR assay of genomic DNA isolated from tail

© 2014 The Pharmaceutical Society of Japan
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Fig. 1. Scheme of Recombination of hTRB3 Construct

1069

4= Recombination primer
<= Genotyping primer

loxP

The pCALNL-flag-hTRB3 construct is comprised of a hybrid CMV enhancer/chicken fS-actin (CAG) promoter, a cassette for the neomycin resistance gene flanked by
loxP sites, and a sequence containing a human TRB3 with a Flag-tag. Infection with the Cre expressing adenovirus results in recombination of hTRB3 construct, eventu-
ally generating a functional flag-hTRB3 gene expression unit. GpA, rabbit f-globin poly A site; pA, SV40 early poly A site.

biopsies at the age of 3 weeks. The following primers were
used: geno-hTRB3F (5-TGTCTGGATCAAATCCGA AC-3")
and geno-hTRB3R (5-ATCCGTCGACCCTTGTCATC-3").
In the present study, we used these transgenic mice termed
NCrSIeBL6-TgN(hTRB3) mice (hTRB3 mice). The mouse was
maintained in plastic cages in an airconditioned room with a
12h light/12h dark cycle.

hTRB3 mouse embryonic fibroblast cell line (hTRB3 MEF)
that carries human TRB3 gene was generated from hTRB3
mouse. MEF cell line was also generated from wild mouse.
The hTRB3 female mouse was euthanized at 14d postcoitum
and embryos were removed from placenta. After excising
head and viscera, the embryo was cut into small pieces until
it became possible to pipette. One milliliter of trypsin/EDTA
(Life Technologies) was added to one embryo and incubated at
37°C for 15min. After adding DMEM containing 10% FBS,
centrifugation was done and supernatant containing MEF cells
was used for cell culture. MEF cell lines were cultured in
DMEM containing 10% FBS.

To see whether the Cre/loxP system properly functions,
we examined the expression status of mRNA and protein
of hTRB3 in MEF cells. Adenovirus carrying the Cre gene
(AXCANCre) was prepared as described previously.*'® Ad-
enovirus vectors were amplified in HEK-293 cell line that
was purchased from ATCC (Manassas, VA, U.S.A), cultured
in DMEM containing 10% FBS, and purified using Vivapure
Adenopack (Vivascience, Hannover, Germany). The titer of
the adenovirus was determined by using the Rapid titer kit
(Clontech, Mountain View, CA, U.S.A). The virus stock
was concentrated to 1.0X10'°pfu per mL. MEF cells with or
without hTRB3 transgene were infected with Cre expressing
adenovirus (0, 100, 200 multiplicity of infection (MOI)) for
2h. After the infection, cells were cultured in DMEM contain-
ing 10% FBS for 48h, genomic DNA, total RNA, and protein
were extracted and used for PCR, reverse transcription (RT)-
PCR, and Western blot assays.

After confirming that the Cre/loxP system functions in

vitro, the system was introduced into mice and initiated by
infecting animals with Cre expressing adenovirus. Cre ex-
pressing adenovirus (1xX10°pfu/mouse) was injected into the
tail vein of 4-week-old mouse. To induce Flag-tagged-human
TRB3 gene, adenovirus in which the expression of Cre was
under the control of the CAG promoter was used. Ten days
after Cre expressing adenovirus was injected, all mice were
euthanized and complete autopsy was done. Liver, spleen, and
kidneys were carefully removed and processed for macroscop-
ic examination and histopathological/immunohistochemical
analyses. All experimental procedures conformed to the Regu-
lations for Animal Experimentation at Nagoya City University
were reviewed by the Institutional Laboratory Animal Care
and Use Committee of Nagoya City University and finally ap-
proved by the President of University.

Immunohistochemical Analysis These assays were per-
formed using an established method as described elsewhere.'®
Three-micrometer-thick paraffin sections were prepared from
liver, spleen and kidney. These sections were treated in 3%
H,0, for 10min to block the endogenous peroxidase activity.
For antigen retrieval, the sections were brought to boiling in
0.1 M citrate buffer, pH 6.0. Sections were then incubated with
a primary antibody (1:500 dilution) of the FLAG (Sigma, St.
Louis, MO, U.S.A.) at room temperature for 1h. After incu-
bation with secondary antibody, sections were then stained
using an ABC kit (Vector Laboratories Inc., Burlingame, CA,
U.S.A) according to the manufacturer’s instructions. The
number of Cre-treated wild mouse was one, and that of Cre-
treated hTRB3 mice was eight. The number of untreated wild
mouse was one and that of untreated hTRB3 mouse was also
one. Each liver slide has two to four tissue slices. In the liver
tissue slices of hTRB3 and wild mice, the longest diameter
of nucleus of the liver cell was determined by image analysis
(Olympus DP70 system, Olympus Corp., Tokyo, Japan). Four
high power fields per liver tissue were examined and more
than 100 nuclei were counted in each liver tissue.

RT-PCR and PCR Assays These assays were done with
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established procedures.'® Total RNA was extracted from each
cell line grown in 9-cm culture dishes using ISOGEN (Nip-
pon Gene, Toyama, Japan). The reaction mixture contains
4 ug of total RNA, 1 4L of 10mmM deoxyribonucleotide triphos-
phate (ANTP) (Life Technologies), 1 4L of Random primers
(Life Technologies) and 7 uL of distilled water. The reaction
mixture was then incubated at 65°C (Smin) for denaturation,
chilled on ice for 1 min and added 4 uL of 5XRT buffer (Life
Technologies), 1 uL of 0.1m dithiothreitol (DTT), 1uL of the
RNase out (Life Technologies) and 1uL of Superscript III
Reverse Transcriptase (Life Technologies). After the addi-
tion of these reagents, the reaction mixture was incubated at
50°C (1h) for random primer annealing and 70°C (15min)
for ¢cDNA preparation. One microliter of the reaction mixture
was then used for PCR. The genomic DNA was isolated from
MEF cells that were derived from hTRB3 and wild mice. The
primer sequences of PCR analysis used in this study were as
follows: human TRB3-specific primer set, hTRB3F (5'-CAA
GTCGCTCTGAAGGTTCC-3") and hTRB3R (5'-CCATCC
TACTCTGGCAAAGC-3’), Cre/loxP recombination prim-
er set, CAGpF (5-CGTGCTGGTTGTTGTGCTGTCT-3"),
and geno-hTRB3R (5-ATCCGTCGA CCCTTGTCATC-3").
B-Actin-specific DNA fragments from the same RNA samples
were amplified and served as internal controls. Primers actin F
(5-CCGTAAAGACCTCTATGCCAACA-3') and actinR
(5'-CGGACT CATCGTACT CCTGCTT-3") were used for am-
plification of f-actin. Interleukin-2 (IL-2)-specific DNA frag-
ments from genomic DNA samples were also amplified and
served as internal controls. Primers IL-2 F (5'-CTAGGCCAC
AGAATTGAAAGATCT-3') and IL-2R (5-GTAGGTGGA
AATTCTAGCATCATCC-3") were used for amplification of
IL-2. PCR was conducted for 26-30 cycles in an iCycler (Bio-
Rad Laboratories, Inc., Hercules, CA, U.S.A). Each amplifi-
cation cycle consisted of at 94°C (0.5min) for denaturation,
60°C (0.5min) for primer annealing, and 72°C (I min) for
extension. After PCR amplification, the DNA fragments were
stained with ethidium bromide and analyzed by 2% agarose
gel electrophoresis. The results were confirmed by repeating
experiments.

Western Blot Assays These assays were done with es-
tablished procedures.'” The cells were lysed in radioimmuno-
precipitation assay (RIPA) buffer (50mm Tris—HCI (pH 8.0),
150mm NaCl, 0.1% sodium dodecy! sulfate (SDS), 0.5% de-
oxycholate, and 1% Triton X-100). The lysates were subjected
to SDS-polyacrylamide gel electrophoresis (PAGE) (12.5%),
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Immobilon P, Millipore Corp., Bedford, MA, U.S.A)
and probed with the antibodies. The primary antibodies used
in the present study were anti-f-actin monoclonal antibody
(AC-15, Sigma, St. Louis, MO, U.S.A.) and anti-FLAG mono-
clonal antibody (M2, Sigma, St. Louis, MO, U.S.A). The
antiserum against human TRB3 was prepared as described
previously.” Proteins of interest were visualized using im-
munoStar Zeta (Wako) and light emission was quantified with
a Light-capture (ATTO Corp., Tokyo, Japan). Each assay was
repeated more than three times to confirm the results.

Statistical Analysis Differences in the mean diameter of
the nucleus of the liver cells between hTRB3 and wild type
mice were analyzed by Student’s or Welch’s #-test. The value
of p<<0.05 was considered to be significant.

Vol. 37, No. 6

RESULTS AND DISCUSSION

We have developed a novel variation of the transgenic
mouse model by using Cre/loxP system to express TRB3 pro-
tein in the liver, spleen, and kidney tissues. Mean diameter of
nucleus was greater in hepatic cells transfected with hTRB3
than non-transfected hepatocytes. This morphological differ-
ence depending on transfection status is in accordance with
our recent experiments demonstrating that hTRB3 transfected
mouse mammary tumor cells exhibited enlarged nuclear size
and that TRB3 gene promotes cell proliferation and chromo-
somal instability by causing polyproidization during develop-
ment of mouse mammary tumor.'¥ Taken together, #TRB3
gene may influence its response to morphological function
and the present animal model system would be useful to see
if this gene causes de novo morphological changes leading to
tumorigenesis in a specific organ site.

Conditional Expression of Human TRB3 (hTRB3)
Transgene Was Controlled by Cre-Recombinase The
system was originated by investigators.'**® This system is
a powerful on/off switching tool when timed/tissue specific
expression of gene is critical in cultured cells or transgenic
animals. This system can also be used in experiments of de-
velopmental processes involving proteins that are suspected
of exerting different functions in embryogenesis and in adult
animals and that are lethal if the gene is expressed in the em-
bryo. In the present study, little was known about the lethality
when hTRB3 gene was introduced into mouse embryo. Thus,
we selected this Cre/loxP system to avoid the issue of embry-
onic lethal.

In Fig. 2 panel A, lysate sample in lane 1 was derived from
COS7 cells that were transfected with both hTRB3 transgene
construct (pCALNL-flag-hTRB3) and Cre expression vector
(pxCANCre). Lysate samples of lanes 4 and 5 were negative
and positive controls, respectively. When COS7 cell were
transfected with both hTRB3 transgene construct and Cre
expression vector, the FLAG expression was present (lane 1)
as seen in the positive control (lane 5). Negative and positive
controls (lanes 4 and 5) consisted of COS7 cells transfected
with empty vector (pCALNLS) and hTRB3 expression vector
(pcDNA3.1-flag-hTRB3), respectively. These findings indicate
that expression of hTRB3 transgene was controlled by the
Cre/loxP system. This hTRB3 construct was used for injection
as described below.

Generation of hTRB3 Transgenic Mouse Wagner et al.
previously reported that the ratio of the number of offspring/
embryos to foster mother was 23%.?" The ratio of the number
of mouse that expresses transgene/the number of offspring
was 10-40%.22

In the present Cre/loxP system, the ratio of the number of
mouse expressing transgene/embryos to foster mother was
4/184=2%. After infection of Cre, this enzyme excises the
stuffer DNA region loxP—neo-poly A-loxP (Fig. 1). This step
initiates gene expression of hTRB3. By introducing hTRB3
transgene construct (Fig. 1) into pronuclei of mouse embryo,
four hTRB3 mice were eventually obtained (Fig. 2 panel
B). These four hTRB3 mice were mated with wild mice and
offspring were produced. hTRB3 genotyping was done using
genomic DNA derived from the offspring, and most of them
carried hTRB3 (Fig. 2 panel C). In three of four mice, hTRB3
gene was transmitted to next generation.
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Fig. 2. Confirmation of hTRB3 Protein Expression and Detection of hTRB3 DNA Fragment

(A) Conditional expression of hTRB3. Lysate sample in lanc | was derived from COS7 cells that were transfected with both hTRB3 construct (pCALNL-flag-hTRB3)
and Cre expression vector (pxCANCre). Lysate samples of lanes 2 and 3 consisted of COS7 cells transfected with hTRB3 construct and Cre expression vector, respectively.
Lysate samples of lanes 4 and 5 were negative and positive controls, respectively. Negative and positive controls (lanes 4 and 5) consisted of COS7 cells transfected with
empty vector (pCALNLS) and hTRB3 expression vector (peDNA3.1-fag-hTRB3), respectively. The FLAG expression was present (lane 1) as seen in the positive control
(lane 5). (B, C) Detection of hTRB3 DNA fragments by PCR assay. We used hTRB3 transgenic mice (WTRB3 mice) as described in Materials and Methods. Genomic DNA
was extracted from mice tails and used for amplification of NTRB3 and IL-2 DNA fragments. (B) hTRB3 DNA fragment was scen in 4 mice of 8 potential transgenic mice.
The number indicates the individual mouse number. (C) hTRB3 DNA fragment was seen in 7 of 8 offspring generated by mating hTRB3 mice with wild mice.
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Fig. 3. Confirmation of Recombination of hTRB3 Construct and
hTRB3 mRNA/Protein Expression in hTRB3 MEF Cells ’

hTRB3 MEF and MEF cells were generated from hTRB3 and wild mice, re-
spectivly. These cells were treated with Cre expressing adenovirus (0, 100, 200
MOI). MOI indicates multiplicity of infection. (A) Confirmation of recombination
of hTRB3 construct in hTRB3 MEF cells by PCR assay. A 168-bp DNA fragment
derived from recombinant hTRB3 construct was seen in cells treated with Cre ex-
pressing adenovirus. hTRB3 DNA fragments were not PCR-amplified in MEF cells
(data not shown). (B) Confirmation of hTRB3 mRNA expression in hTRB3 MEF/
MEF cells by RT-PCR assay. Increasing mRNA expression was seen in hTRB3
MEF cells (left panel). No mRNA expression was seen in MEF cells (right panel).
(C) Confirmation of hTRB3 protein expression by Western blot assay. hTRB3 pro-
tein expression was observed in hTRB3 MEF cells but not in MEF cells. g-Actin
was used as an internal control.

To confirm whether Cre-mediated recombination of the
transgene occurs in MEF cells, we examined the existence of
DNA fragment consisting of hTRB3 construct by PCR assay.
hTRB3 MEF cells and MEF cells were generated from 14-d-
old embryos of hTRB3 and wild mice, respectively. Cells were
then infected with Cre expressing adenovirus as described in
Materials and Methods. A 168-bp DNA fragment was seen
when the recombination occurred (Fig. 3 panel A). However, a
longer 1374-bp DNA fragment was seen unless hTRB3 MEF
cells were treated with Cre expressing adenovirus, indicat-
ing no recombination of the transgene. We also examined

the mRNA/protein expression status of hTRB3 by RT-PCR/
Western blot assays. There was a marked mRNA/protein ex-
pression of hTRB3 in hTRB3 MEF cells treated with Cre (Fig.
3, panels B left and C left). There was no expression seen in
MEF cells that were treated with Cre (Fig. 3, panels B right
and C right).

hTRB3 Protein Is Expressed in Liver, Spleen and Kidney
Tissues, and hTRB3 Gene Affects the Nuclear Size in the
Liver Cell To examine whether ATRB3 gene causes de novo
morphological changes leading to tumorigenesis in a specific
organ site, we performed immunohistochemical analysis and
hematoxylin/eosin staining for histopathological examination
in liver, spleen, and kidneys of the hTRB3 mouse. There were
no apparent abnormalities seen in morphology and behavior
in either hTRB3 or wild mice. As shown in Fig. 4, hTRB3
and wild mice, both of which were not infected with Cre
expressing adenovirus, exhibited no significant histopathologi-
cal differences in the liver (Figs. 4A, D), spleen (Figs. 4B, E),
and kidney (Figs. 4C, F) tissues. There were also no apparent
histopathological differences in the spleen and kidney tissues
between hTRB3 and wild mice, both of which were infected
with Cre expressing adenovirus (Figs. 5B, E, and Figs. 5C, F).
In the hTRB3 mouse that infected with Cre expressing adeno-
virus, approximately 20% of hepatocyets exhibited positive
cytoplasmic staining of FLAG, indicating hTRB3 protein was
expressed in these hepatocytes (Fig. 6A, arrow), whereas the
remaining 80% stained faintly or uncertainly. Positive FLAG
staining was also seen in sinusoid in liver tissue (Fig. 6A ar-
rowhead). In the spleen of the hTRB3 mice, approximately
10% of lymphocytes were positively stained with FLAG (Fig.
6B). In the kidney of the hTRB3 mice, approximately 20% of
epithelial cells of the tubules and collecting duct were posi-
tively stained with FLAG (Fig. 6C). Also, endothelial cells of
capillaries of glomeruli were positive (Fig. 6D). Perivascular
inflammation in liver tissue was also seen in the hTRB3
mouse (Fig. 5A). In liver cells of the hTRB3 mouse, the mean
longest diameter of nucleus was significantly greater than that
of the wild mice (9.4+0.19 versus 6.30.11 um, p<<0.001) (Fig.
SA versus 5D). These results indicate that the Cre/loxP recom-
bination system functions at least in part in liver, spleen, and
kidney of the C57BL/6NCrSlc mouse, and that hTRB3 gene
causes morphological changes in nuclear size of hepatocytes.
An increase in nuclear size occurred in both FLAG-positive
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Fig. 4. Representative Histological Features of the Liver, Spleen, and Kidney Tissues of hTRB3 and Wild Mice without Cre Treatment

Note that no apparent histological differences were observed between hTRB3 (A—C) and wild (D-F) mice, both of which were not introduced hTRB3 transgene. Mag-

nification was X400 in all six images.

Liver

hTRB3 Tg mouse
with Cre

Wild type mouse
With Cre

Fig. 5.

Representative Histological Features of the Liver, Spleen, and Kidney Tissues of hTRB3 and Wild Mice with Cre Treatment

hTRB3 and wild mice were infected with Cre expressing adenovirus and HE staining was conducted with liver, spleen and kidney tissues derived from hTRB3 mouse
(A-C) or wild mouse (D~F). No apparent abnormality was seen in liver tissue derived from wild mouse (B). Note that nuclear size of hepatocyte in the liver tissue derived
from hTRB3 mouse increases compared to that of wild mouse (A). Slight perivascular inflammation is also seen (A). Note that no apparent histological differences in
spleen or kidney tissues were observed between hTRB3 (B, C) and wild (E, F) mice. Magnification was X400 in all six images.

and negative hepatocytes (Figs. 5A, D). This is presumably be-
cause endogenous TRB3 in mouse hepatocytes may function
as exogenous hTRB3 simultaneously does. Indeed, in a recent
experiment we found that both endogenous and exogenous
TRB3 express in a cell line that stably expresses exogenous
TRB3 gene." Further, Bowers et al. postulate that there is a
feedback response of TRB3 protein accumulation activating a
higher expression of TRB3 transcript.”

We first estimated that Cre-mediated recombination of the
transgene had occurred more than 50% in frequency. Anton
et al. also estimated approximately 50% of Cre-dependent
recombination in vitro.?® Kudoh et al. developed a mouse
model for Duchenne muscular dystrophy using a Cre/loxP
recombination system, and the ratio of the number of 100%

chimeras/the number of embryo transplanted ranged from zero
to 5%.% In our experiment, actual efficiency of the present
system resulted in 20%. Differences in experimental systems
(i.e., in vitro/in vivo, animal strain used in the experiment,
sequence of the restrictive target sites, and MOI) may explain
discrepancies reported on efficiency of recombination. It may
be possible for us to improve on this efficiency by optimizing
MOI values or the timing of adenovirus infection.

Commonly used adenoviruses derived from human sero-
type 2 (Ad2) and 5 (Ad5) infect a broad range of organ tissues
through interaction with the 46-kDa coxackie and adenovirus
receptor (CAR).?Y The major issue for successful site specific
transgene delivery is tissue selectivity. Systemically injected
adenovirus into mice primarily localize to hepatocytes with
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Fig. 6. Representative Immunohistochemical Analysis of Liver, Spleen and Kidney Tissues of hTRB3 and Wild Mice with Cre Treatment

hTRB3 and wild mice were infected with Cre expressing adenovirus and immunohistochemical staining of liver (A), spleen (B) and kidney (C, D) tissues derived from
hTRB3 mouse were done. (A) Immunohistochemical staining of liver tissue derived from hTRB3 mouse. Note that FLAG-mediated hTRB3 protein expression was seen in
the cytoplasmic region of hepatocytes (arrow) and sinusoid of the liver tissue (arrowhead). FLAG-mediated hTRB3 protein expression was faintly or uncertainly stained in
the remaining hepatocytes. (B) FLAG-mediated hTRB3 protein expression was seen in lymphocytes of spleen tissue. (C) In the kidney tissue of the hTRB3 mouse, hTRB3
was positively stained in epithelial cells of the tubules and collecting duct. (D) hTRB3 was also positively stained in endothelial cells of the capillary of glomeruli of the

kidney. Magnification was X400 in all six images.

consequent hepatotoxicity.* % In the present study, we used
adenovirus vector AdS and FLAG-mediated expression of
hTRB3 transgene was seen in three organs such as liver,
spleen, and kidneys, indicating low tissue selectivity.

In the hTRB3 mice, we found that nuclear diameter of
FLAG-stained hepatocytes was significantly greater than that
of wild mice. Some investigators report an increase in nuclear
size as the disorder progresses from normal to carcinoma.?”?%)
Furthermore, nuclear size increases monotonically with nucle-
ar DNA content.”” The findings in the present study together
with our recent experiment'¥ indicate that TRB3 affects
nuclear size of hepatocytes that were infected with AdS. There
are several documents demonstrating morphological changes
and hepatocarcinogenesis. Large cell change of hepatocytes
was regarded as a precancerous lesion.*” Nuclear enlargement
of hepatocytes was induced by the treatment of animals with
carcinogen.’’¥ Of these reports, Clawson et al. found that
hepatocarcinogen induced nuclear enlargement is associated
with substantial diploid to tetraploid shifts in hapatocytes.>)
Regarding TRB3’s function, it is reported that TRB3 accumu-
lates in response to fasting and inhibits the activation of the
kinase Akt in the liver.* TRB3 also stimulates lipolysis by
triggering the degradation of acetyl-coenzyme A carboxylase
(ACQ) in adipose tissue.'®
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Abstract

Two types of nanosized titanium dioxide, anatase (anTiO,) and rutile (rnTiO,), are widely used in industry,
commercial products and biosystems. TiO, has been evaluated as a Group 2B carcinogen. Previous reports
indicated that anTiO, is less toxic than rnTiO,, however, under ultraviolet irradiation anTiO, is more toxic than
rnTiO, in vitro because of differences in their crystal structures. In the present study, we compared the in vivo
and in vitro toxic effects induced by anTiO, and rnTiO,. Female SD rats were treated with 500 ug/ml of anTiO,
or rnTiO, suspensions by intra-pulmonary spraying 8 times over a two week period. In the lung, treatment with
anTiO, or rnTiO, increased alveolar macrophage numbers and levels of 8-hydroxydeoxyguanosine (8-OHdG);
these increases tended to be lower in the anTiO, treated group compared to the rnTiO, treated group. Expression
of MIP1o. mRNA and protein in lung tissues treated with anTiO, and rnTiO, was also significantly up-regulated,
with MIP1o. mRNA and protein expression significantly lower in the anTlO group than in the rnTiO, group.
In cell culture of primary alveolar macrophages (PAM) treated with anTiO, and rnTiO,, expression of MIP1a
mRNA in the PAM and protein in the culture media was significantly higher than in control cultures. Similarly
to the in vivo results, MIP1o. mRNA and protein expression was significantly lower in the anTiO, treated cultures
compared to the rnTiO, treated cultures. Furthermore, conditioned cell culture media from PAM cultures treated
with anTiO, had less effect on A549 cell proliferation compared to conditioned media from cultures treated
with rnTiO,. However, no significant difference was found in the toxicological effects on cell viability of ultra
violet irradiated anTiO, and rnTiO,. In conclusion, our results indicate that anTiO, is less potent in induction of
alveolar macrophage infiltration, 8-OHdG and MIP1a expression in the lung, and growth stimulation of A549
cells in vitro than rnTiO,.

Keywords: Nanosized titanium dioxide - anatase - rutile - lung toxicity - MIP1a
Asian Pac J Cancer Prev, 15 (2), 929-935

Introduction environmental effects. Anatase and rutile type titaniom

dioxide particles, nanosized and larger, are evaluated as

There are three mineral forms of natural titanium
dioxide particles: rutile, anatase and brookite. Engineered
anatase and rutile nanosized titanium dioxide particles
(anTiO, and rnTiO,) are being manufactured in large
quantities worldwide and applied in many fields including
material industry, electronic industry, commercial products
and biosystems. Due to differences in crystal structure,
anTiO, has better photocatalytic activity than mTiO,
(Kakinoki et al., 2004). Accordingly, anTiO, is mainly
used in paints, such as surface painting of the walls and
windows of buildings and vehicles, and photocatalytic
systems, while rnTiO, is preferentially used in cosmetics,
sunscreen and food additives.

Large quantity production and widespread application
of nTiO, have given rise to concern about its health and

Group 2B carcinogens (possibly carcinogenic to humans)
by WHO/International Agency for Research on Cancer
(IARC, 2010), based on 2-year animal aerosol inhalation
studies (Mohr et al., 2006). Pulmonary exposure to rnTiO,
promotes DHPN-induced lung carcinogenesis in rats, and
the promotion effect is possibly associated with rTiO,
burdened alveolar macrophage derived macrophage
inflammatory protein 1 alpha (MIPla), which acts as a
growth factor to stimulate the proliferation of human lung
adenocarcinoma cells (A549) in vitro (Xu et al., 2010).
Dermal application of anTiO, has been shown to cause
significant increases in the level of superoxide dismutase
and malondialdehyde in hairless mice (Wu et al., 2009).

Size and photoactivation affect the in vitro toxicity
of anTiO, and rTiO,. anTiO, (10 and 20 nm) induces
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oxidative DNA damage, lipid peroxidation and micronuclei
formation, and increases hydrogen peroxide and nitric
oxide production in BEAS-2B cells, a human bronchial
epithelial cell line, but anTiO, 200 nm particles do not
(Gurr et al., 2005). In contrast, both nano-sized and 200nm
ruTiO, are toxic in vitro (Gurr et al., 2005; Sayes et al.,
2006). On the other hand, under ultraviolet irradiation,
anTiO, is 100 times more toxic to human dermal fibroblasts
and A549 cells than rTiO,, and is more potent than mTiO,
in the induction of lactate dehydrogenase release, reactive
oxygen species production and interleukin 8 secretion
(Sayes et al., 2006). Experimental data demonstrating
differences in the toxic effects of anTiO, and mTiO, in
vivo, however, are still lacking.

Respiratory exposure to nTiO, particles can occur
both at the workplace, e.g., in manufacturing and
packing sites, and outside the workplace during their use
(Maynard et al., 2006; Schulte et al., 2008). In the present
study, we delivered anTiO, and rnTiO, to the rat lung
by trans-tracheal intra-pulmonary spraying (TIPS) and
compared lung inflammation and several toxicological
parameters induced by anTiO, and mTiO,. The results
indicated that obvious lung inflammatory lesions were
not observed in the rats, and anTiO2 or rnTiO2 particles
were phagocytosed by alveolar macrophages. Analysis
of alveolar macrophage induction, 8-OHdG level in the
lung, and MIP1a expression both in vivo in the lung and in
vitro in PAM indicated that anTiO, elicited lower levels of
biological responses than rmTiO,. Long-term toxic effects
of anTiO, and rnTiO, still need to be clarified.

Materials and Methods

Preparation and characterization of nTiO, suspension

Nanosized TiO, particles (anatase type without
coating, primary size 25 nm and rutile type without
coating, primary size 20 nm) were provided by Japan
Cosmetic Association, Tokyo, Japan. Both anTiO, and
mTiO, particles were suspended in saline at 500 ug/ml
and then autoclaved. The suspensions were sonicated for
20 min shortly before use to prevent aggregate formation.

Characterization of nTiO, was conducted as follows:
The shapes of nTiO, in suspension were imaged by
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). Element analysis was
performed by a an X-ray microanalyzer (EDAX, Tokyo,
Japan), after aliquots of nTiO, were loaded onto a carbon
sheet. For size distribution analysis, aliquots of the 500 pg/
ml nTiO, suspension were loaded onto clean glass slides
and photographed under a polarized light microscope
(Olympus BX51N-31P-O polarized light microscope,
Tokyo, Japan), and the photos were then analyzed by
an image analyzer system (IPAP, Sumika Technos
Corporation, Osaka, Japan). Over 1000 particles of anTiO,
and mTiO, were measured.

Animals

Female Sprague-Dawley rats (SD rats) were purchased
from CLEA Japan Co., Ltd (Tokyo, Japan). The animals
were housed in the animal center of Nagoya City
University Medical School, maintained on a 12 hour
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light-dark cycle and received oriental MF basal diet
(Oriental Yeast Co., Tokyo, Japan) and water ad lib. The
research was conducted according to the Guidelines for
the Care and Use of Laboratory Animals of Nagoya City
University Medical School and the experimental protocol
was approved by the Institutional Animal Care and Use
Committee (H22M-19).

Trans-tracheal intra-pulmonary spraying (TIPS ) protocol

Three groups of 6 female SD rats (Group 1, saline;
Group 2, anTiO,; and Group 3, mTiO,) aged 9 weeks
were acclimated for 7 days prior to the start of the study.
Saline and nTiO, suspensions were administered by TIPS
to the animals under isoflurane anesthesia: The nozzle of
a Microsprayer (series IA-1B Intratracheal Aerosolizer,
Penn-century, Philadelphia, PA) connected to a 1 ml
syringe was inserted into the trachea through the larynx
and a total volume of 0.5 ml suspension was sprayed into
the lungs synchronizing with spontaneous inspiration
by the animal (Xu et al., 2010). Rats were treated once
every the other day over a 2 week period, a total of
eight treatments. The total amount of anTiO,and mTiO,
administered to Groups 2 and 3 was 2.0 mg per rat. Six
hours after the last spraying, the animals were killed and
the whole lung was excised and divided into two parts;
the left lung was cut into pieces and immediately frozen at
-80°C and used for biochemical analysis, and the right lung
was fixed in 4% paraformaldehyde solution in phosphate-
buffered saline (PBS) adjusted to pH 7.3 and processed for
immunohistochemical, light microscopic and transmission
electron microscopic (TEM) examinations.

Light microscopy and transmission electron microscopy

Hematoxylin and eosin (H&E) stained sections were
used for pathological observation. The number of alveolar
macrophages in H&E lung tissue slides was counted and
expressed as number per mm?.

Slides were observed under light microscopic
observation, the corresponding area in the paraffin block
was cut out, deparaffinized and embedded in epoxy resin
and processed for TEM and titanium element analysis with
a JEM-1010 transmission electron microscope (JEOL Co.
Ltd, Tokyo, Japan) equipped with an X-ray microanalyzer
(EDAX, Tokyo, Japan).

Analysis of 8-hydroxydeoxy guanosine levels

For the analysis of 8-hydroxydeoxyguanosine (8-
OHJAG) levels, genomic DNA was isolated from a piece
of the left lung with a DNA Extractor WB kit (Wako
Chemicals Co. Ltd).8-OHdG levels were determined with
an 8-OHdG ELISA Check kit (Japan Institute for Control
of Aging, Shizuoka, Japan).

RNA isolation, cDNA synthesis and RT-PCR analysis of
gene expression

Pieces of the left lungs (50-100 mg) were thawed, rinsed
3 times withice cold PBS, and total RNA was isolated using
1 ml Trizol Reagent (Invitrogen, Karlsruhe, Germany). For
reverse transcription PCR (RT-PCR) and real-time PCR,
first strand cDNA synthesis from 2 mg of total RNA was
performed using SuperScript™ III First-Strand Synthesis



