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Table 4. Effects of ncTiO, on skin carcinogenesis in wild-type CD1 mice

No.of i SCC SCP+ SCC
Group  Treatment ‘mi.ce
’ Incidence (%) Multiplicity Incidence (%) Multiplicity Incidence (%) Multiplicity
DMBA+
. < e

1 Pontalan 408 16 3(19) 0.25+1.30 0 0 3(19) 0.25+0.58
2 %“gg"‘ Tlomg g6 1(6) 0.06 =025 0 0 1(6) 0.06 +0.25

D T Mot 3]
3 %}g}a‘uzewg 15 2(13) 0132035 0 0 2013y 013035
4 DMBA + TPA 15 1387 200=141* 2(13) 0.13£035  13(87)*  2.00+ 1.41%

* Significantly different from group 1 (control) by Student's t-test (p < 0.001).
SCP, squamous cell papilloma; SCC, squamous cell carcinoma.
Muitiplicity: number of tumors per mouse.

Histological features of the skin after striping away the epidermis and study of ncTiO, penetration into normal and stripped
skin using wild-type Sprague-Dawley rats. The back skin of SD rats was shaved and the epidermis was left intact or stripped
away using tape. Stratum corneum (SC), epidermis (E), and dermis (D) are intact in the shaved, not stripped group (A). In
the tape-stripped group. one day afier stripping away the epidermis, the stripping site is covered with fibrin exudates with
rich neutrophilic infiltration (B). Three days after stripping, regenerated epidermis (E) is present underneath the exudate (C).
Seven days after stripping, the regenerated epidermis (E) is composed of mature keratinocytes and a stratum cormeum (SC)
(D). The back skin of SD rats was shaved (but the epidermis was not stripped away) and painted with ncTiO, suspended in
Pentalan 408. ncTiO, aggregates are present in the stratum corneum (SC) (arrowheads, brown material) of the skin of these
animals (E); particles were not detected within the underlying skin tissue. Freshly stripped skin was painted with ncTiO,
suspended in Pentalan 408, and this process was repeated every 4 days over the course of 31/, weeks (7 times total). ncTiO,
particles (arrowheads, brown material) are present on the surface of the skin one day after the last stripping/painting proce-
dure (F); particles were not detected in the underlying tissue.
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Table 5. In vitro penctration of sTiQ, particles

Amount of elemental titanium in the

Treatment receiving chamber (ug/ml)
Silicone oil 0.11+0.01
100 mg/ml sTiO, 0.14+0.01
200 mg/ml sTiO, 0.12£0.01
None 0.11+0.03

cinogenesis effects of the particles (Wu ef af., 2009). Dif-
ferences in experimental systems (i.e., animal strain used
in the experiment, exposure period, particle suspension,
mean primary/actual length of the particle, and TiO, man-
ufacturer) may possibly explain the discrepancies report-
ed on TiO, particle penetration.

Two studies have reported finding TiO, particles
in hair follicles (Bennat and Muller-Goymann, 2000;
Lekki et al., 2007). These studies taken together with
Wu et al. (2009) suggest the possibility that the hair fol-
licle may be a route of skin penetration by TiO, particles.
However, we found that TiO, particles remained primari-
ly in the SC and the upper lumen of hair follicles. Bennat
and Muller-Goymann (2000) and Lekki ez al. (2007) also
report that while topically applied TiO, was found in hair
follicules, it did not penetrate into the underlying tissue or
sebaceous glands. .

Penetration of TiO, into underlying dermal tissues even
after removing the entire epidermis by tape-stripping did
not occur. Rather, aggregates of TiO, particles were found
on the exterior of the SC exhibiting regeneration and no
particles were found in the underlying tissues. The fresh-
ly manufactured TiO, particles used in the present study
primarily measured 20-35 nm in their longer diameter.
These particles are lyophobic and easily form micro-sized
aggregates (160-5,000 nm in length), and these larger par-
ticles are unable to penetrate through the epidermis.

In summary, nano-sized TiO, particles, even silicone
coated TiO, suspended in silicone oil which provides
optimal dispersion of the particles, did not penetrate the
epidermis of rat or human skin models and did not exhibit
promoting effects in rat or mouse two-stage skin carcino-
genesis models. Therefore, topical application of TiO,
was not carcinogenic, and this lack of carcinogenicity is
likely due to the lack of penetration through the epider-
mis. Our studies taken together with other reports lead us
to conclude that topical application of TiO, to human skin
is very unlikely to pose a potential risk to human health.
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Among various types of multi-wall carbon nanotubes (MWCNT)
are those containing fibrous particles longer than 5 pm with an
aspect ratio of more than three (i.e. dimensions similar to
mesotheliomagenic asbestos). A previous study showed that
micrometer-sized MWCNT (um-MWCNT) administered intraperito-
neally at a dose of 3000 pg/mouse corresponding to 1 x -10°
fibers per mouse induced mesotheliomas in p53 heterozygous
mice. Here, we report a dose-response study; three groups of
p53 heterozygous mice (n = 20) were given a single intraperito-
neal injection of 300 pg/mouse of pum-MWCNT (corresponding to
1 x 10° fibers), 30 pg/mouse (1 x 107) or 3 pg/mouse (1 x 10°),
respectively, and observed for up to 1 year. The cumulative
incidence of mesotheliomas was 19/20, 17/20 and 5/20, respec-
tively. The severity of peritoneal adhesion and granuloma
formation were dose-dependent and minimal in the lowest dose
group. However, the time of tumor onset was apparently
independent of the dose. All mice in the lowest dose group that
survived until the terminal kill had microscopic atypical mesothe-
lial hyperplasia considered as a precursor lesion of mesothelioma.
Right beneath was a mononuclear cell accumulation consisting of
CD45- or CD3-positive lymphocytes and CD45/CD3-negative F4/80
faintly positive macrophages; some of the macrophages
contained singular MWCNT in their cytoplasm. The lesions were
devoid of epithelioid cell granuloma and fibrosis. These findings
were in favor of the widely proposed mode of action of fiber car-
cinogenesis, that is, frustrated phagocytosis where the mesotheli-
omagenic microenvironment on the peritoneal surface is neither
qualitatively altered by the density of the fibers per area nor by
the formation of granulomas against agglomerates. (Cancer Sci
2012; 103: 1440-1444)

U nique properties such as persistency and electric conduc-
tivity promise a high potential for technology applica-
tions of carbon nanotubes (e.g. in lithium ion batteries).
Immediately after the invention of the carbon nanotube, its
persistency and fibrous shape have posed a challenge for toxi-
cology known as “fiber carcinogenesis”.("’ A recent study
showed that a particular type of multi-wall carbon nanotube
(Mitsui MWCNT-7, designated in general here as micrometer-
sized MWCNT or pm-MWCNT) contains a considerable
percentage of particles similar to asbestos in length and diame-
ter.®) To investigate its mesotheliomagenic potential, we used
an intraperitoneal injection (i.p.) method that was extensively
used in the 1970s and 1980s for the elucidation of key dimen-
sions of the fiber (e.g. length and diameter) and for toxicity
assessment of various man-made fibers.®® Although the route
of exposure is not realistic for humans, the i.p. injection
method has been considered ap?ropriate to assess the mesothe-
liomagenic potential of fibers” and the least potent fibers

Cancer Sci | August2012 | vol. 103 | no.8 | 1440-1444

were found to induce a positive result at a dose of 10° fibers
i.p. in rats.‘

Our first study identified the mesotheliomagenic potency of
Mitsui MWCNT-7 at a single maximum dose (i.e. 10° ﬁbersz
in the peritoneal cavity of p53 heterozygous (p53+/—) mice®
(data shown as a reference in Fig. 1). Marsella et al® has
shown that development of mesothelioma by crocidolite asbes-
tos was accelerated in this mutant mouse. We have bred this
mouse and tested it as an alternative model to replace the
wild-type mouse carcinogenicity test of the National Toxicol-
ogy Program of the National Institute of Environmental Health
Sciences/NIH of the United States.'? As a result, spontaneous
neop%?,s)tic lesions of this model have been well character-
ized.

Here, we applied the same fiber to p53+/— mice at doses of
1/10, 1/100, and 1/1000 of the dose used in the previous study
(i.e. 300, 30 and 3 pg/mouse), which corresponds to approxi-
mately 1 x 10% 1 x 107, and 1 x 10° fibers per mouse,
respectively, and monitored the mice for 1 year.

Materials and Methods

Experimental animals. The pS53+/— mice were generously
supplied by Dr S. Aizawa,’® and back crossed with normal
wild-type C57BL/6 females (SLC, Shizuoka, Japan) for more
than 20 generations at the National Institute of Health Sciences
(NIHS), Tokyo. Eighty male p53+/— mice aged 9-11 weeks
were divided into four groups of 20 mice, and housed individ-
ually under specific pathogen-free conditions with a 12-h light-
dark cycle at a NIHS animal facility. They were given tap
water and autoclaved CRF-1 pellets (Oriental Yeast Co. Ltd.,
Tokyo, Japan) ad libitum. Experiments were humanely con-
ducted under the regulation and permission of the Animal Care
and Use Committee of the NIHS.

Histology. Liver, kidney, spleen, lung, digestive tract and
macroscopic tumors (en bloc in the case of severe peritoneal
adhesion) were fixed in 10% neutral buffered formalin. After
conventional processing, paraffin-embedded sections were
stained with hematoxylin—eosin (HE) and examined histopatho-
logically under a light microscope. A pair of polarizing filters
was set to a light microscope to detect birefringent particles.

For the selected atypical mesothelial hyperplasia lesions,
serial sections were stained for CD45R(B220), CD3 and F4/80
using anti-mouse CD45R (eBioscience, San Diego, CA, USA),
anti-rat CD3 (AbD Serotec, Kidlington, UK), anti-mouse F4/80
antibodies (eBioscience), which were diluted at 1:100, 1:50 and
1:50, respectively. The slides were incubated at 4°C overnight
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Fig. 1. Dose-dependent induction of mesotheliomas by micrometer-

sized multi-wall carbon nanotubes (um-MWCNT). Mice with lethal
mesotheliomas are plotted using the Kaplan-Meier method. High:
300 pg/mouse, corresponding to 1 x 108 fibers/mouse; middle: 30 pg/
mouse, corresponding to 1 x 107 fibers/mouse; low: 3 pg/mouse, cor-
responding to 1 x 10° fibers/mouse); previous: data from a previous
study (i.e. 3 mg/mouse, corresponding to 1 x 10° fibers/mouse). No
mesothelioma was observed in the vehicle control group.

and then incubated for 1 h with biotinylated species-specific
secondary antibodies diluted 1:500 (Vector Laboratories, Burlin-
game, CA, USA) and visualized using avidin-conjugated
alkaline phosphatase complex (ABC kit; Vector Laboratories).
Test material. Multi-wall carbon nanotube (MITSUI
MWCNT-7, Lot No. 060125-01k), the same lot used in our
previous study® was used. As reported in our previous paper,
one gram of MWCNT corresponded to 3.55 x 10" particles.
The length ranged from 1 to 20 um with a median of 2 pm.
More than 25% of the particles were longer than 5 pum; their
width ranged from 70 to 170 nm with a median of 90 nm. The
approximate average content of iron was 3500 ppm (0.35%)
and that of sulfur was 470 ppm. The concentration of chlorine
in the fibers was 20 ppm and that of fluorine and bromine was
below the limits of detection (5 and 40 ppm, respectively).?
Multi-wall carbon nanotubes was suspended at a concentra-
tion of 3 mg/mL to 0.5% methyl cellulose (Shin-Etsu Chemical

Co. Ltd, Tokyo, Japan) solution and autoclaved (121°C,
15 min). After addition of Tween 80 (Tokyo Chemical Industry
Co. Ltd, Tokyo, Japan; final 1.0% concentration), the solution
was subjected to sonication at 150 watt for 5 min using an ultra-
sonic homogenizer (VP30s; TAITEC Co., Saitama, Japan).

Treatment. Eighty male p53+/— mice aged 9-11 weeks were
randomly divided into four groups of 20. The high-dose group
mice were given a single i.p. injection of 300 pg/mouse of
MWCNT particles (corresponding to 1 x 10® fibers) in 1 mL
suspension. The middle-dose group mice received 30 pg/
mouse (1 x 107) and the low-dose group mice received 3 pg/
mouse (1 x 10%), respectively. The control group mice
received vehicle solution (1 mL). Treated mice were
monitored for 1 year. To minimize stress to the animals and
re-aggregation of suspension, the injection was promptly
performed without anesthesia.

Results

Peritoneal mesotheliomas were induced in a dose-dependent
manner shown by an increase in the cumulative incidence of
the tumors (Fig. 1). In the high-dose group, 14/20 mice had
single or multiple lethal mesotheliomas up to 2 x 2 cm in size
located within the peritoneal cavity, invading adjacent organs
and structures with or without peritoneal dissemination. The
remaining mice died of ileus due to severe peritoneal adhesion
and fibrosis, and among them five had small incidental (non-
lethal) mesotheliomas. The total incidence of mesothelioma
was 19/20 (95%) among the animals. These lesions were quali-
tatively identical to our previous study.”® In the middle-dose
group, 17/20 (85%) mice had lethal mesothelioma. Three mice
without lethal mesothelioma died or became moribund due to
other reasons including leukemia. In the low-dose group, 4/20
mice had lethal mesothelioma (Fig. 2) and 1/20 had a non-
lethal mesothelioma (found at the terminal kill on day 365),
which makes the overall incidence of mesothelioma 5/20
(25%). The other 15 mice that survived until the terminal kill
showed focal mesothelial atypical hyperplasia.’® These
lesions, up to 0.5 mm in diameter, consisted of a single layer
of mesothelium characterized by cuboidal or hobnail appear-
ance with slight to moderate nuclear atypia. Right beneath the

Fig. 22 Morphology of the induced mesotheliomas in the low-dose group. (a) Macroscopic view of the abdominal cavity of a mouse in the low-
dose group. Multiple nodules are seen on the surface of the peritoneal serosa. This mouse died on day 243 with muitiple nodules up to size
1 x 1 x 1cm. (b) Low-power light microscopy view of the multiple nodules on the peritoneal surface of the mesentery. Granulomas and fibrous
scars are minimal in the low-dose group. (c) Histology of a small nodule compatible with a diagnosis of moderately to poorly differentiated epi-
thelioid mesothelioma. Larger nodules tended to be composed of undifferentiated sarcomatous components.®
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Fig. 3. Atypical mesothelial hyperplasia. (a) Atypical mesothelial
hyperplasia of the tendinous portion of the diaphragm of a mouse in
the low-dose group (sampled at terminal kill, that is, 365 days after i.
p. inoculation of the multi-wall carbon nanotubes [MWCNT]). Arrows:
hobnail appearance of the atypical hyperplastic mesothelial cells;
asterisk: lymphatic drainage of the peritoneal cavity. (b) Polarized
image of the dotted area in (a). Arrowhead: a MWCNT fiber in a mac-
rophage-like cell (birefringent).

atypical mesothelium was a lentiform accumulation of mono-
nuclear inflammatory cells up to 0.1 mm in thickness (Fig. 3).
The accumulation is a combination of ill-demarcated zones of
CD45-positive  lymphocytes, CD3-positive lymphocytes and
CDA45/CD3-negative F4/80-negative or CD45/CD3-negative

F4/80 weakly positive macrophage-like cells (Fig. 4). Single
MWCNT fiber was often found in the cytoplasm of the macro-
phage-like cells. These lesions were devoid of epithelioid cell
granuloma and fibrous scars.

Peritoneal fibrosis, peritoneal adhesion and formation of for-
eign body granulomas towards agglomerated MWCNT were
dose dependent and minimal in the low-dose group. In the
control group, mesotheliomas were not found (0%). There
were eight mice with lethal or incidental thymic lymphoma,
leukemia or reticulum cell sarcoma, osteosarcoma of the cra-
nial bone, and 12/20 were tumor free. These tumors are
known to develop spontaneously in p53-+/— mice with increas-
ing age”? and none of these tumors were treatment depen-
dent.

Histology of the mesotheliomas ranged from a differentiated
epithelioid type to an undifferentiated sarcomatous type. Oste-
oid and rhabdoid differentiations, both known in human
cases,"*'® were found in nine mice (two in the low dose,
three in the middle dose, and four in the high dose group,
respectively) among a total of 41 mesothelioma cases in the
present study.

An additional finding was the dissemination of singular
fibers to systemic organs such as the liver, mesenteric lymph
nodes, pulmohilar lymph nodes, choroid plexus of the brain,
glomeruli of the kidney and lung alveoli (Fig. 5). Because the
brain‘} including the choroid plexus, lacks afferent lymphat-
ics, 1718 jt is probable that the fibers were distributed systemi-
cally via the blood stream.

Discussion

The present study showed a dose-dependent induction of
mesothelioma by the pum-MWCNT from 1/1000 of the dose of
our previous study (i.e. 3 pg/mouse corresponding to 1 x 10
fibers).

Fig. 4.

Immunohistochemistry of lentiform mononuclear cell accumulation underlying the atypical mesothelial hyperplasia. (a) Serial section of

an atypical mesothelial hyperplasia of the tendinous portion of the diaphragm of a mouse in the low-dose group (sampled at terminal kill).
(a) Hematoxylin-eosin staining. Black arrows: hobnail appearance of the hyperplastic mesothelial cells. (b-d) Polarized image of the serial
sections immunohistochemically stained for CD45, CD3 and F4/80. Multi-wall carbon nanotubes (birefringent; white arrows) are seen in the
macrophage-like CD45/CD3-negative, F4/80-faintly positive cell cytoplasm. It is noted that epithelioid cell granuloma and fibrous scars are absent

in this type of lesion.

1442

doi: 10.1111/1.1349-7006.2012.02318.x
© 2012 Japanese Cancer Association



Fig. 5. Systemic distribution of singular fibers. Single micrometer-sized multi-wall carbon nanotube fibers are found in the choroid plexus in (a)
normal lighting and (b) polarized light (in a mouse from the high-dose group sampled on day 168), () lung as an agglomerate within macro-
phages (polarized light) or (d) as singular fibers (polarized light) and (e) a renal glomerulus (polarized light) (in a mouse from the high-dose
group sampled on day 197). Fibers were also found in hepatic sinusoids and mesenteric lymph nodes (not shown).

It is noted that the mesotheliomas of the low-dose group
were not accompanied by foreign body granulomas or fibrous
scars. The mesothelial atypical hyperplasia found 1 year after
the i.p. injection in the low-dose group mice were also devoid
of foreign body granulomas and fibrous scars. Instead, these
lesions were backed up by an accumulation of mononuclear
inflammatory cells. The macrophage-like cells in the accumu-
lation, negative to weakly positive for F8/40, were often posi-
tive for singular MWCNT in their cytoplasm. As the
mesothelial atypical hyperplasia is considered as precancerous
lesions, the essential background of mesotheliomagenesis
might be the inflammatory lesions without granulomas and
fibrous scars formed against MWOCNT agglomerates. The
mesothelial atypical hyperplasia can be regarded as a lesion
driven by the frustrated phagocytosis against MWCNT.

In general, carcinogenesis is considered a multistage process.
In the case of chemical carcinogens with clear genotoxic prop-
erties, tumor onset occurs significantly earlier at higher
doses.">?” Presumably, an increasing number of hits to a tar-
get cell leads to faster progression of the carcinogenic stages.
Here, in contrast, the onset time of the mesotheliomas
was apparently dose independent. Onset estimates calculated
as x-intercepts of logarithmic approximation®-*? were 126,
146, 148 and 138 days for the previous study data® and the
three doses of the present study, respectively (Fig. S1). Mecha-
nistically, a direct effect to a mesothelial cell, such as muta-
genic or clastogenic effect, would favor a dose-dependent
acceleration of the onset. If the granulomas are an important
promoting factor of mesotheliomagenesis,*® the highest dose
group should have had the earliest onset because the granu-
loma formation can take place within 7 days subsequent to the
i.p. injection.””” In contrast, the humoral stimuli released from
the nearby macrophages in the condition of frustrated phagocy-
tosis® would match with this finding. As shown in Figures 3
and 4, the reactive mesothelial cells are accompanied by
mononuclear inflammatory cells with MWCNT fibers, but not
by epithelioid cell granulomas or fibrous scars. One could
speculate that each loci of frustrated phagocytosis could con-
tinuously stimulate the nearby mesothelial cells, that is, first to
induce reactive hyperplasia and then as the next step proceed

Takagi et al.

towards mesothelioma. If the dose is the determinant of the
number of such loci within a defined surface area of peritoneal
mesothelial membrane, then it is natural to predict that the ear-
liest day of tumor onset is dose independent, whereas the prob-
ability of tumor onset closer to the earliest day will increase in
a dose-dependent manner,

An additional finding was the distribution of singular fibers
to systemic organs such as the liver, mesenteric lymph nodes,
pulmohilar lymph nodes, choroid plexus of the brain, glome-
ruli of the kidney and lung alveoli (Fig. 5). Because the brain,
including the choroid plexus, lacks afferent lymphatics,”"™!® it
is probable that the fibers were distributed systemically via the
blood stream. Its importance to human health could be closely
linked to the systemic distribution of asbestos reported in
humans,®>*” that is, a possibility of increasing systemic dis-
eases such as cancer in various organs®® and autoimmune dis-
eases.?® In vivo studies on the shorter fractions of MWCNT
for its systemic toxicity would be essential.

It is likely that the peritoneal cavity served as a filter to
segregate large agglomerates from the i.p. injected MWCNT
suspension by the formation of foreign body granulomas and
fibrous scars, leaving singular long MWCNT fibers for meso-
theliomagenesis (frustrated phagocytosis) and short singular
fibers for systemic distribution. The short fibers might have
passed through the stomata (pores) of the mesothelium® or
been transported by macrophages into lymphatics and to the
vascular systems. As a whole, the ip. injection model
appears to be a robust system for the hazard identification of
fiber carcinogenesis of asbestos-like fibrous particulate matter
and of systemic toxicity of fibrous and non-fibrous particulate
matter including nanoparticles that can enter the blood
stream.

In conclusion, um-MWCNT was mesotheliomagenic in the
p53+/— mouse peritoneal cavity model in a dose-dependent
manner from as low as 3 pug per mouse or approximately 10°
fibers per mouse. Although the molecular mechanisms of fiber
mesotheliomagenesis are unknown, the minute lesions seen in
the lowest dose group and the dose-response characteristics
might be consistent with the concept of frustrated phagocytosis
and also with the observation in human asbestos epidemiology

Cancer 5ci | August2012 | vol. 103 | no.8 | 1443
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that there would be no practical threshold for fiber mesotheli-
omagenesis.
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Multi-walled carbon nanotubes have a fibrous structure similar
to asbestos and induce mesothelioma when injected into the
peritoneal cavity. In the present study, we investigated whether
carbon nanotubes administered into the lung through the tra-
chea induce mesothelial lesions. Male F344 rats were treated
with 0.5 mL of 500 pg/mL suspensions of multi-walled carbon na-
notubes or crocidolite five times over a 9-day period by intrapul-
monary spraying. Pleural cavity lavage fluid, lung and chest wall
were then collected. Multi-walled carbon nanotubes and crocido-
lite were found mainly in alveolar macrophages and mediastinal
lymph nodes. Importantly, the fibers were also found in the cell
pellets of the pleural cavity lavage, mostly in macrophages. Both
multi-walled carbon nanotube and crocidolite treatment induced
hyperplastic proliferative lesions of the visceral mesothelium,
with their proliferating cell nuclear antigen indices approximately
10-fold that of the vehicle control. The hyperplastic lesions were
associated with inflammatory cell infiltration and inflammation-
induced fibrotic lesions of the pleural tissues. The fibers were not
found in the mesothelial proliferative lesions themselves. In the
pleural cavity, abundant inflammatory cell infiltration, mainly
composed of macrophages, was observed. Conditioned cell cul-
ture media of macrophages treated with multi-walled carbon
nanotubes and crocidolite and the supernatants of pleural cavity
lavage fluid from the dosed rats increased mesothelial cell prolif-
eration in vitro, suggesting that mesothelial proliferative lesions
were induced by inflammatory events in the lung and pleural
cavity and likely mediated by macrophages. In conciusion, intra-
puimonary administration of multi-walled carbon nanotubes, like
asbestos, induced mesothelial proliferation potentially associated
with mesothelioma development. {Cancer Scf 2012; 103: 2045~
2050}

M ulti-walled carbon nanotubes (MWCNT) are structur-
ally composed of cylinders rolled up from several lay-
ers of graphite sheets. They are several to tens of nanometers
in diameter and several to tens of micrometers in length. This
high length to diameter aspect ratio, a characteristic shared
with asbestos fibers, has led to concern that exposure to
MWCOCNT might cause ashestos-like lung diseases, such as lung
fibrosis, lung cancer, pleural plague and malignant
mesothelioma, ™

Pleural plaque and malignant mesothelioma are characteristic
lesions in asbestos-exposed humans. Although fiber dimensions,
biopersistence, oxidative stress and inflammation have all been

implicated,” ' the exact mechanisms of pleural pathogenesis

doi: 10.1111/cas.12005
® 2012 Japanese Cancer Association

are unclear. According to a pathogenesis paradigm suggested by
Donaldson er af.,”’ asbestos fibers penetrate into the pleural cav-
ity from the alveoli and deposit in the pleural tissue. Unlike spher-
ical particles, fibrous materials such as asbestos are not cleared
effectively from the pleural cavity, resulting in deposition of the
fibers in the parietal pleura. This deposition, in turn, causes frus-
trated phagocytosis-induced pro-inflammatory, genotoxic and
mitogenic responses in the deposition sites.®

Administration of MWCNT into the peritoneal cavity or
scrotum in animals has been reported to induce mesothelial
lesions, similar to those observed in asbestos cases."*™'® The
induction of mesothelioma in the peritonum is dose dependent.
and is observed with as low as 3 pg/mouse in p53 heterozy-
gous mice.!® These studies suggest a potential risk that
inhaled MWCNT might lead to pleural mesothelioma. How-
ever, actual experimental evidence demonstrating induction of
pleural mesothelioma by inhaled MWCNT fibers has not yet
been shown. It has been shown that inhaled MWCNT induced
subpleural fibrosis with_macrophage aggregates on the surface
of the visceral pleura.!'” Notably, some of these macrophages
contained MWCNT fibers. In addition, penetration of MWCNT
administrated b§ pharyngeal aspiration into the pleural cavity
was observed,™ and intrapleural injection of 5 pg/mouse of
MWCNT has been shown to lead to sustained inflammation
and length-dependent retention of MWCNT in the pleural cav-
ity."” Accordingly, direct interaction of MWCNT with the
mesothelial tissue is postulated as an early pathogenic event.

In the present study, to examine whether MWCNT translocate
into the plenral cavity and cause inflammation leading to prolifera-
tive change of the mesothelial tissue, we administered relatively
high doses (five doses at 250 pg/rat) of two MWCNT samples
(MWCNT-N and MWCNT-M) to the rat lung by intrapulmonary
spraying (IPS)/intratrachcal instillation: crocidolite (CRO; one
kind of asbestos fiber) was used as a positive control. Intrapulmo-
nary spraying has been shown to be an efficient method to deliver
particle materials deep into the lung.‘2 Our results demon-
strated that MWCNT, like asbestos, translocated from the lung
into the pleural cavity and induced inflammatory responses in the
pleural cavity and, importantly, hyperplastic visceral mesothelial
proliferation. These findings are importani in understanding
whether MWCNT have the potential to cause asbestos-like pleural
lesions.

#To whom correspondence should be addressed.
E-mail: htsuda@phar.nagoya-cu.acjp
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Materials and Methods

Animals. Eight-week-old male F344 rats were purchased
from Charles River Japan Inc. (Kanagawa, Japan). The animals
were housed in the Animal Center of Nagoya City University
Medical School and maintained on a 12 h light/12 h dark
cycle, and received Oriental MF basal diet (Oriental Yeast Co.
Ltd, Tokyo, Japan) and water ad /libitum. The study was con-
ducted 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).

Preparation of MWCNT and CRO suspensions. The MWCNT
investigated were MWOCNT-N (Nikkiso Co., 1td, Tokyo.
Japan) and MWCNT-7 (Mitsui Chemicals Inc., Tokyo, Japan:
designated as MWOCNT-M). Crocidolite (Union for Interna-
tional Cancer Control grade) was from the National Institute
of Health Sciences of Japan stocks. Ten milligrams of
MWCNT-N or MWCNT-M were suspended in 20 mL of sal-
ine containing 0.1% Tween 20 and homogenized for 1 min
four times at 3000 r.p.m. in a Polytron PT1600E benchtop
homogenizer (Kinematika AG. Littau, Switzerland). The sus-
pensions were sonicated for 30 min shortly before use to mini-
mize aggregation. The CRO suspension was prepared
similarly, but without homogenization. The concentration of
the MWCNT and CRO suspensions was 500 pg/mL. The
lengths of MWCNT and CRO in the suspensions were deter-
mined using a digital map meter (Comcureve-9 Junior; Koizumi
Sokki MFG. Co., Ltd, Nigata, Japan) on scanning electron
microscope (SEM) photos. The SEM observation and length dis-
tributions of MWCNT and CRO are shown in Fig. S1A,B. To
count the fiber number, 500 pg/mL suspensions of MWCNT-N,
MWCNT-M and CRO were diluted 1:1000 with deionized water
and 0.5 pL of the diluted suspensions was loaded onto clean
glass slides and dried in a micro oven at 480°C for | min. The
fiber number on the slides was counted onder a polarized light
microscope (PLM) (Olympus BXS5IN-31P-O PLM, Tokyo,
Japan) (PLM detects all fibers longer than 200 nm). The results
are shown in Fig. S1C.

Intrapulmonary spraying of MWCNT and CRO into the lung
and pleural cavity lavage (PCL). We used the mtrapu]monalz/
spraying technique that was developed in our faboratory.’
Briefly, rats were anaesthetized using isoflurane; the mouth
was fully opened with the tongue gently held and the nozzle
of a microsprayer (series IA-1B Intratracheal Aerosolizer;
Penn-century, Philadelphia, PA, USA) was inserted into the
trachea through the larynx and 0.5 mL suspension was sprayed
into the lungs synchronizing with spontaneous respiratory inha-
lation. We confirmed that the dosed materials were distributed
deep into the lung tissue and reached most of the terminal
alveoli without causing obvious respiratory distress.

Ten-week-old male Fisher 344 rats were divided into four
groups of six animals each and given 0.5 mL of saline con-
taining 0.1% Tween 20 or 500 pg/mL MWCNT-N, MWCNT-
M or CRO suspension by IPS once every other day five times
over a 9-day period. The total amount of fibers administered
was 1.25 mg/rat. Six hours after the last IPS, the rats were
placed under deep isofluranc anesthesia; a small incision was
made in the abdominal wall, the pleural cavity was injected
with 10 mL of ice cold RPMI 1640 through the diaphragm,
and the lavage fluid was collected by syringe. The rats were
then killed by exsanguination from the inferior vena cava and
the major organs, including the lung, chest wall, brain, liver.
kidney, spleen and mediastinal lymph nodes, were fixed in 4%
paraformaldehyde and processed for histological examination.

Analysis of inflammatory reaction in the pleural cavity. Cells
in the lavage fluid were counted using a hemocytometer (Erma
Co., Ltd, Tokyo, Japan), and the cellular fraction was then

2048

isolated by centrifugation at 200g for 5 min at 4°C. Cell pel-
lets collected from three rats were combined (generating a total
of two cell pellets per group), fixed in 4% paraformaldehyde
and processed for histological cxamination. Total protein in
the supernatants of each of the lavage fluids was determined
using the Pierce BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL, USA) and the supernatants were then concen-
trated by centrifugation in Vivaspin 15 concentrators (Sartorius
Stedium Biotech, Goettingen, Germany) at 1500g for 30 min
at 4°C and used for in vitro cell proliferation assays.

tight microscopy and PLM. Haematoxylin—eosin  (H&E)-
stained slides of the lung tissues and cellular pellets of the
PCL were used to observe MWCNT-N, MWCNT-M and CRO
fibers with PLM at %1000 magnification. The exact localiza-
tion of the illuminated fibers was confirmed in the same H&E-
stained sections after removing the polarizing filter.

Scanning electron microscopy. The H&E-stained slides of the
lung tissue and PCL pellets were immersed in xylene for
3 days to remove the cover glass, then immersed in 100% eth-
anol for 10 min to remove the xylene and air-dried for 2 h at
room temperature. The slides were then coated with platinum
for viewing using a scanning electronic microscope (SEM)
(Model S-4700 Field Emission SEM; Hitachi High Technolo-
gies .Corporation, Tokyo, Japan) at 510 kV.

immunohistochemistry and Azan-Mallory staining. CD68,
proliferating cell nuclear antigen (PCNA) and mesothelin/Erc
were detected using antirat CD68 antibodies (BMA Biomedi-
cals, Augst, Switzerland), anti-PCNA monoclonal antibodies
(Clone PC10; Dako Japan Inc., Tokyo, Japan) and antirat
C-ERC/mesothelin polyclonal antibodies (Immuno-Biological
Laboratories Co., Ltd, Gunma. Japan). The CD68, PCNA and
C-ERC/mesothelin antibodies were diluted 1:100, 1:200 and
1:1000, respectively. in blocking solution and applied to depa-
raffinized slides. The slides were incubated at 4°C overnight and
then incubated for 1 h with biotinylated species-specific second-
ary antibodies diluted 1:500 (Vector Laboratories, Burlingame,
CA, USA) and visualized using avidin-conjugated horseradish
peroxidase complex (ABC kit; Vector Laboratories). Azan-
Mallory staining was used to visualize collagen fibers.

In vitro exposure and preparation of conditioned macrophage
culture media. The induction and preparation of primary al\eo-
lar macrophages (PAM) has been described prevmus]y
PAM were sceded into 6 cm culture dishes at 2 x 10° cells
per well in 109% FBS RPMI 1640. After overnight incubation,
the culture media was refreshed and MWCNT-N, MWCNT-M
or CRO suspensions.were added to the cells to a final concen-
tration of 10 pg/mL. The cells were then incubated for another
24 h, The conditioned macrophage culture media was then
collected for in vitro cell proliferation assays.

In vitro cell proliferation assay. Human mesothelioma cells,
TCC-MESOL1, derived from a patient in the Tochigi Cancer Cen-
ter,® were seeded into 96-well culture plates at 2 x 10° cells
per well in 10% FBS RPMI 1640. After overnight incubation, the
cells were serum-starved for 24 h. The media was changed to
100 pL of the concentrated supernatants of the PCL or condi-
tioned macrophage culture media and incubated for 72 h. The rel-
ative cell number was then determined using the Cell Counting
Kit-8 (Dojindo Molecular Technologies, Rockville, MD, USA)
according to the manufacturer’s instruction.

Statistical analysis. Statistical analysis was performed using
anova. The statistical significance was analyzed using a two-
tailed Student’s f-test. A P-value of <0.05 was considered to
be significant.

Resuits

Translocation of MWCNT and CRO fibers into the pleural cav-
ity. The cell pellets of the PCL were used to examine whether

doi: 10.1111/cas.12005
© 2012 Japanese Cancer Association



the MWCNT or CRO fibers were present in the pleural cavity.
We first screened the H&E-stained PCL cell pellet slides using
PLM. The exact localization of the fibers was confirmed using
SEM of the same slide sections. MWCNT-N, MWCNT-M and
CRO fibers were present in PCL cell pellets, with most of the
fibers in macrophage-like cells (Fig. la—c) with very few fibers
located in the intercellular space or on cell surfaces (data not
shown). Immunohistochemistry with CD68, a macrophage
marker, showed that MWCNT and CRO fibers were mainly
found in macrophages (Fig. 1d.e).

In tissue sections, MWCNT and CRO fibers were mainly
detected in focal granulomatous lesions in the alveoli and in
alveolar macrophages. Fibers were also found in the mediasti-
nal lymph nodes, and a few fibers were detected in liver sinu-
soid cells, blood vessel wall cells in the brain, renal tubular
cells and spleen sinus and macrophages (data not shown). We
detected only a few fibers penetrating directly from the lung to
the pleural cavity through the visceral pleura (Fig. S2) and did
not find any fibers in the parietal pleura.

EYNCNT. MWCNT-M

@]

(®)

OF

(d)

©§

Fig. 1. Existence of multi-walled carbon nanotubes (MWCNT)-N,
MWCNT-M and crocidolite (CRO) fibers in the cell peliets of the pleu-
ral cavity lavage (PCL). (a) images of H&E-stained slides of the cell pel-
lets of the PCL treated with MWCNT-N, MWCNT-M and CRO fibers. (b}
Polarized light microscope (PLM) images of the same view areas
shown in (a). (¢} Scanning electron microscope ohservation showed
the existence of the MWCNT and CRO fibers in the cell peliets of the
PCL. (d) CD68 immunostaining of the PCL cell pellet slides. {e) PLM
observation of the same view areas shown in (d) indicate that MWCNT
and CRO fibers were present in the CD6B-positive macrophages.
Arrows indicate MWCNT-N, MWCNT-M and CRO fibers.

Xu et al.

Induction of visceral mesothelial proliferation. Hyperplastic
visceral mesothelial  proliferation (HVMP) was clearly
observed in all of the MWCNT and CRO treated groups. The
HVMP lesions were composed of mesothelial cells with cuboi-
dal appearance and increased size and density lining the vis-
ceral pleural tissue. Various degrees of lung inflammation and
fibrous thickening were observed underneath the HVMP
Iesions (Fig. 2a, panel A). The PCNA immunostaining showed
projiferating mesothelial cells within the HVMP lesions
(Fig. 2a, panel B). The PCNA indices of the visceral mesothe-
lium were increased approximately 10-fold in alf the MWCNT
and CRO treated groups compared with the control group

Panel B

Panel C

MWCNT-M

Crocidolite

—
o
~
ey
[
"

PONA index {3
fas)

&
: Vehicle  BIWONT-N MWONT-M CRO
Fig. 2. Induction of visceral mesothelial cell proliferation lesions by

treatment with multi-walled carbon nanotubes (MWCNT)-N, MWCNT-
M or crocidolite (CRO). {a) Serial sections were prepared and stained
with H&E, proliferating cell nuclear antigen (PCNA), Erd/mesothelin
and Azan-Mallory's coliagen staining. Panel A: increase in enlarged
visceral mesothelial cells with cuboidal shapes in the MWOCNT-N,
MWCNT-M and CRO treated groups. Panel B: PCNA-positive cells are
clearly increased in the dosed groups. The inserts are immunostained
with Erc/mesothelin and show the lining of the mesothelium. Panel C:
Azan-Mallory’s staining; sub-pleural collagenous fibrosis is present
under the mesothelial cell proliferation lesions. (b} PCNA index,
expressed as the percentage of PCNA-positive cells of the total num-
ber of visceral mesothelial cells per slide. ***P < 0.001.
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(Fig. 2b). Azan—Mallory staining showed increases in collagen
fibers underncath the HVMP lesions (Fig. 2a. panel C). Fibers
were not found within the HVMP lesions themselves. Alveolar
macrophages with phagocytosed MWCNT or CRO fibers were
frequently observed near the HVMP lesions (Fig. S3). Prolifer-
ation and other lesions of the parietal mesothelium were not
observed. ’
Inflammatory cell infiltration in the pleural cavity. Both
MWCNT and CRO treatment resulted in inflammatory reac-
tions in the pleural cavity. The total number of cells. com-
posed mostly of macrophages, neutrophils and lymphocytes, in
the PCL in the MWCNT and CRO treated groups was signifi-
cantly increased compared with the control group (Fig. 3a). As
can be calculated from Fig. 3(a,b), macrophages accounted for
a large part of the increase of the total cell number in the
PCL, although the number of neutrophils and lymphocytes also
increased. Overall, the proportion of macrophages in the cell
pellets of the PCL was increased, while those of neutrophils
and lymphocytes were decreased (Fig. 3b). MWCNT or CRO
treatment also significantly increased the total protein level in
the PLC (Fig. 3¢). The proportion of cells in the PCL pellets

(@ *

s

b

=
-

M, oatbs in the plonrad
W

ety Breage 2t ImL}

735

i

Wehitle MNOHTH WWCNTM SRO

b) oy ‘
(®) o Bantophage Sheutrophil B Lenptwoyte

45 4

Inflammatory cells {95}
&

ANCHTH PRLNMTM

s
e e

el
&

@

a5

Frotein cancentration in the
pleusat lavage fpgfsl)
L

LG

Vohiclke MWORT-H MWEONT
Fig. 3. Inflammatory reaction in the pleural cavity. (a) The number
of leukocytes in the pleural cavity lavage (PCL) of rats treated with
multi-walled carbon nanotubes (MWCNT) and crocidolite (CRO). (b)
The proportion of macrophages, neutrophils and lymphocytes in the
cell peliets of the PCL. Total cell number and cell numbers of macro-
phagess, neutrophils and lymphocytes in 10 randomly chosen fields
(x400) were counted. (¢} Protein concentration in the supernatants of

the PCL. **P < 0.01; ***P < 0.001.
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positive for Mesothelin/Erc, a mesothelial cell marker, was
0.53-1.02%. and no intergroup difference was observed (data
not shown). These data indicate that the increased cell namber
in the pleural cavity of the rats treated with MWCNT or CRO
resulted from inflammatory cell effusion. not from mesothelial
cell shedding of the pleural tissue. Many macrophages in the
PCL contained MWCNT or CRO fibers.

Mesothelial cell proliferation assay in vitro. To examine
whether inflammatory reactions, especially those mediated by
macrophages, exert proliferative effects on mesothelial cells,
we examined the effects of conditioned macrophage culture
medium on mesothelial cell proliferation in vitre. The condi-
tioned culture media of macrophages exposed to MWCNT-N,
MWCNT-M or CRO significantly increased the proliferation
of the human mesothelioma cell line TCC-MESOI1. The con-
centrated supernatants of the PCL taken from the rats treated
with MWCNT-N, MWCNT-M or CRO exhibited similar
effects (Fig. 4). These results indicate that factors in the PCL,
possibly secreted by alveolar and pleural macrophages, are
able to cause mesothelial cell proliferation.

Discussion

In the present study, we compared the pleural translocation of
MWCNT and CRO and examined the mesothelial lesions they
induced. Our data demonstrate that after deposition in the lung,
MWCNT, like CRO, translocated into the pleural cavity,
mainly in pleural macrophages. Both MWCNT and CRO treat-
ment also caused hyperplastic visceral mesothelial proliferation
and marked pleural inflammation.

This is the first report to show that MWCNT administered
into the rat lung causes mesothelial proliferative lesions. Ad-
amson et al.®® reported that intratracheal instillation of asbes-
tos in mice induced pleural mesothelial cell proliferation
within several days; the degree of pleural mesothelial cell pro-
liferation did not appear to correlate with the localization of
asbestos fibers in the pleura.*” Similarly, we did not find
fibers within the HVMP lesions. Thus, our findings suggest
that HVMP lesions do not appear to be directly induced by the
deposited MWCNT or CRO fibers. Also, in vitro exposure to
MWCNT and CRO fibers did not lead to proliferation of TCC-
MESOL cells, but rather to cell death (Fig. S4). It has been
reported that macrophages play a significant role in mesothelial
cell proliferation caused by asbestos exposure and surgical
injury,®®3" and that the conditioned medium of macrophages
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Fig. 4. Effect of conditioned macrophage culture media and the su-
pernatants of the pleural cavity lavage (PCL) on mesothelial celi prolif-
eration in vitro. The conditioned culture media of macrophages
treated with multi-walled carbon nanotubes (MWCNT)-N, MWCNT-M
or crocidolite (CRO) significantly increased the cell proliferation of
TCC-MESO1. The concentrated supernatants of the PCL from the rats
treated with MWCNT-N, MWCNT-M or CRO had similar effects. n = 6.

***P < 0.001.
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exposed to MWCNT promotes mesothelial cell proliferation
in vitro.®? Activated macrophages secrete a panel of growth
factors and cytokines to regulate cell proliferation, which can
augment transformation of mesothelial cells.®**%3%%) Opr
observations that mesothelial cell proliferation is enhanced by
conditioned macrophage culture media and by the supematants
of pleural cavity lavage are consistent with these results,
although the factors that are involved need to be identified.

Translocation of asbestos™**” and MWCNT™ fibers from
the lung to the pleural cavity has been found in rodents. This
transiocation also probably occurs in humans since asbestos fibers
have been detected in human pleural lesions.®® However, the
mechanism and route of translocation are unclear. It has been sug-
gested that penetration through the visceral pleura, possibly dri-
ven by increased pulmonary interstitial pressure and assisted by
enhanced permeability of the visceral pleura due to asbestos-
induced inflammation might be a major route.®” In the present
study, only a few MWCNT and CRO fibers were observed pene-
trating through the visceral pleura, and a large number of the
fibers in the pleural cavity was observed in macrophages. We also
observed frequent deposition of MWCNT and CRO in the medi-
astinal lymph nodes. mostly phagocyiosed by macrophages.
These results suggest that a probable route of translocation of the
fibers is lymphatic flow. Inflammation in the pleural cavity is
probabéy a defense response against translocated fibers. Murphy
et al.' reported that intrapleural injection of 5 pg/mouse of
long MWCNT or asbestos initiated sustained inflammation,
including increased granulocyte number and protein level, in the
pleural cavity. Thus, the observed proliferation of visceral meso-
thelial cells in the present study is probably caused by inflamma-
tory reactions both in the lung and in the pleural cavity. In the
present study, no MWCNT or crosidolite fibers or lesions were
observed in the parietal pleura. This is possibly due to the short
experimental period and limited amount of fibers in the pleural
cavity, which would result in little inflammation in the parietal
pleura.

Currently. the exposure level to MWCNT in the workplace is
unknown and there are no administrational regulations for the
occupational exposure limit for MWCNT. In November 2010, the
National Institute of Occupational Safety and Health (NIOSH)
released a non-official carbon nanotube exposure limit for peer
review. The recommended exposure limit in the air was sct at
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7 pg/m® P® Previously, we used a total dose of 1.25 mg/rat of
titanium dioxide over a 9-day period and identified factors
involved in titanium dioxide-induced lung lesions.* In the pres-
ent study. we used the same protocol for the purpose of induction
of observable pleural lesions and inflammation in the pleural cav-
ity as well to ensure the presence of a detectable number of fibers
in the pleural cavity after short-term administration; this dose was
higher than the NIOSH exposure limit. Time- and dose-dependent
experiments are needed in future studies, and further investiga-
tion is also required to elucidate cytokines and other factors that
cause parietal mesothelial proliferation in animal models that are
more relevant to humans.

The IPS/intratracheal instillation is & widely used method to
evaluate the respiratory toxicity of particles. It should be noted
that IPS/intratracheal instillation is a non-physiological method
and possibly affects the migration and distribution of particles
in the lung due to the pressure from spraying. However, IPS/
intratracheal instillation is relevant for identifying factors to be
examined using long-term, more physiologically relevant meth-
ods of CNT administration.

In summary, MWCNT and CRO fibers were found to trans-
locate from the lung to the pleural cavity after intrapulmonary
administration. Importantly, MWCNT and CRO treatment
caused visceral mesothelial cell proliferation and inflammation
in the pleural cavity. This mesothelial proliferation was plausi-
bly induced by inflammatory events in the lung and pleural
cavity and mediated primarily by macrophages. The similarity
between MWCNT-N, MWCNT-M and CRO in translocation
to the pleural cavity, induction of pleural cavity inflammation
and induction of visceral pleural mesothelial proliferation sug-
gests that MWCNT might cause asbestos-like pleural lesions.
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Circulating MicroRNAs in Serum of Human K-ras Oncogene
Transgenic Rats With Pancreatic Ductal Adenocarcinomas

Setsuko Yabushita, MS,* Katsumi Fukamachi, PhD,T Hajime Tanaka, MD, PhD,# Kayo Sumida, PhD,*
Yoshihito Deguchi, DVM,* Tokuo Sukata, PhD,* Satoshi Kawamura, PhD,* Satoshi Uwagawa, PhD,*
Masumi Suzui, MD, PhD,T and Hiroyuki Tsuda, MD, PhD§

Objectives: Novel biomarkers for pancreatic ductal adenocarcinoma
(PDAC) are urgently needed because of its poor prognosis. We have
previously established an animal model for human PDAC using trans-
genic rats in which expression of a human K-ras®/?" oncogene is regu-
lated by the Cre/lox system. Using this model, we searched for candidate
circulating microRNAs (miRNAs) for use as novel clinical diagnostic
biomarkers for PDAC.

Methods: Rats bearing PDACs were generated using our model.
MicroRNA expression in serum and pancreatic tissues of PDAC and
control rats was compared by microarray analysis. Rat serum levels of
28 miRNAs identified by microarray analysis and 4 miRNAs previ-
ously reported to be high in plasma of PDAC patients were quantified by
real-time quantitative reverse transcription polymerase chain reaction.
Results: Quantification by real-time quantitative polymerase chain re-
action revealed that miR-155, miR-21, and miR-210 were higher in serum
of PDAC rats, similar to plasma of patients with PDAC. In addition,
miR-18a, miR-203, miR-30b-5p, miR-31, miR-369-5p, miR-376a, and
miR-541 were higher and miR-375 was lower in the serum of PDAC rats.
Conclusion: We identified 4 previously unreported miRNAs (miRNA-
203, miRNA-369-5p, miRNA-376a, and miRNA-375) whose expression
is significantly different in PDAC rats compared to control rats. These
miRNAs need fo be quantitated in humans as potential novel clinical
diagnostic biomarkers for PDAC.

Key Words: pancreatic cancer, animal model, transgenic rat,
circulating miRNA, biomarker

(Pancreas 2012;41: 1013-1018)

ancreatic cancer is diagnosed in approximately 1 person per

10,000 annually in the United States and is the fifth leading
cause of cancer death. Most patients die within 1 year of diag-
nosis, and the 5-year survival rate is less than 5%.' Pancreatic
ductal adenocarcinomas (PDACs) are diagnosed in 95% of the
patients with pancreatic cancer. The most widely used marker
for pancreatic cancer, CA19-9, is unfortunately also elevated in
cases of benign cholangitis, pancreatitis, and other cancers and
therefore lacks specificity for detecting potentially curable le-
sions.>™ Consequently, there is presently no valid approach for
early detection of pancreatic cancer, and therefore, there is an
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urgent need for new and more specific and sensitive biomarkers
for pancreatic cancer.

MicroRNAs (miRNAs) are evolutionarily conserved 18
to 24 nucleotide RNA molecules that regulate the stability and
translational efficiency of target mRNAs by complementary base
pairing with specific 3’ untranslated region sequences.’ Such
physiologic regulation of transcriptome function by miRNAs
plays a significant role in regulating diverse biological processes
such as cell proliferation, differentiation, tissue development, and
cell death.® Aberrant expression of miRNAs in lesions has been
widely reported in diseases and tumors, including pancreatic
cancers.”"!* Recently, several studies have shown that circulat-
ing miRNAs can be detected in plasma/serum; the mechanisms
by which these miRNAs are protected from endogenous RNase
activity is unknown.'* Some studies have indicated that fluctu-
ation of specific circulating miRNAs reflects various physio-
logical changes, diseases, and cancers.!>™!” Recently, elevation
of miR-21, miR-210, miR-155, and miR-196a in the plasma of
patients with PDAC was reported.'® These findings point to the
possibility that circulating miRNAs could be novel biomarkers
for the diagnosis of PDAC. Plasma/serum samples are attractive
for biomarker assays because their procurement involves mini-
mal invasion.

Previously, we established transgenic rats in which expres-
sion of the human H-ras%*?" or K-ras®’?” oncogene is regulated
by the Cre/lox system.'®! Targeted activation of H-ras®*" or
K-ras®'?" is accomplished by injection of a Cre-carrying ade-
novirus into the pancreatic ducts and acini through the com-
mon bile duct. H-ras or K-ras transgenic rats develop identical
PDACs: Several weeks after injection, proliferative lesions in
the duct epithelium, intercalated ducts, and centroacinar cells,
but not acinar cells, become widespread. The histopathological
appearance of these adenocarcinomas closely resembles that de-
scribed for typical pancreatic tumors in man. Thus, these trans-
genic rats with inducible PDACs (PDAC rats) are a rat model for
human PDAC. In this study, human K-ras transgenic rats were
used because K-ras oncogene mutations are commonly observed
in human PDAC.

Genetically engineered model animals afford defined stages
of tumor development, homogenized breeding, control of envi-
ronmental conditions, and standardized blood sampling, thereby
reducing biological and nonbiological heterogeneity. Therefore,
discovery of novel biomarkers using suitable animal models for
human PDAC is much more practical than using human samples.

In this study, we compared the amounts of circulating
miRNAs in the serum of PDAC rats with those of rats with a
normal pancreas (control rats) to find novel candidate clinical
diagnostic biomarkers for PDAC. The miRNAs, which were
quantified, were identified using microarray analysis of serum
and pancreatic tissues of control and PDAC rats. Our findings
add to the list of miRNAs previously reported to be high in
patients with PDAC.
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MATERIALS AND METHODS

Induction of Pancreatic Ductal Adenocarcinomas

The generation of Kras301 rats carrying the K-ras®?" trans-
gene has been described previously.!*2! Adenovirus vector car-
rying the Cre gene (AXCANCre) and empty adenovirus vector
(AXCAwt) were injected into the pancreatic ducts of 10- to
11-week-old adult homozygous male Kras301 rats through the
common duct as previously reported.'® Six rats were treated with
AxCANCre (PDAC rats) and 4 rats were treated with AxCAwt
(control rats). Rats were maintained in cages in an air-conditioned
room with a 12-hour light/12-hour dark cycle. Rats were eutha-
nized by blood withdrawal from the abdominal aorta under an-
esthesia 16 to 17 days after the injection of adenovirus vector:
these animals exhibited advanced PDAC development. The ex-
periments were conducted in accordance with the “Guidelines
for Animal Experiments of the Nagoya City University Graduate
School of Medical Sciences.”

Pathological Examination

Pancreases were excised from autopsied rats, and tumor
containing tissue from PDAC rats and normal pancreas tissue
from control rats was immediately frozen in liquid nitrogen. The
remaining pancreas tissues were fixed in 4% paraformaldehyde,
processed for embedding in paraffin, cut into sections about
3 pum in thickness, and stained with hematoxylin and eosin for
microscopic examination.

RNA Extraction from Pancreatic Tissues
and Serum

Total RNA was isolated from frozen pancreatic tumors of
PDAC rats and pancreatic tissues of control rats by using ISOGEN
(Nippon Gene, Toyama, Japan) in accordance with the manu-
facturer’s instructions. Total RNA extracted from normal pan-
creatic tissues was resuspended in RNAsecure reagent (Applied
Biosystems, Tokyo, Japan) for protection against degradation.

Total RNA was isolated from 4 mL of serum for microar-
ray analysis and 0.48 mL of serum for real-time quantitative reverse
transcription polymerase chain reaction (qRT-PCR) using mirVana
PARIS Kit (Applied Biosystems), in accordance with the man-
ufacturer’s instructions with the following minor modification:
The serum for microarray analysis was mixed with an equal
volume of acid-phenol chloroform and centrifuged 3 times be-
cause of the presence of abundant proteins. A 0.24-mL portion
of the serum for gRT-PCR was spiked with 0.2 fmol of synthetic
miR-3 from Drosophila melanogaster (dme-miR-3) as an in-
ternal standard after denaturing the serum. Total RNA for qRT-
PCR was extracted from serum twice, using 0.48 mL serum in
total, and pooled for each animal.

MicroRNA Microarray Analysis

MicroRNA microarray analysis was conducted on total
RNA samples extracted from pancreatic tissues and serum by
using a rat miRNA microarray kit (Agilent Technologies, Santa
Clara, Calif) that had probes for 350 rat miRNAs. The proce-
dure was conducted following the manufacturer’s instructions
(version 2.0), and Feature Extraction (version 10.5) was used to
generate a quantitative signal value and a qualitative detection
call for each probe on the microarray (Agilent Technologies). A
75th percentile normalization was used for per-sample normali-
zation. Normalized miRNA expression data were analyzed with
Welch’s # test to obtain miRNAs that were significantly altered
in comparison with expression in control samples at a proba-
bility level of 5% by 2-sided Welch ¢ tests. The serum miRNAs
were applied to unsupervised and supervised hierarchical clus-
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tering analyses with GeneSpring GX 7.3.1 (Agilent Technolo-
gies). Pearson and standard correlations were used for similarity
measurement of genes and samples, respectively.

Real-Time Quantitative RT-PCR of Mature miRNAs

Quantitative RT-PCR of mature miRNAs was conducted
using the same RNA samples as were used for microarray
analysis. Quantification was performed using TagMan Micro-
RNA assays and 7500 Fast Real-Time PCR Systems (Applied
Biosystems) in accordance with the manufacturer’s instructions
with the following minor meodifications: Some PCR reaction
mixtures included the RT reaction product diluted at a ratio of
1:4. The experiment was conducted in duplicate. The cycle
threshold (Ct) was determined using the Ct of internal controls,
U6 in pancreatic tissues, or spiked dme-miR-3 in serum. The
relative intensity of miRNA expression was represented by
272 in which ACt was generated by deducing the Ct of U6 or
dme-miR-3 from the Ct of each miRNA. All primers used were
purchased from Applied Biosystems. For analysis of the relative
intensity, F test in ARM EXSUS version 7.6 (Arm Systex Co
Ltd, Osaka, Japan) was applied to test the homogeneity of var-
iance between the control and the PDAC rats. If homogeneous,
the data were analyzed with Student ¢ test, and if not, with Welch
t test. Significance of differences from the control rats were
estimated at a probability level of 5% by one-sided Student or
Welch ¢ tests for the relative levels of miRNAs in the serum and
2-sided Student or Welch ¢ tests for the relative levels of miRNAs
in pancreatic tissues. In addition to statistical evaluation, serum
miRNAs whose levels were not statistically higher than that of
the control but for which the levels of 4 or more PDAC rats were
higher than the highest level of the control rats were also
regarded to be higher than control.

RESULTS AND DISCUSSION

Pathological Observation

Kras301 rats, 13 to 14 weeks of age, were killed 16 to 17 days
after injection of adenovirus vector into the pancreatic duct via the
common bile duct. Gross and histological findings were the same
as reported previously'®: PDAC was well developed with grossly
visible whitish lesions in all of the 6 rats treated with AxCANCre.
Histopathological examination showed that the lesions were ad-
enocarcinomas with a variable amount of fibrotic tissue prolifer-
ation, some showing desmoplastic morphology and infiltration of
inflammatory cells. Neoplastic lesions were not grossly visible
in any other organs. By gross observation and histopathological
examination, no abnormalities were observed in the pancreatic
tissues of the 4 rats injected with AxCAwt,

Grossly visible tumors in PDAC rats can also be detected
by ultrasound?'; therefore, these tumors are roughly at a similar
stage as those in human patients when PDAC is initially detec-
ted. The primary difference between the PDAC rat and a human
PDAC patient is that the PDAC are not metastatic in our animal
model.

Quantitative RT-PCR of Mature miRNAs in Serum,
Previously Reported to be Increased in the
Plasma of Patients With PDAC

Four serum miRNAs (miR-210, miR-21, miR-155, and miR-
196a) reported to be high in the plasma of patients with PDAC
were quantified by qRT-PCR. The results are shown in Table 1
(A). In contrast to the levels in patients with PDAC, only miR-
155 was significantly elevated (Fig. 1): miR-21 and miR-210
were nonsignificantly elevated and miR-196a was not changed.
Overall, 3 of these 4 miRNAs tended to be increased in PDAC

© 2012 Lippincott Williams & Wilkins
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TABLE 1. Serum miRNAs Quantified by gRT-PCR and Their Expression in the Serum and Pancreatic Tissues of Control
Rats and PDAC Rats

Serum! Pancreas’

Relative Intensity Fold PDAC Relative Intensity Fold PDAC
microRNA Control PDAC Change P Patients’  Control PDAC Change P Patients®
(A) Serum miRNAs selected for quantification based on a previous report of increased plasma miRNAs in PDAC patients

miR-210 0.48 0.84 17 ¢ 0075 ¥ 0.68 0.69 1.0 0959 &0
miR-21 5.25 7.98 15 1 0062 18 2824 45346 161 1* 0000 17%
miR-155 0.08 0.11 L5 1% 0.002 118 0.02! 0.05" 29 1% 0036 171012
miR-196a 0.0021 0.0023 L1 0.334 118 -0.19 -0.03 0.094 1°1

(B) Serum miRNAs selected for quantification based on results of miRNA microarray analysis of serum in control and PDAC rats
Up-regulated miRNAs"

miR-30b-5p 6.48 9.34 14 1 0095 8.74 5.46 0.6 0.074
miR-24-2% 0.68 0.93 1.4 0.213 —0.33 0.34 1% 0.000
miR-20b-5p 0.81 1.10- 1.4 0.216 0.57 -0.04 0.564
miR-874 0.007 0.008 12 0.181 0.73 0.05 0.1 0218
miR-125b-3p 0.00034  0.00027 0.8 0.246 -0.31 —0.04 0.020
miR-125b% 0.006 0.005 0.1 0.325 0.95 0.29 03 |* 0.003
Down-regulated miRNAs”
let-7c 0.72 1.05 15 0.143 45.00 24.57 05 |* 0.030
let-7b 0.92 1.30 1.4 0.153 40.04 17.72 04 |* 0.007
miR-125a-5p 0.02 0.024 12 - 0301 1.01 1.58 16 1* 0018 ¢F
miR-375 0.16 0.11 0.7 |* 0.027 12.42 -0.01 1* 0002 (E°
(C) Serum miRNAs selected for quantification based on results of miRNA microarray analysis of pancreatic tissues in control and PDAC rats
Up-regulated miRNAs™
miR-541 5.00E-05 0.0029 632 T 0.069 -0.29 0.02 t* 0012
0.0005"  0.0039" 7.1 1* 0.019
miR-369-5p LOOE-05  0.0001 122 1* 0.046 -0.09 0.06 1% 0.011
0.0002"  0.0010' 59 t* 0.020
miR-376a 0.002 0.017 7.4 1% 0.046 —0.26 0.18 10002 17
miR-31 0.043 0.129 30 1 0.068 0.80 4,95 62 1* 0.000 1*1°
miR-93 3.80 6.21 1.6 0.123 0.07 1.05 150 1t 0000 1
miR-182 3.38 5.50 1.6 1 0.069 -0.26 0.31 t*0.002
miR-301a 1.25 1.99 1.6 0.130 0.09 1.26 140 1* 0000 1’
miR-542-3p 0.007 0.009 1.4 0.216 -0.19 0.47 1% 0.001
miR-203 0.158 0.205 13 t* 0.021 0.16 0.86 53 1% 0011 ploa218
miR-145 2.63 3.00 1.1 0.418 0.41 0.91 22 1 0030 1910
miR-205 0.018 0.019 1.0 0.468 —-0.10 045 ™ 0003 110
miR-224 0.0003 0.0003 0.9 0.411 —-0.23 0.01 ™ 0013 1
miR-222 0.433 0.265 0.6 0.099 -0.17 1.17 1% 0000 81012
miR-16 111.13 4541 0.4 0.143 13.14 43.04 33 1+ 0002 17
Down-regulated miRNAs'"
miR-29¢ 4.79 6.58 1.4 0.135 8.62 3.22 04 |* 0027 |
miR-141 0.012 0.013 1.1 0.212 20.37 3.63 02 |* 0004 (1
miR-217 270E-05  2.60E-05 1.0 0.474 1.10 —-0.07 1* 0009 %
miR-216a 0.00028  0.00014 0.5 0.133 20.13 -0.07 * 0007 °

Fold change was calculated from the relative intensities of control and PDAC rats.

*Statistical significance (P < 0.05).

TMiRNAs in the serum of 4 control and 6 PDAC rats were quantified by gREPCR.

*MiRNAs in pancreatic tissues of 4 control and 4 PDAC rats were quantified by miRNA microarray analysis.

SUp- and down-regulation reported in PDAC patients.

"MiRNAs in pancreatic tissue of 4 control and 4 PDAC rats were quantified by qRT-PCR.

WUp-regulated miRNAs in the serum of PDAC rats as indicated by miRNA microarray analysis of serum in 3 control rats and 3 PDAC rats.
*Down-regulated miRNAs in the serum of PDAC rats as indicated by miRNA microarray analysis of serum in 3 control and 3 PDAC rats.

"*Up-regulated miRNAs in pancreatic tumor tissue of PDAC rats as indicated by miRNA microarray analysis of normal and tumor pancreatic tissue in
4 control and 4 PDAC rats.

T Down-regulated miRNAs in pancreatic tumor tissue of PDAC rats as indicated by miRNA microarray analysis of normal and tumor pancreatic tissue in
4 control and 4 PDAC rats.

tUp-regulated; | down-regulated.
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FIGURE 1. Change in the expression of mature miRNAs in the serum of control rats and PDAC rats. The finding that miR-375, miR-369-5p,
miR-376a, and miR-203 are differentially expressed in the serum of PDAC rats is new. MiR-155, which is known to be high in plasma
of patients with PDAC, was also elevated in the rat model. *Significant with P < 0.05; data of GRT-PCR; *data of microarray.

rats compared to the control rats. Therefore, these results sug-
gest that using this rat model to find novel circulating diagnos-
tic biomarkers for patients with PDAC is feasible. Consequently,
miRNA microarray analyses of serum and pancreatic tissues were
performed to screen for novel candidate biomarkers of PDAC.

MicroRNA Microarray Analysis of Serum

Total RNA extracted from the sera of 3 control and 3 PDAC
rats was subjected to miRNA microarray analysis. Unsupervised
hierarchical clustering using all miRNA expression values clearly
separated the PDAC rats from the control rats (Fig. 2A), which
demonstrates the potential of using serum miRNAs as bio-
markers of PDAC. Therefore, we carried out a supervised hier-
archical clustering analysis to identify specific serum miRNAs
that can differentiate the PDAC rats from the control rats. To per-
form this supervised hierarchical clustering analysis, 15 serum
miRNAs were selected based on their statistical significance
(P < 0.05) from control. Fold changes of the selected miRNAs
were from 1.3 to 14.4 (miR-30b-5p, miR-24-2*, miR-20b-5p,
miR-874, miR-125b-3p, miR-125b*, miR-29a, miR-365, miR-
370, and miR-878) and from 0.2 to 0.6 (let-7c, let-7b, miR-125a-5p,
miR-375, and miR-466b). This supervised hierarchical cluster-
ing provided clear clusters to differentiate the control rats from
the PDAC rats (Fig. 2B).

Quantitative RT-PCR of Mature miRNAs in Serum
Selected by Microarray Analyses of Serum

Among 15 serum miRNAs for which differences between
the PDAC rats and the control rats were found by miRNA mi-
croarray analysis, 10 serum miRNAs (miR-30b-5p, miR-24-2%,

1016 | www.pancreasjournal.com

miR-20b-5p, miR-874, miR-125b-3p, miR-125b*, let-7c, let-7b,
miR-125a-5p and miR-375) were selected for quantification
by qRT-PCR (Table 1 [B]), and 5 miRNAs were excluded: miR-
466b and miR-878 are not expressed in humans; MiR-29a and
miR-365 are reported to be overexpressed in the plasma of a
rodent model of liver injury; and miR-29a and miR-370 are re-
ported to be suppressed in rodent models of liver damage.'®*
MicroRNAs, which varied in models of tissue damage, were
excluded to limit the likelihood of identifying miRNAs, which
varied because of nontumor events, for example, inflammation.
Among the 10 serum miRNAs quantified by gRT-PCR, there
was a significant decrease of miR-375 (Fig. 1) and a nonsignif-
icant increase of miR-30b-5p. The other miRNAs were the same
in the PDAC rats and the control rats. Causes of the discrepancy
between the miRNA microarray and gqRT-PCR results are un-
certain but are likely due to the low quantitative precision of
the microarray analysis. The finding that miRNA-375 is sig-
nificantly decreased in the serum is new.

MicroRNA Microarray Analysis of Pancreatic
Tissues

Total RNA extracted from the pancreatic tissues of 4 con-
trol rats and pancreatic tumor tissues of 4 PDAC rats were sub-
jected to miRNA microarray analysis. Numerous miRNAs showed
different expression levels between the control rats and the PDAC
rats (data not shown). miR-541, miR369-5p, and miR-155 in the
pancreatic tissues of the control rats and the PDAC rats were
quantified by qRT-PCR. The relative intensity of miR-155 was
not analyzed by the microarray analysis because of the lack of
a relevant probe for miR-155. MiR-541 and miR-369-5p levels

© 2012 Lippincott Williams & Wilkins
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detected by microarray were very low; therefore, we confirmed
the microarray data by qRT-PCR. The microarray and gqRT-PCR
data were consistent with each other.

Quantitative RT-PCR of Mature miRNAs
in Serum Selected by Microarray Analyses
of Pancreatic Tissues

Among the variety of miRNAs for which differences be-
tween the PDAC rats and the control rats were found by
miRNA microarray analysis, 18 serum miRNAs were quan-
tified by gqRT-PCR (Table 1 [C]). All of these miRNAs are
known to exist in humans. Among the 14 miRNAs overexpressed
in pancreatic tumor tissues of the PDAC rats, miR-369-5p, miR-
376a, and miR-203 were significantly increased (Fig. 1); and
miR-541, miR-31, and miR-18a were nonsignificantly increased
in the serum of the PDAC rats. None of the miRNAs with reduced
expression in the pancreatic tumor tissues of PDAC rats was al-
tered in the serum of the PDAC rats. Thus, among these 18 serum
miRNAs, qRT-PCR revealed 6 miRNAs, which were altered, 3
significantly, in the serum of the PDAC rats. The finding that
miRNA-369-5p, miRNA-376a, and miRNA-203 are signifi-
cantly increased in the serum is new.

These results demonstrate that miRNA microarray analysis
of pancreatic tissues enables discovery of candidate circulating

© 2012 Lippincott Williams & Wilkins
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FIGURE 2. The heat map diagram indicating hierarchical clustering of miRNAs and samples. Each row represents a miRNA, and each
column represents a sample. The miRNA clustering tree is shown on the left, and the sample clustering tree appears at the top. The
color scale shown on the right illustrates the relative expression level of the miRNA. A clustering dendrogram shows differential expression
profiles of circulating miRNAs in the sera of normal rats and PDAC rats. A, Unsupervised hierarchical clustering. B, Supervised
hierarchical clustering.

miRNAs as biomarkers of PDACs. Surprisingly, miRNA micro-
array analysis of PDAC was more effective than miRNA mi-
croarray analysis of the serum in identifying serum-miRNA
markers of PDAC, although the efficiency of miRNA microarray
analysis of serum might be increased by technical improvements
in the future.

Aberrantly Expressed miRNAs in the Serum
of PDAC Rats

Among the aberrantly expressed miRNAs in the serum of
the PDAC rats, miR-155, miR-375, miR-369-5p, miR-376a, and
miR-203 likely arose from the pancreatic lesions, as similar
changes were observed in pancreatic tumor tissues. Furthermore,
among these 5 miRNAs, changes of miR-155, miR-375, miR-
376a, and miR-203 in pancreatic tumor tissues of the PDAC
rats were consistent with those of the patients with PDAC.71%12
The increase in miRNA-369-5p is a new finding. Aberrantly
expressed miRNAs are known to be related to tumorigenesis®*;
miR-155 is known to repress tumor protein 53—induced nuclear
protein, which enhances tumor development of pancreatic can-
cer cells in vivo,>* and overexpression of miR-203 is correlated
with a poorer survival in patients with pancreatic and colon
adenocarcinomas.'>
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Circulating miR-155 and miR-203 have also been reported
to be overexpressed in patients with cancers other than PDAC:
miR-155 in diffuse large B~cell lymphoma and miR-203 in ovar-
ian cancers.”® Therefore, these circulating miRNAs are not spe-
cific to PDAC. However, such cancer biomarkers might constitute
PDAC-specific markers if combined in a panel with pancreas-
specific ones such as miR-375, which is known to be expressed
specifically in pancreatic islets.?’ Currently, although there are
no reports about circulating miR-375 in patients with PDAC, it
may decrease because miR-375 is reported to decrease in pan-
creatic tumor tissues of patients with PDAC®*°, and it was found
to be decreased in both serum and pancreatic tumor tissues of
the PDAC rats in the present study.

In conclusion, some differentially expressed miRNAs
(miRNA-155, miRNA-375, miRNA-369-5p, miRNA-376a, and
miRNA-203) were identified in the serum of PDAC rats.
MiRNA-155 has already been reported to be elevated in the
plasma of patients with PDAC; the finding that miRNA-375,
miRNA-369-5p, miRNA-376a, and miRNA-203 are differen-
tially expressed in the serum is new. The results indicate that
use of our rat model for human PDAC to find novel candidate
circulating miRNAs as biomarkers for human PDAC is feasible.
The differentially expressed serum miRNAs identified in this
model are potential clinical diagnostic biomarkers for PDAC and
need to be examined in the blood of human patients with PDAC.
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