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Figure 2. Frequent extensive chromosomal losses in rat chromosome 5, and homozygous deletions at the region including the
Cdkn2a and Cdkn2b loci. (A) The bar chart represents the regions of chromosomal loss (green yellow) and homozygous deletion (dark green) along
chromosome 5 for 13 RCC tumors and two RCC cell lines. The vertical red line on the background indicates the position of the Cdkn2a locus. (B)
Magnified view of the bar chart centered on the Cdkn2a/2b loci. The genomic regions of all of the RefSeq genes included in the displayed range of
the chromosome are depicted as vertical bars on the background. (C) Expression analysis of Cdkn2a (p16™%%% and p19*™ for 13 RCC tumors and two
RCC cell lines, using real-time PCR with specific primer pairs for each different transcript. The values on the y-axis indicate relative mRNA expression
level compared to an average of those in normal kidneys of three control rats. (D) Expression analysis of Cdkn2b (p15"%4) for 13 RCC tumors and two
RCC cell lines by real-time PCR. The values on the y-axis indicate relative mRNA expression level compared to an average of those in normal kidneys of
three control rats.

doi:10.1371/journal.pone.0043403.9002
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Figure 3. Frequent wide-ranging amplifications over a long pericentromeric region of chromosome 4 with the Met oncogene
residing in the most overlapping section. (A) The bar chart represents the ampilification regions along a 65 Mb pericentrometic region of
chromosome 4 for 13 RCC tumors and two RCC cell lines. Four grades of ampilification are indicated by bar color gradation; the darker the red, the
larger the amplitude. (B) A magnified view of the bar chart above shows the vicinity of the most overlapping region. The genomic regions of all of the
RefSeq genes included in the displayed range of the chromosome are depicted as vertical bars in the background. (C) Expression analysis of Met for
13 RCC tumors and two RCC cell lines by real-time PCR. The values on the y-axis indicate relative mRNA expression level compared to an average of
those in normal kidneys of three control rats.

doi:10.1371/journal.pone.0043403.9g003
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Table 1. Features of 13 cases of Fe-NTA-induced renal cell carcinomas.

FB7-1 20 None None Low

None

FB7-7 60

Lung

FB14-3 15 None None

BF51-1 28 None

FB21-2 40 None None

FB30-5 60 Lung

BF57-5 25 Lung

Intermediate

None High

Peritoneal High

Peritoneal High

Copy number aberration at

Intermediate None Loss

Expansive Amplification None

None

Intermediate Amplification

HD

Infiltrating

Infiltrating Amplification Loss

Amplification HD

Infiltrating

Fe-NTA: ferric nitrilotriacetate; HD: homozygous deletion.
doi:10.1371/journal.pone.0043403.t001

or subtle genetic alterations (Fig. S5). Accordingly, oxidative
stress, including that induced due to excess iron, could be one of
the causes of human renal carcinogenesis. Indeed, numerous
epidemiological studies have associated iron and steel industry
workers with an increased RCC risk [35].

A frequency plot analysis revealed two remarkable features.
First, the chromosomal aberrations showed a preference for loss
against the ploidy of each cancer genome. Mostly, the aberration
was represented by a deletion at either a whole chromosomal level
(monosomy) or at a segmental level (Fig. 1B). The most common
target for loss was the Cdkn2a/2b locus. The predominance of loss
in the profile of chromosomal alterations may be attributed to the
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early stage of carcinogenesis. We previously demonstrated that
cells with a hemizygous deletion at Cdkn2q appear as early as a few
weeks after initiating a Fe-NTA administration [36].

Our present analysis revealed that the monoallelic loss of
chromosome 5 in its entirety or of an equivalently wide region is
the major first event. Indeed, we found only one case (6.7%) of
a monoallelic loss of an extremely narrow region (~350 kilobases;
Figs. 2A and 2B). Fe-NTA catalyzes the generation of hydroxyl
radicals through a Fenton reaction specifically in the lumina of
renal proximal tubules, which leads to degeneration and necrosis/
apoptosis of those cells [37,38]. Because kidney is a vital organ that
performs urea excretion, reabsorption of valuable molecules as
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Figure 4. Tumor sizes of Fe-NTA induced RCCs are controlled by the genetic features. (A) Met expression is significantly correlated with
tumor size. Pearson’s correlation coefficient (r) and the corresponding P value are written on the plot area. (B) Hierarchical clustering of the RCC
tumors based on the whole genome patterns of the copy number changes. The large-size tumors form a distinct cluster.

doi:10.1371/journal.pone.0043403.g004
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Figure 5. Comparison of copy number alteration profiles in cancer genomes between Fe-NTA-induced rat RCCs and human tumors.
(A) The color plot represents a similarity matrix across the rat RCCs and various human cancers. rRCC, rat renal cell carcinoma; hPDAC, human
pancreatic ductal adenocarcinoma; hTALL, human T-cell acute lymphoblastic leukemia; hGBM, human glioblastoma multiforme; hRCC, human renal
cell carcinoma. (B) Numerical summary of the similarity matrix. The number in each square indicates an average value of similarity index (defined
between —1000 and 1,000). Refer to the Materials and Methods section for details.

doi:10.1371/journal.pone.0043403.9005

well as ionic homeostasis maintenance, regeneration from the
remaining tubular cells is intensely promoted. Under chronic
oxidative stress by repeated Fe-NTA administrations, this de-
generation and regeneration process would continue for months to
years, increasing the risk of mitotic events simultaneously with the
repair of oxidative DNA damage. We believe that this oxidative
stress causes abnormal DNA replication and chromosomal
missegregation, which leads to the emergence of aneuploid cells.
Surprisingly, this series of events appear to occur in months,
leading to a high incidence (~90%) of RCC in rats within two
years. Aneuploid cells usually exhibit phenotypes consistent with
increased energy need and proteotoxic stress. However, aneuploi-
dy can promote tumorigenesis under the following two hypothet-
ical mechanisms: 1) aneuploidy may cause a proliferative advan-
tage through loss of G1/8 transition control under conditions in
which normal euploid cells do not divide [39] and 2) aneuploidy
can advance tumorigenesis by promoting genomic instability,
hence increasing the evolvability of tumors [40]. The frequent
deletion of the Cdin2a/2b locus is observed in the rat peritoneal
mesothelioma, an iron overload-associated tumor [41], induced
either by another iron compound (ferric saccharate) [42] or by
asbestos [43]. These common traits of animal models strongly
suggest that Cdkn2a/2b is a principal target in iron-mediated
carcinogenesis. The same genetic alteration is observed in rat
mesothelioma induced by multi-walled carbon nanotubes [44], in
which iron involvement is not yet established. We would like to
add here for the biological significance of our results that
homozygous deletion of CDEN24/2B is frequently observed in
human mesothelioma associated with asbestos exposure [45,46].

Some of the tumors with a remaining Cdkn2a/2b allele showed
extremely high expression levels of two products from this locus,
p16/Ink4a and p19/A45f. This is a currently debated issue in human
cancer [47]. There is considerable evidence that several neoplasms
exhibit significant p16 levels in cytoplasm [48]. This can be an
unsuccessful attempt to stop cell proliferation in the case of
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downstream Rb dysregulation [49] or may represent an alternative
mechanism for modulating unidentified pathways. Our data
exhibit ~50% hemizygous deletion of Rb. This requires further
clarification with epigenetic analysis.

The second feature determined using frequency plot analysis
was a high incidence of amplification along a limited chromosomal
region toward the centromere of chromosome 4, pointing to the
Met locus. A region spanning 80 Mb from the centromere of rat
chromosome 4 is syntenic to human chromosome 7. Various
human cancers, such as glioblastoma [50] and non-small cell lung
cancer [51], are reported to harbor amplifications in chromosome
7. Tyrosine kinase MET is a receptor for a hepatocyte growth
factor and is situated upstream of 7as in the signal transduction
pathway, thus serving as an advantage for cell proliferation [52].
Therefore, it is conceivable that tumor size was proportionally
associated with the Met expression level (Figs. 3C and 4A).
Because we dissect the animal as soon as we recognize the tumor,
we believe that large-sized tumors are more aggressive in nature. It
is of note that tumor size was also related to the genome alteration
pattern (Fig. 4B), and was associated with amplification and
overexpression of Jbth38 located on chromosome 8 (Fig. $4).
ZBTB38 (CIBZ) represses the transcription of methylated
templates [53], thus presumably regulating epigenetic mechan-
isms. Down-regulation of ZBTB38, a novel substrate of caspase-3,
induces apoptosis [54] and this gene is localized in a prostate
cancer susceptibility locus [54]. These results confirm the
possibility of tumor classification using array-based GGH. Met
arose evolutionally late and is unique to mammals [52]; it could
thereby be associated with the unique amplification in the whole
genorme.

Genomic amplification is hypothesized to occur via the
breakage-fusion-bridge cycle [55,56,57]. A Fenton reaction causes
double-stranded DNA breakage [10]. Our results revealed that
these amplifications consisted of a mixture of wide-range low-level
amplifications and fragmented, narrow high-level amplifications
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(Fig. 3A). This suggests a mechanism of positive feedback for
amplification, starting from wide-range low-level amplification.
We suspect an involvement of double-minutes, and a presence of
susceptible genomic loci. This hypothesis requires further study. It
was interesting that two tumor suppressive genes, Cavl [58,59] and
ST7 [60], surrounded the Aet locus (Fig. 3B). This may be the
reason why the Met locus was a denominator for the rat RCGCs.
Whole exome or genome sequencing may further reveal new
findings regarding point mutation and chromosomal translocation.

Finally, we compared the present rat results with corresponding
human tumors by transforming data based on chromosomal
synteny (Figs. 5A and 3B). It was expected that the genomic
alteration of Fe-NTA-induced rat RCC was most similar to
human RCC presumably because target cells are the same.

"However, surprisingly, human mesothelioma was the second most

similar. It is now established that most human mesothelioma
results from exposure to asbestos, and the primary pathogenic
process involved is iron overload [8,61]. The same mesodermal
origin of renal tubular cells and mesothelial cells may cause the
similarity of the array-based CGH profiles. Endodermal tumor,
such as pancreatic ductal adenocarcinoma (PDAC), and ectoder-
mal tumor, such as glioblastoma multiforme (GBM), exhibited
a significant difference in genomic profiles.

In conclusion, we showed that repeated Fenton reactions in wild-
type rats induced cancer that recapitulated genomic alterations
similar to those in human cancers, suggesting the involvement of
oxidative stress as a major factor in human carcinogenesis. In this
renal carcinogenesis model, preferred alterations were deletion;
Cdkn2A/2B deletion and Met amplification were the major target
gene modifications. A comparative interspecies analysis would
contribute to identifying candidate carcinogenic agents.

Materials and Methods
Fe-NTA-induced Renal Cell Carcinoma Model

Fe-NTA-induced carcinogenesis experiments were performed
using male F1 hybrid rats that were a cross between Fischer 344
and Brown-Norway inbred strains (Charles River, Yokohama,
Japan) as previously described [62]. Thirteen RCC cases were
used in this study, and the histological grade of the tumor was
determined according to the modified World Health Organization
classification as we previously described [62]. The details are
summarized in Table 1. The animal experiment committees of
the Graduate School of Medicine, Kyoto University Graduate
School of Medicine and Nagoya University Graduate School of
Medicine approved this study. FRCC001 and FRCC562 cell lines
were established from primary Fe-NTA-induced RCCs as pre-
viously described [63].

Array-based Comparative Genomic Hybridization
Genomic DNA from the tumors and the cell lines was isolated
with DNeasy (Qiagen, Valencia, CA). Array-based CGH was
performed with an Agilent 185 K rat genome CGH microarray
(Agilent Technologies, Santa Clara, CA) as previously described
[64]. Thirteen primary tumors and two cell lines of Fe-NTA
induced RCCs were analyzed using reference DNA extracted
from a normal kidney of a rat from Brown-Norway imbred strain.
One RCC sample of a female Eker rat [32] was analyzed using
reference DNA extracted from a normal kidney of a male Eker rat.
Two additional RCC samples of male Eker rats were analyzed
with Rat Genome CGH Microarray 105A (G4436A; Agilent
Technologies), using reference DNA extracted from a normal liver
of another male Eker rat. The normalized array-based CGH data
were processed to generate a segmented profile by circular binary
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segmentation (CBS) [65] with an altered significance level
(alpha =0.0001). The procedure of data processing for copy
number estimation is detailed in Methods S1.

Quantitative RT-PCR Analysis

Total RNA was isolated using Isogen reagents (Nippon Gene
Co. Ltd., Tokyo, Japan) according to the manufacturer’s protocol.
cDNA was synthesized using an RNA PCR kit ver. 3.0 (Takara
Bio, Shiga, Japan) with random primers. A Platinum SYBR Green
qPCR SuperMix-UDG kit (Invitrogen, Carlsbad, CA) and a 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA)
were used for quantitative real-time PCR analysis. Rat -actin was
used as an internal control. The primers used were as follows:
y2 6, 5'-aaacgccccgaacactttc-3’ and 5’-gttcgaatctgcaccatagga-
3'; pI19%7, 5'-accccaagtgagggtittet-3' and 5'-agagctgecactitgacgtt-
3, pI5™#*  5'-tccacaggctagagggaaaa-3’ and  5'-gtgcaggt-
gactccttggtt-3'; Met, 5'-ttaagcgagageacgacaaat-3’ and 5'-ccacatag-
gaaaacgcactgt-3'; Zbth38, 5'-gtagctgetgetccaaatee-3' and  5'-
cctgttgagggtggtgaact-3'; P-actin, 5'-tgtgttgtcectgtatgectetg-3" and
5'-atagatgggcacagtgtgggte-3'.

Human Data

We used human array-based CGH data of pancreatic ductal
adenocarcinoma (hPDAC) [28], T-cell acute lymphoblastic
leukemia (hTALL) [28], glioblastoma (hGBM) [66], mesothelioma
cell line (hMM) [67] and renal cell carcinoma (hRCC) [56]. The
Agilent CGH-array data of the former four types of human cancer
were obtained from NCBI's Gene Expression Omnibus (GEO)
website (http://www.ncbi.nlm.nih.gov/geo/). The GEO accession
numbers for the data sets are GSE7599 (hPDAC), GSE7603
(hTALL), GSE9177 (hGBM) and GSE22237 (hMM). The human
RCC data was obtained through analyses with BAC microarrays
(4,361 clones) [68]. We defined similarity index between the two
array-based CGH profiles as follows. First, we calculated the
correlation coefficient with log2 ratios of the estimated copy
number over the inferred cancer ploidy for the genomic positions
corresponding to all of the Agilent 44 K human CGH microarray
probes. Then, we multiplied the value by 1 x 10 after changing the
absolute value into its square root.

Supporting Information

Figure S1 Array-CGH profiles from all the RCCs
examined. Red lines show log? ratios of estimated copy number
over inferred cancer ploidy versus genomic position for all the
CGH microarray probes.

(PDF)

Figure 2 Distribution of log2 ratio values of estimated
copy number for all the probes in all the microarrays
performed.

(PDF)

Figure 83 Example of global expression changes in line
with genomic alteration. Differences in genome and tran-
scriptome are analyzed between two RCGs, FB7-7 having wide-
range amplification on chromosome 4 versus FB28-7 having no
substantial genomic alteration on chromosome 4. (A) Sky blue
circle plot indicates ratio of estimated copy numbers based on
array-based CGH (FB7-7 us FB28-7). Red circle plot indicates
ratio of normalized signals on Affymetrix expression microarray
(FB7-7 vs FB28-7). (B) Expression ratio values are averaged along
the chromosome. Here, red circle plot indicates average value in
2-Mb windows.

(PDF)
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Figure S4 Zbtb38 mRNA expression is demonstrably
associated with its chromosomal copy number. (A) Array-
CGH profiles of two RCC tumors harboring amplification over
Kbtb38 locus on chromosome 8. (B) Expression analysis of Jbth38
on 13 RCC tumors by real-time PCR. The values of the y-axis
indicate the relative mRINA expression level compared to an
average of those in normal kidneys of three control rats.

(PDF)

Figure S5 Array-CGH profiles of three hereditary (Eker
rat) renal tumors. Red lines show log2 ratios of estimated copy
number over inferred cancer ploidy versus genomic position for all

the CGH microarray probes.
(PDF)

Table S1 List of genes completely deleted in more than
two RCC tumors.
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Abstract

Exposure to asbestos is a risk for malignant mesothelioma (MM) in humans. Among the commercially used types
of asbestos (chrysotile, crocidolite, and amosite), the carcinogenicity of chrysotile is not fully appreciated. Here,
we show that all three asbestos types similarly induced MM in the rat peritoneal cavity and that chrysotile
caused the earliest mesothelioma development with a high fraction of sarcomatoid histology. The pathogenesis of
chrysotile-induced mesothelial carcinogenesis was closely associated with iron overload: repeated administration
of an iron chelator, nitrilotriacetic acid, which promotes the Fenton reaction, significantly reduced the period
required for carcinogenesis; massive iron deposition was found in the peritoneal organs with high serum ferritin;
and homozygous deletion of the CDKN2A/2B/ARF tumour suppressor genes, the most frequent genomic alteration
in human MM and in iron-induced rodent carcinogenesis, was observed in 92.6% of the cases studied with
array-based comparative genomic hybridization. The induced rat MM cells revealed high expression of mesoderm-
specific transcription factors, Dix5 and Hand1, and showed an iron regulatory profile of active iron uptake and
utilization. These data indicate that chrysotile is a strong carcinogen when exposed to mesothelia, acting through
the induction of local iron overload. Therefore, an intervention to remove local excess iron might be a strategy to
prevent MM after asbestos exposure.
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year of MM in Japan is 2025, and over 100000 peo-
ple will suffer from MM in the coming 40 years [4].
This prompted us to elucidate the carcinogenic mech-

introduction

Natural fibrous minerals have been unexpected human

carcinogens. Asbestos was valued as a miraculous
stone because of heat-, acid-, and friction-resistance
with economical merits, and thus was used from the
ancient Egyptian era until the present century for wide
industrial applications. However, in the 1960s, epi-
demiologists noticed the association between asbestos
and malignant mesothelioma (MM) [1], which is a
highly aggressive tumour when diagnosed, resistant
to the currently available therapeutic modalities [2,3].
Due to a long incubation period, the expected peak

Copyright © 2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk
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anism of asbestos-induced MM to discover clues for
MM prevention. Lung cancer is also associated with
asbestos exposure, but the situation is more complex
because asbestos holds a synergistic effect with the car-
cinogenicity of tobacco [5].

In 1987, the International Agency for Research
on Cancer defined all types of asbestos as a defi-
nite carcinogen to humans [1], but the appreciation
of this declaration is quite different among countries
[6]. Three kinds of asbestos fibres, chrysotile (white

J Pathol 2012; 228: 366377
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asbestos), crocidolite (blue asbestos), and amosite
(brown asbestos), have been used commercially, but
the asbestos most frequently used has unequivocally
been chrysotile [7]. Most Asian countries including
China and India, and Russia, have not legally banned
any type of asbestos. In Japan, the use of any type
of asbestos was banned in September 2006 after the
‘Kubota shock’ in June 2005 [8]. Canada still main-
tains chrysotile mine operations [9].

Thus far, the notion that crocidolite and amosite,
with their high iron contents (28.5% and 27.3%,
respectively) [10], are far more carcinogenic than
chrysotile (0.7%) has predominated [1]. However,
controversies still exist [7]. In the present study, we
used rat intraperitoneal experiments to evaluate the
difference among the three asbestos types regarding
carcinogenicity and the induced genomic alterations in
MMs. The use of the peritoneal cavity is justified in
that the interaction of asbestos and mesothelial cells is
direct and maximal, presumably requiring less time for
carcinogenesis [1], although respiratory factors have
to be considered separately. Reportedly, inhalation of
asbestos induces MM in a small percentage of animals
[7], whereas intrapleural injection of asbestos takes
a long time (mean survival ~2 years) for MM to
develop, albeit with a high rate (25-69%) [1,11]. Here,
we report that the progression of the disease (lethal
MM) induced by chrysotile was the fastest, with similar
genomic alterations shared by the three commercially
used asbestos types.

Materizls and methods

Measurements of asbestos fibres

Asbestos fibres were suspended and diluted in HyO
containing 1% NP40S (Tergitol; Sigma Aldrich,
St Louis, MO, USA), followed by sonication for
30 min. We used a haemocytometer and microscopy to
count the number and to measure the length of asbestos
fibres for estimation by the use of Nikon ACT-1
software.

Carcinogenesis study using an animal model

The Animal Experiment Committee of the Graduate
School of Medicine, Kyoto University and the Nagoya
University Graduate School of Medicine approved
these experiments. A suspension of UICC standard
asbestos (chrysotile A, crocidolite, and amosite) in
saline was prepared as described previously [12].
F; hybrid rats produced by crossing over between
female Fischer 344 and male Brown-Norway rats
(Charles River Japan, Yokohama, Japan) were used
under specific pathogen-free conditions. A total of 141
Fy rats were divided into the following five groups:
untreated control (N = 38); chrysotile-treated (N =
28); crocidolite-treated (N = 41); amosite-treated
(N = 28); and tangled multi-walled carbon nanotube

Copyright © 2012 Pathological Society of Great Britain and Ireland. _ 103 -
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(CNT; N = 6; Showa Denko, diameter ¢ =~15 nm).
The characteristics of this nanotube are described
elsewhere [13]. A total of 10 mg asbestos/CNT per
rat was injected intraperitoneally with three injec-
tions (Figure 2a) when the F) rats reached 6 weeks of
age (Supplementary Table 1). Some of the asbestos-
treated rats were then given 80 mg/kg nitrilotriac-
etate (NTA) to enhance iron-catalysed Fenton reaction
through separate intraperitoneal injections once a week
for 16 weeks as described previously [14,15]. The ani-
mals were kept under close observation. When animals
displayed massive ascites or distress, they were sac-
rificed. Control groups of rats, untreated or exposed
to CNT, were sacrificed on day 940 and 742, respec-
tively (Figure 2c). The rats were dissected and tissue
samples were either fixed in phosphate-buffered 10%
formalin for subsequent histological and immunohis-
tochemical analyses, or snap-frozen in liquid nitro-
gen and stored at —80°C until use. For a sub-acute
study, the rats were subjected to a single intraperi-
toneal injection of 5 mg of chrysotile (N = 6), cro-
cidolite (N = 6), and amosite (N = 6), respectively.
Control rats (N = 3) were injected with saline. After
2 weeks, half of the asbestos-treated rats were injected
intraperitoneally with NTA (80 mg/kg) and sacrificed
24 h afterwards. Rats injected with NTA without prior
exposure to asbestos were also included as a control
(N =3).

Collection of normal control mesothelial cells
from rats

Age-matched male rats were dissected and con-
trol mesothelial cells were collected as previously
described [16].

Materials

All of the chemicals used were of analytical quality.

Array-based comparative genomic hybridization
(aCGH)

We performed aCGH using Rat Genome CGH Microar-
ray 244 A (G4435A; Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s protocol.
DNA from MM samples was labelled with Cy-5, while
DNA from normal kidney, which was used as a ref-
erence, was labelled with Cy-3 for each array. The
data obtained were analysed with Genomic Workbench
Standard Edition 5.0 (Agilent Technologies). Prior to
hierarchical clustering based on the aCGH profiles, sta-
tistically significant regions of copy number aberration
were determined by the ADM-2 algorithm according
to the sensitivity threshold at 10.0. The clustering pro-
cedure was conducted using the Pearson correlation
similarity measure and complete linkage algorithm. We
statistically evaluated the magnitude of chromosomal
aberrations in the genome of each tumour as follows:
an average of squares of logy ratios between two-colour

J Pathol 2012; 228: 366377
www.thejournalofpathology.com



368

hybridization signals for all the probes on the microar-
ray was compared among each group by using the
unpaired z-test.

Array-based CGH data may be found under the
following GEO accession: GSE36577.

Genome copy analysis

Genomic DNA was extracted by using the DNeasy
Blood and Tissue Kit (QIAGEN GmbH, Hilden, Ger-
many). Quantitative PCR analysis was performed using
the Platinum SYBR Green qPCR SuperMix UDG Kit
(Invitrogen, Carlsbad, CA, USA) and Real-time PCR
System 7300 (Applied Biosystems, Foster City, CA,
USA). Primer sequences are described in Supplemen-
tary Table 2.

Fluorescence in situ hybridization (FISH)

Bacterial artificial chromosome clones (CH230-
163D24) were purchased from http://bacpac.chori.org/
for CDKN2A/2B. Fluorescent probes were labelled by
incorporating Green-dUTP (Vysis; Abbott Laborato-
ries, Abbott Park, I, USA) into newly synthesized
DNA via the Nick Translation Kit (Vysis). Fluores-
cence in situ hybridization was performed using the
probes, the Paraffin Pretreatment Kit, and LSI/WCP
Hybridization Buffer (Vysis) according to the manufac-
turer’s protocol. Briefly, paraffin sections were treated
with protease, and after denaturation, the probes were
hybridized to nuclear DNA, counterstained with DAPI,
and visualized using a fluorescence microscope.

Reverse transcription and real-time PCR

Total RNA was isolated from tissue samples using the
RNeasy Mini Kit (QIAGEN). The isolated total RNA
was then treated with DNase I (Invitrogen Life Tech-
nologies) to digest remnant genomic DNA. cDNA was
synthesized from 4 pg of total RNA using the First-
Strand cDNA Synthesis Kit (GE Healthcare Offices,
Little Chalfont, Buckinghamshire, UK) with random
primers. For real-time quantitative PCR analysis, the
Platinum SYBR Green qPCR SuperMix UDG Kit
(Invitrogen) and Real-time PCR System 7300 (Applied
Biosystems) were used. Each target gene was assayed
in triplicate. Primer sequences are described in Supple-
mentary Table 2.

Antibodies

Anti-podoplanin rabbit polyclonal antibody (KS-17)
was from Sigma. Anti-multi-cytokeratin mouse mon-
oclonal antibody (RTU-AE1/AE3) was from Novocas-
tra (Newcastle, UK). Anti-desmin mouse monoclonal
antibody (clone D33) was from DAKO (Carpinte-
ria, CA, USA). Anti-calretinin rabbit monoclonal anti-
body (clone SP13) was from Abcam (Cambridge, MA,
USA). Anti-S-100 polycional antibody (clone D33)
was from DAKO. Anti-C-ERC/mesothelin monoclonal
antibody was from IBL (Takasaki, Gunma, Japan).
Anti-8-hydroxy-2'-deoxyguanosine (8-OHdG) mouse

Copyright © 2012 Pathological Society of Great Britain and Ireland.
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monoclonal antibody N45.1 [17] and anti-rat DMT1
rabbit polyclonal antibody [18] were used.

Western blot analysis

Protein lysates were prepared by homogenizing the tis-
sue samples in RIPA lysis buffer containing 0.2 mmol/l
sodium orthovanadate (Naz3VQ,), 50 mmol/l sodium
fluoride (NaF), 1 mmol/l dithiothreitol, and 5.7 mg/ml
aprotinin. Western blot was performed as described
previously [19].

Tissue array, histology, and immunohistochemical
analysis

We randomly selected 21 cases of epithelioid mesothe-
lioma (EM; seven cases each from the chrysotile,
crocidolite, and amosite groups) and 21 cases of sar-
comatoid mesothelioma (SM; seven cases each from
the chrysotile, crocidolite, and amosite groups) for
tissue array preparation, and included liver, spleen,
and kidney specimens in each tissue array. Represen-
tative areas from tissue specimens were chosen and
cores of 3 mm diameter were punched out from the
paraffin blocks with a precision instrument (Tissue
Microprocessor; Azumaya, Tokyo, Japan). Cores of 24
(6 x 4 array) in a group were embedded in a paraf-
fin block. Tissue sections of 3 pwm thickness were then
subjected to either haematoxylin and eosin staining or
Perl’s iron staining. For immunohistochemical analy-
sis, the avidin—biotin complex method with peroxidase
was used as described previously [17]. Immunostain-
ing results were mostly uniform in distribution and
were thus evaluated by two registered pathologists (YO
and ST) as positive (+), weakly positive (weak +) or
negative.

Serum ferritin and N-ERC/mesothelin assay

Commercial kits were used to measure rat serum
ferritin  (Mitsubishi Chemical Safety Institute Ltd,
Uto, Kumamoto, Japan) and mesothelin (Immuno-
Biological Laboratories Co, Ltd, Takasaki, Gunma,
Japan) [20].

Measurement of iron content

Iron concentration was determined by inductively cou-
pled plasma-mass spectrometry using a Shimadzu
ICPM-8500 (Shimadzu, Kyoto, Japan) as described
previously [13].

Measurement of non-transferrin-bound iron (NTBI)

Serum NTBI concentrations were measured as des-
cribed previously [21].

Statistical analysis

Kaplan—Meier and other statistical analyses were per-
formed using SPSS software. p values for Kaplan—
Meier analysis were calculated by the log-rank test.
Other analyses used were the unpaired #-test, modified

J Pathol 2012; 228: 366377
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Figure 1. Characteristics of UICC asbestos fibres. (a) Number of
fibres per weight (means & SEM; N = 15). (b) Fraction of long and
short fibres. Chry = chrysotile; Cro = crocidolite; Amo = amosite.

for unequal variances when necessary; Fisher’s exact
test; and the chi-square test. p < 0.05 was considered
statistically significant.

Results

Re-evaluation of UICC-grade asbestos fibres

Three kinds of standard asbestos fibres obtained from
Unio Internationalis Contra Cancrum (UICC) were
re-evaluated. The number of fibres per weight was
not significantly different among the three groups
of asbestos fibres (Figure 1a). Chrysotile contained a
higher fraction of longer fibres than those of the other
two asbestos types (Figure 1b).

Comparison of mesothelial carcinogenesis by three
different asbestos fibres and its modification
by an iron chelator, NTA

We injected chrysotile, crocidolite or amosite fibres
(10 mg; UICC) into the peritoneal cavity of F; hybrid
rats from crosses of the Fischer-344 and Brown-
Norway strains (Figure 2a). MM developed and infil-
trated diffusely, concomitant with massive bloody
ascites (Figure 2b) in 96.9% (94/97) of the rats injected
with asbestos within 800 days after injection (Sup-
plementary Table 1). Progression of the disease was
fatal, due to malnutrition and organ failure via inva-
sion (Figure 3a). We did not observe MM in two (2/41)
rats of the crocidolite group and one (1/28) rat of
the amosite group, which was confirmed histologically
after sacrifice at day 812, Here, tangled CNTs, found to
be non-carcinogenic [13], were included as a negative
control of foreign fibrous material (Figure 2c). NTA
alone does not induce MM, as described by us [14]
and other investigators [22,23].

There are three distinct histological subtypes of
MM: EM; SM; and biphasic mesothelioma (BM;
a hybrid of EM and SM; Figures 2d and 3a). To
confirm the mesothelial lineage of the tumours, we
performed immunohistochemical analyses [Figure 3b,
upper panel; positive for cytokeratin, calretinin, podo-
planin (D2-40), and mesothelin; negative or weakly
positive for desmin and S100]. SM revealed weaker

Copyright © 2012 Pathological Society of Great Britain and Ireland.
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cytokeratin, no calretinin, and no podoplanin, but
intense mesothelin immunostaining. The immunohis-
tochemistry results in tissue array samples are sum-
marized in the lower panel of Figure 3b. Results of
western blot analysis (podoplanin and calretinin) were
positive for both types, albeit low positivity in SM
(Figure 3c). Serum mesothelin at day 420/480 was sig-
nificantly higher in the rats injected with asbestos than
in control rats (Figure 3d).

We found that chrysotile fibres of the same weight
caused a significantly shorter survival of rats via MM
induction in comparison to crocidolite and amosite
fibres (Figure 2¢). Furthermore, we observed a higher
frequency of SM in the chrysotile group, despite lack
(p = 0.111 versus amosite) of statistical significance
(Figure 2d). SM showed a significantly poorer progno-
sis than EM (Supplementary Figure 1). These results
suggest that chrysotile fibres induce more aggressive
disease than the other two fibres.

Chronic iron overload has been associated with
carcinogenesis [24,25]. To evaluate the role of iron
in asbestos-induced mesothelial carcinogenesis, we
administered NTA, an iron chelator, to promote the
Fenton reaction [26], to ~50% of the anmimals of
each group (Supplementary Table 1). Unexpectedly,
repeated weekly administration of NTA significantly
accelerated mesothelioma development, not only in
the crocidolite and amosite groups but also in the
chrysotile group (Figure 2e¢). Males showed a faster
progression of disease when treated with chrysotile
fibres (Figure 2f), suggesting the influence of sex
hormones either on the iron metabolism or on anti-
oxidative mechanisms, as in the case with ferric NTA
[27].

NTA promotes oxidative DNA modification
in a sub-acute study

The ability of NTA to potentiate oxidative stress caused
by asbestos fibres was tested in a sub-acute study of
3 weeks. Animals received intraperitoneal injection of
5 mg of chrysotile or crocidolite. Two weeks later,
half of the animals received 80 mg/kg NTA and were
killed after 24 h. Immunohistochemical analysis of 8-
OHAG revealed that nuclear staining of mesothelia
after asbestos and NTA is much stronger, with stromal
oedema, than that of asbestos and a vehicle saline
(Figure 4).

Association of local iron overload
in asbestos-induced mesothelial carcinogenesis

To confirm the iron involvement in asbestos-induced
mesothelioma, we performed Perl’s iron staining of
each of the abdominal organs collected from rats with
MM in each asbestos group. The staining revealed
prominent iron deposits in the spleen, liver, and kidney
including surface mesothelial cells of rats injected
with asbestos, whereas iron deposits were minimal in
the age-matched controls (Figure 5a). Additional NTA
treatment groups showed higher iron accumulation than

J Pathol 2012; 228: 366-377
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Figure 2. Induction of lethal peritoneal mesothelioma by three commercially used types of asbestos. (a) Carcinogenesis protocol.
NTA = nitrilotriacetic acid, a synthetic iron chelator to promote the Fenton reaction; ip = intraperitoneal; MM = malignant mesothelioma.
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fraction regarding asbestos type. All the deaths were due to MM, except those in the untreated control group (see Supplementary Table 1
for details). Nanotube = tangled multi-walled carbon nanotube {diameter ¢ = 15 nm); d = days. p values for Kaplan-Meier analysis
were calculated by the log-rank test. See text for details. (d) Ratios of histological type (EM = epithelioid mesothelioma; BM = biphasic
mesothelioma; SM = sarcomatoid mesothelioma). (e) Survival fraction regarding asbestos type and NTA administration. (f) Survival fraction
regarding asbestos type, sex, and NTA administration. See the Materials and methods and Results sections for details.

groups of asbestos alone. No iron accumulation near  staining, revealing significantly higher levels in all the
mesothelial cells was observed with tangled multi-  asbestos groups than in the controls, which were further
walled CNTs that do not induce carcinogenesis. A  increased with additional NTA (Figure 5b). Serum
detailed comparison of a variety of CNTs has been  from the 11 chrysotile-treated, 11 crocidolite-treated,
published elsewhere [13]. Iron measurements of the and 15 amosite-treated rats 420 days after asbestos
spleen and liver corroborated the results of Perl’s iron  injection showed significantly higher levels of serum
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Figure 3. Characteristics of asbestos-induced peritoneal mesothelioma in rats. (a) Histology of malignant mesothelioma. Invasion
{arrowheads) is prominent in various organs (EM = epithelioid mesothelioma; SM = sarcomatoid mesothelioma; bar = 100 pm).
(b) Immunohistochemical analysis for the evaluation of mesothelial origin (bar = 50 um). The brown colour is the positivity except
podoplanin (pink). Normal, rat control surface mesothelial cells; negative controls (ctrl) are shown as procedures without primary antibody
(arrowhead, smooth muscle in a vessel). The inset table summarizes the immunohistochemical results. (c) Western blot analysis of the
tumours. (d) Serum mesothelin (N-ERC; antigen at N-terminal portion) before apparent recognition of tumours (means - SEM; #*p < 0.01,
### < 0.001 versus untreated control; *p < 0.05 between NTA(+) and NTA(—) in the same fibre group; ns = not significant). See the

Materials and methods and Results sections for details.

ferritin than the controls, which was further increased
with additional NTA (Figure 5c, left panel). We also
measured the serum levels of NTBI, which revealed
that the serum Ievels of NTBI were substantially
reduced in the rats of the asbestos groups compared
with the controls (Figure Sc, right panel), suggesting
that a mechanism worked to withdraw ‘catalytic’ iron
from serum.

Characteristics of iron metabolic pathways
in asbestos-induced MM

We further examined the expression levels of genes
associated with iron metabolism in MM. DMT]
(SLC11A2) and transferrin receptor 1 (Ifrc) are the
genes involved in the uptake of iron from the extra-
cellular compartment into the cells and its utilization,
whereas ferroportin 1 (SLC40Al) is involved in its

Copyright © 2012 Pathological Society of Great Britain and Ireland.
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export out of cells [28]. We found that the expression
of DMTI and Tfrc was up-regulated in the MM tis-
sues, whereas expression of ferroportin 1 (Figure 5d)
and Dcytb (duodenal cytochrome b; Supplementary
Figure 3a) was down-regulated. Increased expression
of DMTI in the mesothelioma samples was further
confirmed by immunohistochemical staining (Supple-
mentary Figure 2).

Evaluation of mesoderm-specific transcription
factors

Two mesoderm-specific transcription factors (Dix5 and
Handl ) were activated (Figure 5e¢). Among the expres-
sion levels of ectoderm- and endoderm-specific tran-
scription factors, Isll, Pax6, and Melsl were also
increased in the mesothelioma samples; however, the
increase was not prominent (Supplementary Figure 3).

J Pathol 2012; 228: 366-377
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Figure 4. Immunohistochemical analysis of an oxidized DNA base, 8-hydroxy-2'-deoxyguanosine (8-OHdG) after treatment of asbestos
followed by NTA. NTA (80 mg/kg) was administered intraperitoneally 2 weeks after ip administration of each asbestos fibre (5 mg). Note
the nuclear positivity of mesothelial cells on the surface of (a) the liver and (b) the spleen. Representative figures are shown (bar = 50 um).
NTA enhanced the nuclear 8-OHdG positivity of the mesothelial cells, following different asbestos exposures (arrows, intensely stained

nuclei of mesothelial cells; asterisk, oedema).

Genomic alterations in asbestos-induced MM

We then investigated the chromosomal aberrations in
rat asbestos-induced MMs using the aCGH method
(GEO accession: GSE36577). The results showed sub-
stantial genomic alterations over the whole genome,
with many gains and losses of large chromosomal frag-
ments (Figure 6a and Supplementary Figures 4a, 4b,
and 5a). Many of the genomic alterations were not in
common for each MM. However, high-copy amplifi-
cation over a wide region of chromosomes 7 and 12
was observed in common, and deletion of genes across
a wide region of the chromosome was observed in
chromosomes 5 and 8 (Supplementary Figures 4a—4d).
Chromosomal deletions in chromosomes 5 and 8
occurred more frequently in chrysotile-induced MMs
(Supplementary Figure 4c), but encompassed narrower
chromosomal regions globally in the genome in the
chrysotile-induced MMs (Figure 6b). We found a com-
mon chromosomal deletion mapped to the chromo-
some 5g32 locus, containing the genes encoding the
tumour suppressor genes CDKN2A/2B/ARF. Homozy-
gous deletion of CDKN2A/2B/ARF was observed in the
majority (92.6%; 25/27) of the rat MM samples, inde-
pendent of the type of asbestos fibres used (Figure 6c).
Loss of the CDKN2A/2B/ARF gene was confirmed
by fluorescence in situ hybridization and quantitative
real-time PCR analyses (Figures 6d and 6e). Further-
more, although we did not observe any change in the

Copyright © 2012 Pathological Society of Great Britain and Ireland.
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gene copy number of the two tumour suppressors p53
and NF2, we found significant down-regulation in the
expression levels of these two genes in the majority of
the rat mesothelioma samples (Figure 6f). Such find-
ings indicate that in addition to CDKN2A/2B/ARF and
p53, loss of NF2 is also closely associated with MM
development, although the loss of the NF2 pathway is
likely to occur via epigenetic mechanisms. The three
asbestos types were not differentiated with hierarchical
clustering of the aCGH results.

Copy number changes associated with different
histologies

As noted above, histologically, MMs can be classi-
fied into three distinct forms. We compared the aCGH
results of these three different subtypes and found that
SM showed the highest degree of genomic instability
(p < 0.05) compared with the other subtypes (Supple-
mentary Figures 5a and 5b). We also noticed that BM
shows a frequent gain of gene copy number in chromo-
some 8, mapping to the region containing oncogenes
such as Birc2, Birc3, and YAPI [29] (Supplementary
Figure 5¢). In addition, SM also had a more frequent
amplified region in chromosome 7, which includes
genes such as Cct2 [30] and Lyz [31] (Supplementary
Figure 5d).

J Pathol 2012; 228: 366-377
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Figure 5. Iron overload in asbestos-induced mesothelial carcinogenesis and gene regulation in asbestos-induced mesothelioma.
(a) Prominent deposition of iron in the spleen and mesothelial cells (upper row, haematoxylin and eosin staining; arrowheads, hemosiderin
deposits; lower row, Perl's iron staining; bar = 100 um; 50 um in the insets). (b) Iron concentration in various organs of the peritoneal
cavity regarding asbestos type and NTA administration (means £ SEM; N = 5 randomly selected among sacrificed animals after day
420). (c) Serum ferritin and NTBI (non-transferrin-bound iron) before apparent recognition of tumours (means & SEM; N = 5-12}.
See Supplementary Table 1 for details. (d) Expression of iron-associated genes in the asbestos-induced mesothlioma. DMT1, SLC11A2;
ferroportin, SLC40A1; Tfrc, transferrin receptor 1 (CD71); Ctrl ct, control cycle times. Ctrl is the control mesothelial sample obtained by
scraping rat solid organs as described in the Materials and methods section {means =+ SD, triplicate). (e) Expression of mesoderm-specific
transcription factors in the asbestos-induced mesothelioma. Sample numbers correspond to each other in d and e (means = SD, triplicate).
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Figure 6. Massive genomic alteration with homozygous deletion of CDKN2A/2B is a hallmark of asbestos-induced mesothelioma.
(a) Combined scheme of array-based comparative genome hybridization analysis (N = 9 for each asbestos, consisting of 3 EMs, 2-3 BMs,
and 3-4 SMs, respectively). The three asbestos types were not differentiated with hierarchical clustering. (b) Quantitation of chromosomal
aberration over the whole genome by (log; ratio) [2]. Zero means no amplification/deletion (2N state), and the increased number indicates
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N = 8; EM, N = 9). (c) Homozygous deletion of CDKN2A/2B is observed in 25/27 cases (88.9% in chrysotile- or crocidolite-induced
mesothelioma; 100% in amosite-induced mesothelioma). (d) Fluorescence in situ hybridization analysis to confirm the homozygous deletion
of CDKN2A/2B. Pink dots are the signals under DAPI nuclear counter-staining. (e) Semi-quantitative PCR analysis for evaluation of the
copy number of the CDKN2A/2B locus (means + SD, triplicate). (f) Expression of CDKN2A (p16), p53, and NF2. Sample numbers correspond

to each other in e and f {means + SD, triplicate).

Discussion

Many animal experiments were performed regard-
ing the carcinogenicity of asbestos in the 1970s and
1980s [1]. One of the fruitful outcomes was ‘Stanton’s
hypothesis’ on macrophage involvement that asbestos
fibres longer than 8—20 pum and thinner than 0.25 um
more readily induce MMs [32,33]. The present exper-
iments are a re-evaluation of those with modern
molecular techniques under specific pathogen-free
environments in the hope of understanding, preventing,
and curing asbestos-induced mesothelial carcinogene-
sis. We also re-evaluated the UICC standard asbestos
fibres reportedly produced in the 1990s and found that
the fibre numbers per weight were not significantly dif-
ferent among the three commercial asbestos types, but
that chrysotile contained a higher fraction of long fibres
(Figure 1). We cannot rule out the possibility that a

Copyright © 2012 Pathological Society of Great Britain and Ireland.
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high fraction of longer fibres affected the carcinogenic-
ity, but these are the standard types of asbestos used
in the scientific community.

MMs induced in rats were similar to their human
counterparts histologically as well as immunohisto-
chemically [34], and from the standpoint of serum
marker [35,36] (Figure 3). The data presented here
point towards the idea that chrysotile is the fastest to
induce MM among the commercial types of asbestos,
with a higher fraction of a more malignant SM
type (Figure 2 and Supplementary Figure 1). Although
chrysotile itself contains a small amount of iron,
iron overload appears to have played an important
role in chrysotile-induced mesothelial carcinogenesis,
as did crocidolite and amosite. Furthermore, the
iron-overloaded condition was most prominent with
chrysotile, as seen by iron staining, measurements, and
serum ferritin levels (Figure 5). This is presumably via

J Pathol 2012; 228: 366—377
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its high haemolytic activity and the associated catalytic
activity of iron, making the surface of asbestos a niche
for oxidative modification [37], and is consistent with
the cultured cell experiments using iron-loaded syn-
thetic chrysotile [38]. Interestingly, the genomic aber-
ration area was narrower than the other two types of
asbestos (Figure 6b), suggesting that chrysotile attack
is more pinpoint and is in the proximity of genomic
DNA. This pathogenic mechanism of iron involvement
was demonstrated further by the significant promo-
tional effect of NTA (Figure 2f) and by the character-
istic pattern of genomic alterations (Figure 6c¢) in the
iron-induced rat tumours [39]. No iron accumulation,
in our recent publication [13], near mesothelial cells
with tangled CNT (no MM formation; Figure 2c) con-
firms the involvement of iron overload in mesothelial
carcinogenesis.

NTA, a synthetic aminopolycarboxylic acid, binds
with hydrogen bonding only three or four out of
six ligands of ferric iron, thus leaving free catalytic
ligands at neutral pH [40]. We showed that even a
single intraperitoneal injection of NTA enhanced the
in vivo oxidative DNA modification of mesothelial
cells 2 weeks after asbestos administration (Figure 4).
The significantly earlier occurrence of MM in male rats
than in females only in the chrysotile group (Figure 2f)
may result from the sex difference in iron metabolism
and suggests a strong commitment of iron overload in
chrysotile-induced carcinogenesis.

In animal models without genetic engineering,
homozygous deletion of CDKN2A/2B/ARF is observed
only in ferric-NTA-induced renal cell carcinoma of
rats [41] and in sarcomatoid mesothelioma of rats
induced by ferric saccharate with NTA [15,39], as far
as we know. Therefore, we believe that this genetic
alteration represents an ‘iron overload’ signature. The
present data strongly support the role of iron over-
load in chrysotile-induced carcinogenesis. This aber-
ration causes simultaneous loss of both the RB and
the p53 (via ARF) tumour suppressive pathways [39].
Since this is a most frequently observed genomic alter-
ation in human MMs [42], this rat model precisely
mimics human MMs. Hierarchical clustering did not
detect an asbestos-specific difference in the array CGH
profiles, though we found a tendency of more fre-
quent chromosomal deletions in chromosomes 5 and
8 but globally narrower chromosomal aberration in
chrysotile-induced MMs (Figure 6 and Supplementary
Figure 4). Inclusion of Yapl amplification (Supple-
mentary Figure 5c) in the Hippo pathway [43] confirms
that the present rat model is similar to the human
counterparts. Recently, an aCGH analysis of murine
MM (NF2*/~ and wild-type) cell lines was reported
although a low-density BAC CGH array was used.
Alteration of CDKN2A and CDKN2B was observed
at 56% and 60%, respectively [44]. Their study does
not rule out the possibility of a deletional event during
the establishment of cell lines as described previously
[45].

Copyright © 2012 Pathological Society of Great Britain and Ireland.
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We observed that there was a tendency for iron to
accumulate in cells (macrophages, mesothelial cells,
and other parenchymal cells) after exposure to each
asbestos type, concomitant with low serum NTBI
(Figure 5). This precisely mimics the inflammatory
condition caused by bacterial infection, where the host
undertakes to deprive bacteria of available iron [46]. Of
note, an iron regulatory profile of this kind was also
observed in the asbestos-induced MMs (Figure 5d).

Based on direct and indirect evidence, we propose
that the iron overload condition is the key pathological
condition during mesothelial carcinogenesis by all
the commercially used asbestos types. Therefore, iron
modulation via phlebotomy, iron chelators or any other
means to remove local excess iron might be a hopeful
strategy for preventing MM.

Interestingly, we found that asbestos-induced MMs
are driven by the mesoderm-specific transcription fac-
tors DLX5 [47] and HAND1 [48], but not by ONE-
CUT 1 (HNF6) [49] (Figure 4e). DLX5 expression was
much stronger in the asbestos-induced MM than that
induced by iron saccharate, but an ectoderm-associated
transcription factor, PAX 6, was commonly overex-
pressed (Supplementary Figure 4¢) [15].

The major limitation of our study is that intraperi-
toneal administration differs from the situation of
human environmental exposure. We understand that
present experiments evaluated the carcinogenicity of
each fibre type on mesothelial cells at direct contact.
Other objective methods to evaluate how easily each
fibre reaches the pleural mesothelial cells via a res-
piratory pathway are mandatory and currently under
development.

In conclusion, chrysotile is a strong carcinogen that
acts through the induction of local iron overload in vivo
when it reachs mesothelial cells. Therefore, more
appropriate measures have to be taken to reduce envi-
ronmental cancer risk in this era of human longevity.
Since every type of commercially used asbestos causes
local ‘iron overload’ pathology, iron modulation to
remove local excess iron [40] might be an encourag-
ing strategy to prevent MM in people who have already
been exposed to asbestos. Following the current study,
the effects of chrysotile on lung carcinogenesis also
require immediate re-evaluation.
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array-based comparative genomic
hybridization
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BAC bacterial artificial chromosome
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NTA nitrilotriacetic acid (nitrilotriacetate)
NTBI non-transferrin-bound iron
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TGF-p synergizes with defects in the Hippo
pathway to stimulate human malignant
mesothelioma growth
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Malignant mesothelioma (MM) is an incurable malignancy that is caused by exposure to asbes-
tos and is accompanied by severe fibrosis. Because MM is usually diagnosed at an advanced
stage and clinical identification of early lesions is difficult, its molecular pathogenesis has not
been completely elucidated. Nearly 75% of MM cases have inactivating mutations in the NF2
(neurofibromatosis type 2; Merlin) gene or in downstream signaling molecules of the Hippo
signaling cascade, which negatively regulates the transcription factor Yes-associated protein
(YAP). In this study, we demonstrate a functional interaction between the Hippo and TGF-§
pathways in regulating connective tissue growth factor (CTGF). Expression of CTGF in MM cells
was induced by the formation of a YAP-TEAD4-Smad3-p300 complex on the CTGF promoter.
Knocking down CTGF expression in MM cells prolonged the survival of xenografted mice, and a
significant association was seen between CTGF expression and extracellular matrix deposition in
MM xenografts and in patient tissue specimens. We further suggest that CTGF may influence
the malignancy of mesothelioma because of the different histological expression patterns
observed in human MM tissues. These data suggest that CTGF is an important modulator of MM
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growth and pathology and represents a novel therapeutic target for this disease.

Malignant mesothelioma (MM), ansing from se-
rosal cells of the pleural, peritoneal, and pericar-
dial cavities, has a poor prognosis because it is
frequently diagnosed at advanced stages. The pri-
mary cause of this disease has often been linked to
asbestos exposure, and the number of patients
worldwide 1s predicted to peak in the next two
decades (Robinson and Lake, 2005; Murayama
et al., 2006). The latent period between first ex-
posure to asbestos and onset of the disease is ~20—
40 yr, and the first symptom is insidious and may
include chest pain and breathlessness. Although
there has been significant recent progress in clini-
cal treatment with combination chemotherapies,
a curative therapy for MM is still unknown, with
the median survival ranging between 9 and 17 mo
from the first diagnosis (Tsao et al., 2009).
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The involvement of tumor suppressor genes,
including p16™K# /p 144RF and NF2 (neurofibro-
matosis type 2), has been demonstrated to be cru-
cial in the development of various MMs (Bianchi
et al., 1995; Sekido et al., 1995). The NF2 gene,
known to be responsible for NF2 syndrome, en-
codes Metlin, and deletions or mutations of this
gene were found in 40-50% of MMs.The down-
stream signaling of Merlin is the mammalian
Hippo cascade, which was originally identified by
genetic studies in Drosophila melanogaster (Hay and
Guo, 2003; Ryoo and Steller, 2003;Wu et al., 2003;
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