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Fig. 3. CIMP status associated with prognosis of AdCas. (A) Total of 128 AdCas were classified into three subclasses by the six newly identified CIMP markers.
Black boxes, methylation positive; gray boxes, mutation positive; white boxes, methylation negative or mutation negative and light gray boxes with oblique lines,
data were not available for TP53 status. H, CIMP-H; L, CIMP-L and N, CIMP-N. (B) Kaplan—Meier analysis for overall survival of 128 AdCa patients by CIMP
status. P value was calculated by log-rank analysis. (C) Kaplan-Meier analysis for overall survival of 80 AdCas cases harboring wild-type EGFR by CIMP status.
(D) Kaplan—Meier analysis for overall survival by smoking status. (E) Multivariate analysis showed that CIMP-H was an independent prognostic factor among

male smokers (n = 37).

the methylation status of these 19 genes, we found that AdCas in our
training set were divided into three clusters; the three most extensively
methylated AdCas were consistent with the CIMP-H AdCas, suggest-
ing that a panel of 19 genes may also be a potent predictor for CIMP-
H in AdCas (Supplementary Figure 3, available at Carcinogenesis
Online). However, given the worse prognosis of patients with
CIMP-H AdCas, the impact of CIMP to survival in lung cancer might

be different from the CIMP in colon cancer, glioma and breast cancer.
Indeed, a study in myelodysplastic syndromes also showed that the
presence of CIMP was significantly associated with poor prognosis
and risk of leukemia transformation (38). The contrasting impacts of
CIMP to clinical outcome might be due to the distinct DNA methyl-
ation profiles specific to each tumor type; CIMP confers poor prog-
nosis in lung AdCas and myelodysplastic syndromes via inactivation
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Fig. 4. Epigenetic treatment in AdCa cell lines. (A) Growth rate of AdCa cell lines with each EGFR status as measured by 3-(4,5-dimethylthiazole-2-y1)-2,5-
bdipheny] tetrazolium bromide assay after 72 h of treatment of TKI (AG1478) in different doses. CIMP status of each cell line is indicated by H, L and N. (B)
Growth inhibition of AdCas after 5-Aza-dC treatment. Growth inhibition was examined (upper panel) at the concentration where 20% of LINE-1 demethylation

had occurred (lower panel). *P < 0.05.

of genes critical for tumor progression and for response to
chemotherapy.

We found another epigenomic subgroup (CIMP-L) of AdCas
within the major subclasses classified by DNA methylation status.
This subtype showed moderate accumulation of DNA methylation.
Indeed, our cell line study showed that CIMP-L cells were sensitive to
5-Aza-dC treatment. These data suggest that tumorigenesis pathway
of CIMP-L AdCas might also be affected by DNA methylation to
a certain extent. However, we could not find any specific features of
this subtype. This might be due to the lack of suitable markers to
further classify CIMP-L, resulting in a mixture of subpopulations as
was found in the colon cancer study (39,40). Sensitive and specific
markers for CIMP-L in AdCas are needed to further characterize
CIMP-L. Additional studies will be required to address this problem.

CIMP-positive lung AdCa cell lines appeared to be more sensitive
to 5-Aza-dC treatment, in which demethylation effectively occurred
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even at low doses of 5-Aza-dC, regardless of EGFR mutation status.
Epigenetic drugs targeting DNA methylation, such as 5-Aza-dC and
5-azacytidine, have shown clinical effectiveness in cancer treatment,
especially for hematological malignancies (41,42). For the treatment
of thoracic malignancies, studies showed that a certain population of
patients with AdCas clinically benefit from 5-Aza-dC treatment
(43,44). One of the important issues of research is the identification
of biomarkers predictive of response to DNA methylation inhibitors
(45). Our cell line analysis showed that CIMP status appeared to be
associated with response to 5-Aza-dC, suggesting that epigenetic
therapy might be a useful approach, especially for those individuals
who have been diagnosed with CIMP. If this possibility was validated,
our findings would be significant for the use of DNA methylation
inhibitors in lung tumors.

In conclusion, we demonstrated here that six newly identified
CIMP markers may be useful in the accurate and practical epigenomic



classifications of lung cancer. Our findings may enable the develop-
ment of new molecular diagnostics tools for personalized medicine
for lung cancers and confer a new paradigm for cancer treatment.

Supplementary material

Supplementary Figures 1-3 and Tables 1-4 can be found at http://
carcin.oxfordjournals.org/.
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CASE REPORT

Malignant Pleural Mesothelioma Localized
in the Thoracic Wall

Daisaku Morimoto, MD,* Nobukazu Fujimoto, MD, PhD,* Hideyuki Nishi, MD, PhD,}
Michiko Asano, MD,* Yasuko Fuchimoto, MD, PhD,* Katsuichiro Ono, MD,* Shinji Ozaki, MD, *
Koji Taguchi, MD, PhD} and Takumi Kishimoto, MD, PhD

alignant pleural mesothelioma (MPM) usually shows a

diffuse pattern of growth over the pleural surfaces. We
present an unusual case of MPM that was localized and had
spread outside the thoracic wall.

CASE REPORT

A 65-year-old man was referred to our hospital because
of dry cough. He was a never smoker and worked at a chemical
fiber factory where he was exposed to asbestos for 40 years.
Physical examination revealed that the skin over the left sub-
clavian area was swollen but without tenderness or redness.

A chest radiograph showed hypolucency on the left side.
A computed tomographic scan of the chest showed a 7-cm
. diameter tumor on the left anterior chest wall surrounding the
second rib (Fig. 1). No pleural plaque, effusion, or lymphade-
nopathy was detected. Fluorodeoxyglucose positron emission
tomographic computed tomographic imaging showed the
accumulation of fluorodeoxyglucose in the tumor with the
maximum standardized uptake value of 15.1 without accumu-
lation in any other organ. The diagnosis of MPM, epithelioid
type, was made from a percutaneous needle-biopsy specimen.
Thoracoscopic exploration showed that the tumor was covered
with parietal pleura, and no dissemination was found on the
pleura. The tumor and the involved first, second, and the third
ribs were removed with curative intent. The resected specimen
revealed cubiform tumor cells; some of which were forming
a papillary tubular structure (Fig. 24). Immunohistochemical
analyses demonstrated that the tumor cells were positive for
calretinin (Fig. 28), D240, Wilms’ tumor 1, thrombomod-
ulin, cytokeratin 5/6, and epithelial membrane antigen, and
negative for carcinoembryonic antigen (Fig. 2C), thyroid
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FIGURE 1.

Computed tomographic scan of the chest at
the time of diagnosis showing (A) coronal and (B) horizontal
views of a tumor on the left anterior chest wall.

transcription factor, and napsin A. The diagnosis was con-
firmed as epithelioid type MPM. Detailed investigation of the
specimen showed that the parietal pleura was involved with
tumor cells (Fig. 3), indicating that the tumor originated from
the parietal pleura. Six months later, he had a local recurrence
and underwent radiotherapy and systemic chemotherapy.

DISCUSSION

In the current case, a patient presented with MPM that
localized and spread outside the thoracic wall. The tumor was
initially suspected to be a soft-tissue neoplasm, osteoblastic
metastatic tumor, or malignant lymphoma. The pathological
diagnosis of MPM was determined from a percutaneous needle-
biopsy specimen. Thoracoscopic exploration showed that the
tumor was covered with parietal pleura without dissemination
into the pleura, an unusual pattern of MPM progression.

MPM is classified in diffuse MPM or localized
(LMPM). LMPM is uncommon and characterized by a sharply
circumscribed tumor of the seromal membranes with the
microscopic appearance of diffuse malignant mesothelioma,
but without any evidence of diffuse spread.! It was formerly
considered a benign variant of mesothelioma,’? solitary fibrous
tumor,® or other neoplasms, but is now defined as having
the microscopic, histochemical, immunohistochemical, and
ultrastructural features of diffuse MPM. However, little is
known about the frequency and clinical behavior of LMPM.

The tumor in the current case was grossly localized in
the thoracic wall. Detailed pathological analyses showed that
the parietal pleura were involved with tumor cells, but dif-
fuse pleural spread was not determined; therefore, we regard

Journal of Thoracic Oncology  Volume 7, Number 10, October 2012 ' e21
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FIGURE 2. A, Microscopic examination of the biopsy specimen showed cubiform tumor cells; some of the cells formed papil-
lary tubular structures consistent with malignant mesothelioma (hematoxylin-eosin, 40 x). B, Immunohistochemical analysis
indicated positive expression of calretinin (40 x) and (C) negative expression of carcinoembryonic antigen (40 x).

the current case as LMPM. LMPM should be considered a
thoracic tumor that is localized and has spread outside the tho-
racic wall,
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FIGURE 3. Microscopic examination of the biopsy specimen
showed that the parietal pleural was involved with tumor

cell (arrows), indicating that the tumor originated from the
parietal pleura.
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MicroRNA miR-34b/c Enhances Cellular Radiosensitivity
of Malignant Pleural Mesothelioma Cells

YUHO MAKI!, HIROAKI ASANO!, SHINICHI TOYOOKA!, JUNICHI SOH!, TAKAFUMI KUBO!,
KUNIAKI KATSUIZ, TSUYOSHI UENO!, KAZUHIKO SHIEN!, TAKAYUKI MURAOKA!,
NORIMITSU TANAKA!, HIROMASA YAMAMOTO!, KAZUNORI TSUKUDA!,
TAKUMI KISHIMOTO?, SUSUMU KANAZAWAZ? and SHINICHIRO MIYOSHI!
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Abstract. Background: We previously reported that epigenetic
silencing of microRNA-34b/c (miR-34b/c) plays an important
role in the pathogenesis of malignant pleural mesothelioma
(MPM). We examined the impact of miR-34b/c restoration on
the radiosensitivity of MPM cells. Materials and Methods: We
established stable miR-34b/c and scramble transfectants of two
MPM cell lines, H2052 and H28. We examined these
transfectants by clonogenic survival assay, phosphorylated
histone H2AX (yH2AX) foci assay, cell-cycle analysis, and
western blotting. Results: The clonogenic survival assay
revealed that miR-34b/c radiosensitized MPM cells. yH2AX foci
assay showed that DNA double-strand break repair was delayed
in miR-34b/c transfectants. The proportion of sub-G; phase
cells was increased in miR-34b/c transfectants after irradiation.
miR-34b/c inhibited expression of cyclin-D1, cyclin-dependent
kinase 4/6, B-cell lymphoma-2 (BCL-2) and increased cleaved
poly (ADP-ribose) polymerase (cPARP) and cleaved caspase-3
after irradiation. Conclusion: Our results indicate that miR-
34b/c enhances radiosensitivity by promoting radiation-induced
apoptosis and suggested that miR-34b/c might be a useful
therapeutic molecule to enhance radiotherapy in MPM.

Malignant pleural mesothelioma (MPM) is an aggressive
neoplasm arising from the pleura. The prognosis of MPM is
dismal, as neither chemotherapy nor radiotherapy remarkably
improve its prognosis (1). Thus, an urgent need to understand
the molecular biology of MPM exists so that new therapeutic
strategies for MPM can be developed (2).
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MicroRNAs (miRs) are a class of 17-22 nucleotide small
non-coding RNAs (3). Among them, miR-34b/c has an
upstream p53-binding site and is directly induced by p33 in
response to oncogenic stress and DNA damage (4, 5). The
known targets for miR-34b/c include mesenchymal epithelial
transition factor (c-MET), cyclin-dependent kinase (CDK) 4/6,
cyclin D1 (CCND1), cyclin E2 (CCNE2) (4), and BCL2 (6).
Since miR-34b/c suppresses these targets, miR-34b/c is thought
to play an important role in the p53 tumor suppressor network.

We previously reported that miR-34b/c was frequently
methylated in MPM, compared with miR-34a (7). Aberrant
methylation in the promoter region of miR-34b/c was present
in 6 out of 6 MPM cell lines and in 40 (85.1%) out of 47
primary MPMs, whereas methylation of miR-34a was
present in 2 (33.3%) out of 6 MPM cell lines and in 13
(27.7%) out of 47 primary MPMs. Interestingly, the
introduction of miR-34b/c, but not p53, induced significant
antitumor effects such as Gj-arrest, apoptosis, and the
inhibition of migration, invasion and cell motility of MPM
cells (7); these effects arose through the suppression of
multiple targets of miR-34b/c, indicating the importance of
miR-34b/c in MPM.

Although genetic alteration of p53 is rare in MPM (8),
MPMs biologically exhibit an apparent p53-deficiency,
resulting in anti-apoptosis effects and cell-cycle alterations.
CCNDI, one of the targets of miR-34b/c, is an important
component of the core cell-cycle machinery. Recently, CCND1
was reported to be a therapeutic target for MPM (9). One study
showed that the reduction of CCND1 enhances radiosensitivity
of human cancer by suppressing DNA double-strand break
(DSB) repair (10). Another report described that flavopiridol,
a pan-CDK inhibitor, also enhances radiosensitivity and
induces apoptosis in non-small cell lung cancer (11), as well
as gastric and colon cancer (12).

After considering these points, we hypothesized that the
introduction of miR-34b/c might restore p53-mediated tumor
suppression in response to ionizing radiation (IR) in MPM
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cells. In this study, we examined the impact of miR-34b/c on
the cellular radiosensitivity of MPM cells.

Materials and Methods

Cell culture and establishment of stable miR-34b/c rransfectants. Two
MPM cell lines (H2052 and H28) in which the expressions of miR-
34b and miR-34c were epigenetically suppressed were used in this
study. The two MPM cell lines were kindly provided by Dr. Adi F.
Gazdar (Department of Pathology, University of Texas Southwestern
Medical Center, Dallas, TX, USA) and were maintained in RPMI-
1640 (Sigma Chemical Co., Saint Louis, MO, USA) supplemented
with 10% fetal bovine serum in 5% CO,. Stable miR-34b/c and
scramble RNA transfectants were established, as previously described
in our report (7). Briefly, a fragment of genomic DNA encoding miR-
34b/c or scramble RNA fragment as a negative control was subcloned
into a pSilencer 4.1-CMV neo plasmid vector (Ambion, Austin, TX,
USA). The constructed plasmids were then transfected into MPM
cells using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA,
USA). Resistant clones were isolated by G418 selection for two
weeks and were maintained in G418-containing medium.

Evaluation of miR-34b/c expression using quantitative real-time-
polymerase chain reaction (PCR). microRNA was extracted from
miR-34b/c-transfected and scramble RNA-transfected MPM cells
using TagMan MicroRNA Cells-to-CT™ Kit (Ambion). Real-time
PCR for miR-34b and 34c was performed using TagMan MicroRNA
Assays (P/N4427975, Assay ID 000427 for has-miR-34b, Assay ID
000428 for has-miR-34c; Applied Biosystems, Foster City, CA)
using the StepOnePlus™ Real-Time PCR system (Applied
Biosystems). The expression of miR-374 was used as an
endogenous control following the manufacturer’s recommendation
(www.appliedbiosystems.com). The relative expression ratio for
miR-34b and miR-34c was calculated from triplicate PCR.

Clonogenic cell survival assay. miR-34b/c-transfected and scramble
RNA-transfected H2052 and H28 cells were trypsinized to generate a
single-cell suspension, and a specified number of cells were seeded
into each well in six-well tissue culture plates. After allowing the cells
time to attach (6 h), the plates were irradiated at 2, 4, 6 or 8 Gy.
Fourteen days after IR, colonies were stained with crystal violet. The
number of colonies containing at least 50 cells was determined, and
survival curves were generated. The dose enhancement factor (DEF)
was calculated at a surviving fraction of 0.1 to estimate the increase
in radiosensitivity. Data presented are the meanzstandard deviation
(SD) from at least two independent experiments.

Immunofluorescent staining for phosphorylated histone H2AX
(yH2AX). YH2AX has been established as a sensitive indicator of
DNA DSB with the resolution of foci corresponding to DNA DSB
repair (13). miR-34b/c-transfected and scramble RNA-transfected
H2052 cells were grown in Lab-Tek chamber slides (Nalge Nunc
International, Naperville, IL, USA). The cells were fixed in 4%
paraformaldehyde for 10 min at 1 h, 6 h, and 24 h after IR (4 Gy)
and permeabilized in phosphate-buffered saline (PBS) containing
0.2% NP40 for 15 min. The cells were then incubated overnight at
4°C with 1:200 diluted anti-yH2AX antibody (Millipore, Billerica,
MA,USA). The cells were incubated with 1:50 diluted fluorescein
isothiocyanate (FITC)-labeled secondary antibody (Jackson Immuno
Research Labs, West Grove, PA, USA) for 1 h and were then
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incubated in PBS, containing 4’,6-diamidino-2-phenylindole (1
pg/ml) for 30 min. Coverslips were mounted using an anti-fade
solution (DAKO Corp., Carpinteria, CA, USA). The slides were
examined under a fluorescent microscope (Keyence BZ-8000;
Keyeunce, Osaka, Japan). The number of YH2AX foci was counted in
cach nucleus, of at least 50 cells in each sample.

Cell-cycle analysis. The cell-cycle distribution was evaluated using
flow cytometry in miR-34b/c-transfected and scramble RNA-
transfected H2052 cells. Non-irradiated transfectants and 4 Gy-
irradiated transfectants at 24 h after IR were harvested and
resuspended in PBS containing 0.2% Triton X-100 and 1 mg/m}
RNase, then stained with propidium iodide and analyzed using a
FACScan instrument, as previously described (7). Doublets, cell
debris, and fixation artifacts were gated out, and cell-cycle analysis
was performed using the CellQuest version 3.1 software.

Western blot analysis. Cells were harvested and western blot
analysis was carried out as previously described (7). We examined
four molecules (CCND1, CDK4, CDK6, and BCL2) reported to be
primary targets of miR-34b/c. We also examined BCL2 Associated
X-protein (BAX), cPARP, pro-caspase-3, and cleaved caspase-3 to
detect apoptosis. Actin was used as the loading control. The primary
antibodies used for western blotting were as follows: anti-CCND1
(sc718, diluted 1000:1; Santa Cruz, Santa Cruz, CA, USA), anti-
CDK4 (5¢260, diluted 200:1; Santa Cruz), anti-CDK6 (#3136,
difuted 2000:1; Cell Signaling), anti-BCL2 (sc7382, diluted 500:1;
Santa Cruz), anti-BAX (#2774, diluted 1000:1; Cell Signaling
Technology, Beverly, MA, USA), anti-cPARP (#9546, diluted
2000:1; Cell Signaling), anti-pro-caspase-3 (sc7272, diluted 2000:1;
Santa Cruz), and anti-actin (MAB 1501, diluted 20000:1; Millipore).

Statistical analysis. Data are represented as the mean+SD. An
unpaired Student’s r-test was used to compare data between the two
groups. Probability values less than 0.05 were considered
statistically significant. All the data were analyzed using JMP9.0 for
Windows (SAS Institute, Cary, NC, USA).

Results

Evaluation of miR-34b/c expression using quantitative real-
time PCR. The expressions of miR-34b and 34c were
examined in miR-34b/c and scramble RNA transfectants.
Compared with the scramble RNA transfectants, the
expression of miR-34b was increased by 26.6-fold and 10.5-
fold in miR-34b/c-transfected H2052 and H28 cells,
respectively. The expression of miR-34c¢ was increased by
68.7-fold and 31-fold in miR-34b/c-transfected H2052 and
H28 cells, respectively. Compared with the increase of miR-
34b and miR-34c in miR-34b/c transfectants, the expression
of miR-34b and miR-34c in scramble RNA-transfected
H2052 cells at 24 hours after 4 Gy IR was only increased by
1.2-fold and 1.4-fold, respectively. Thus, we confirmed that
the expression of mature miR-34b and miR-34c were
increased in stable miR-34b/c transfectants.

Effect of miR-34b/c on cellular radiosensitivity. A clonogenic
survival assay was performed to examine the effect of miR-
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Figure 1. Effect of miR-34b/c on cellular radiosensitivity in malignant
pleural mesothelioma (MPM) cells. miR-34b/c-transfected and scramble
RNA-transfected MPM cells, H2052 (A) and H28 (B), were irradiated
with graded doses of X-rays. The colony-forming efficiency was
determined at 14 days after irradiation, and survival curves were
generated. Data are the mean=SD of two independent experiments.
DEF, Dose-enhancement factor.

34b/c on radiosensitivity in miR-34b/c transfectants, compared
with the scramble control. As shown in Figure 1, miR-34b/c
enhanced radiosensitivity of both miR-34b/c-transfected
H2052 and H28 cells, with a DEF of 1.3 and 1.2, respectively.
Because the radiosensitizing effect of miR-34b/c was stronger
in H2052 cells than that in H28 cells, subsequent experiments
were performed using H2052-derived transfectants.

Effect of miR-34b/c on radiation-induced yH2AX foci. We
examined the DNA damage repair potential using a YH2AX
foci assay. Representative micrographs are shown in Figure
2A. Compared with the scramble RNA transfectant, the
number of YH2AX foci in miR-34b/c-transfected H2052 was
significantly lower at 1 and 6 hours (considered to be early-
phase) after IR but was higher at 24 hours (considered to be
late-phase) (Figure 2B). We also calculated the rate of
reduced YH2AX foci at 6 hours and 24 hours compared with

A
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Figure 2. Effect of miR-34b/c on radiation-induced phosphorylated
histone H2AX (yH2AX) foci in H2052 cells. A: Representative
micrographs obtained from scramble RNA-transfected H2052 cells (left)
and miR-34b/c-transfected H2052 cells (right) at 1 h after irradiation (4
Gy). B: miR-34b/c-transfected and scramble RNA-transfected H2052
cells on growing chamber slides were exposed to irradiation (4 Gy) and
fixed at a specific time for use in immunocytochemical analyses of the
nuclear YH2AX foci. Foci were evaluated in 50 nuclei per treatment for
each sample. Data are the mean+SEM. *p<0.05. C: Reduced double-
strand break (DSB) rate in miR-34b/c-transfected and scramble RNA-
transfected H2052 cells at 1, 6 and 24 h after 4 Gy irradiation. Data are
the mean+SEM of two independent experiments.

1 hour, i.e. the named reduced DSB rate (NDR). The formula
to calculate the NDR is as followed: (YH2AX foci per cell
at 1 hour-yH2AX foci per cell at 24 hours)/YH2AX foci per
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Figure 3. Influence of miR-34b/c on the cell-cycle distribution. miR-
34b/c-transfected and scramble RNA-transfected H2052 cells were
irradiated at 4 Gy. The cells were collected at 24 h after irradiation.
The cell-cycle distribution was determined using flow cytometry
according to an analysis of propidium iodide-stained cells. Data shown
are representative of two independent experiments.

cell at 1 hour. NDR was lower in miR-34b/c transfectants
(24.0%) than that in scramble transfectants (73.8%) at 24 h
after IR (Figure 2C). This result suggests that DNA DSB
repair potential was impaired in miR-34b/c transfectants
compared with the scramble transfectants.

miR-34b/c induced G, arrest and apoptosis. To further
investigate the mechanism responsible for the radiosensitization
effect of miR-34b/c, we performed a cell-cycle analysis on
H2052 cells. The percentage of sub-G; and G, phase miR-
34b/c transfectants was increased by 7.8% in non-irradiated
H2052 cells and by 5.5% in 4-Gy-irradiated H2052 cells at
24 hours after IR (Figure 3). Focusing on the apoptotic
fraction, the sub-G, phase was increased by 9.6% in miR-
34b/c-transfected H2052 cells at 24 hours after IR, suggesting
that miR-34b/c enhanced radiation-induced apoptosis.

Impact of miR-34b/c on primary target proteins and apoptosis-
related proteins. To examine the effect of miR-34b/c on its
target proteins and apoptosis-related proteins, we focused on
CCND1, CDK4/6, and BCL2 as targets of miR-34b/c and
BAX, cPARP, pro-caspase 3, and cleaved caspase-3 for
detecting apoptosis. The expressions of CCND1, CDK4/6 and
BCL2 in miR-34b/c transfected H2052 cells were down-
regulated at almost all the time points after IR that were
examined (Figure 4). The expression of pro-caspase-3 was
decreased in miR-34b/c transfectants. In contrast, the
expressions of cleaved Caspase-3 and cPARP was increased in
miR-34b/c transfectants and gradually increased after IR. These
results suggested that miR-34b/c suppressed its target proteins
and that IR enhanced apoptosis of miR-34b/c transfectants.
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Figure 4. Effect of miR-34b/c on primary target proteins and apoptosis-
related proteins. miR-34b/c-transfected and scramble RNA-transfected
H2052 cells were irradiared (4 Gy) and harvested at the specified times.
The putative target proteins of miR-34b/c, namely (cyclin-D1, CCND1),
cyclin dependent kinase-4 (CDK4), cyclin dependent kinase-6 (CDKG6),
and B-cell lymphoma-2 (BCL2) and apoptosis-related proteins BCL2
Associated X-protein (BAX), cleaved poly (ADP-ribose) polymerase
(¢PARP), procaspase-3, and cleaved caspase-3 were examined. Each
blor is representative of two independent experiments. IR: Irradiation.

Discussion

In this study, a clonogenic survival assay revealed that the
restoration of miR-34b/c enhanced the radiosensitivity of MPM
cells. This result is the essential finding of the present study.
To understand the mechanism of radiosensitization, we focused
on DNA DSB repair, cell-cycle distribution, and expression of
the target proteins of miR-34b/c and apoptosis-related proteins.

Firstly, we estimated the DNA DSB status by counting
vH2AX foci. The number of YH2AX foci after IR was lower
at the early-phase but higher at the late-phase and the NDR
was low in miR-34b/c transfectants compared with the
scramble transfectants. As translation of this result, two
possibilities should be considered: i) DNA DSB repair was
impaired in miR-34b/c transfectants in the early-phase and
DSBs accumulated at the late-phase, ii) miR-34b/c
transfectants contained a low amount of DNA because miR-
34b/c itself influenced the cell cycle, resulting in a low rate of
cells entering the S phase. To understand how miR-34b/c
impaired DNA DSB repair, CCND1, a putative target of miR-
34b/c, seems to play a crucial role. Reportedly, CCND1 binds
directly to RADS51 and is recruited to sites of DNA damage,
and a reduction in CCND1 impairs the recruitment of RADS51
to damaged DNA and increases the cellular radiosensitivity
(10). We confirmed that miR-34b/c suppresses CCND1 with
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or without IR and that the suppression was greater in miR-
34b/c transfectants at 24 hours after IR. Accordingly, miR-
34b/c is assumed to impair DNA DSB repair by suppressing
CCNDI1. This is considered to be a part of the mechanism by
which miR-34b/c enhances radiosensitivity.

Secondly, we estimated the cell-cycle distribution and related
proteins. We observed that the proportion of sub-G; phase
miR-34b/c transfectants at 24 hours after IR was significantly
greater than that for scramble transfectants, indicating that
radiation-induced apoptosis took place in miR-34b/c
transfectants. Of note, BCL2 expression was inhibited and that
of cPARP and cleaved caspase-3 were increased in miR-34b/c
transfectants after IR. As other cell-cycle-related targets of
miR-34b/c, CCND1, CCNE2, CDK4 and CDKG6 are known as
key molecules for the G| checkpoint (4, 6, 14), and some of
these targets were confirmed to be down-regulated in miR-
34b/c transfectants in the present study. Indeed, G; arrest
occurred in miR-34b/c transfectants. However, a question arises
here. Generally cells in the G; phase are considered to be
relatively radioresistant compared with those in other phases
(15). There are several reports that explain this contradiction.
Kodym et al. reported that flavopiridol, a pan-CDK inhibitor,
was reported to increase the radiosensitivity of both
proliferating and quiescent lung cancer cells by suppressing
DNA DSB repair thorough a cell cycle-unrelated mechanism
(11). Other studies have demonstrated CDK inhibitor-mediated
G; arrest and radiation-induced apoptosis in breast cancer (16),
as well as colonic and gastric cancer (12). We observed that
miR-34b/c suppressed CDK4/6, which indicates that miR-
34b/c has similar effects to a CDK inhibitor. Considering these,
the effects of miR-34b/c on impairing DNA DSB repair and
suppressing cell-cycle-related proteins resulted in an
enhancement of radiosensitivity of MPM cells.

In conclusion, we revealed that the restoration of miR-
34b/c in MPM cells enhanced radiosensitivity and promoted
radiation-induced apoptosis, indicating that miR-34b/c, used
in combination with IR, may be a potential therapeutic target
for MPM.
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Atopic dermatitis and skin disease

A homozygous nonsense mutation in the gene for Tmem?79,
a component for the lamellar granule secretory system,
produces spontaneous eczema in an experimental model of

atopic dermatitis

Takashi Sasaki, PhD,>®* Aiko Shiohama, PhD,*%* Akiharu Kubo, MD, PhD,?® Hiroshi Kawasaki, MD, PhD,?
Akemi Ishida-Yamamoto, MD, PhD,® Taketo Yamada, MD, PhD,f Takayuki Hachiya, PhD,? Atsushi Shimizu, PhD,"

Hideyuki Okano, MD, PhD,' Jun Kudoh, PhD, and Masayuki Amagai, MD, PhD*°

Background: Flaky tail (ma/ma F. 1g"") mice have a frameshift
mutation in the filaggrin (Flg") gene and are widely used as a
model of human atopic dermatitis associated with FLG
mutations. These mice possess another recessive hair mutation,
matted (ma), and develop spontaneous dermatitis under specific
pathogen-free conditions, whereas genetically engineered
Flg™’™ mice do not.

Objective: We identified and characterized the gene responsible
for the matted hair and dermatitis phenotype in flaky tail mice.
Methods: We narrowed down the responsible region by
backcrossing ma/ma mice with wild-type mice and identified the
mutation using next-generation DNA sequencing. We attempted
to rescue the matted phenotype by introducing the wild-type
matted transgene. We characterized the responsible gene product
by using whole-mount immunostaining of epidermal sheets.
Results: We demonstrated that ma, but not Flgf ! was
responsible for the dermatitis phenotype and corresponded to a
Tmem79 gene nonsense mutation (c.840C>G, p.Y280%), which
encoded a 5-transmembrane protein. Exogenous Tmem79
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expression rescued the matted hair and dermatitis phenotype of
Tmem79™“"™® mice. Tmem?79 was mainly expressed in the frans-
Golgi network in stratum granulosum cells in the epidermis in
both mice and humans. The Tmem79™*"* mutation impaired
the lamellar granule secretory system, which resulted in altered
stratum corneum formation and a subsequent spontaneous
dermatitis phenotype.

Conclusions: The Tmem79™™* mutation is responsible for the
spontaneous dermatitis phenotype in matted mice, probably as a
result of impaired lamellar granule secretory system and altered
stratum corneum barrier function. (J Allergy Clin Immunol
2013;132:1111-20.)

Key words: Atopic dermatitis, skin barrier, stratum corneum, trans-
Golgi network, filaggrin

Loss-of-function mutations in the filaggrin (FLG) gene cause
ichthyosis vulgaris, a common autosomal dominant keratinization
disorder characterized by scaly skin, and are a major factor predis-
posing one to atopic disorders, including atopic dermatitis (AD),
atopic asthma, hay fever, and food allergy.' Filaggrin is a major
component of the stratum corneum (SC) and plays an important
role in its structural integrity.” Consequently, defects in the FLG
mutation—associated SC barrier lead to increased percutaneous al-
lergen exposure and a subsequent heightened immune reaction.”
FLG mutations exist in 15% to 55% of patients with AD of various
ethnic groups.™'” Other predisposing factors remain to be identi-
fied in the remaining 45% to 85% of patients with AD.

The flaky tail (Flg”) mouse phenotype first arose as a
spontaneous recessive mutation in 1958 on the background of
the existing recessive hair phenotype, matted (ma). Since then,
the mice have been maintained as a mixed strain because these
loci are closely linked on mouse chromosome 3. "*# The ma/ma
FIg"™" mice express a truncated profilaggrin (approximately 215
kDa) instead of the normal profilaggrin (>500 kDa) because of a
1-bp deletion mutation, ¢.5303delA, which leads to premature ter-
mination 154 codons downstream (p.Asn1768Thrfs*154) in the
murine Flg gene.'*'* Therefore ma/ma Fig"™" mice are widely
used asa model of AD to investigate its pathophysiologic mecha-
nisms. > The ma/ma FIg"™" mice have enhanced percutaneous
allergen priming and develop spontaneous dermatitis under spe-
cific pathogen-free (SPF) conditions.’* In contrast, genetically en-
gineered Flg™~ mice have altered SC barrier function and
enhanced percutaneous allergen priming but do not develop spon-
taneous dermatitis under SPF conditions.”
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Abbreviations used
AD: Atopic dermatitis
CDSN: Corneodesmosin
Flg: Filaggrin
LG: Lamellar granule
ma: Matted
SC: Stratum corneum
SG: Stratum granulosum
SNV: Single nucleotide variation
SPF: Specific pathogen free
TEWL: Transepidermal water loss
TGN: Trans-Golgi network
WT: Wild type

To examine this conflicting finding, we segregated the ma and
FIg" mutations by backcrossing with wild-type (WT) mice
(C57BL/6) to generate congenic strains and demonstrated that
ma, but not Fig", is responsible for the dermatitis phenotype
and corresponds to a nonsense mutation (¢.840C>G, p.Y280%)
in the Tmem?79 gene. We further characterized the epidermal ex-
pression pattern of Tmem?79 in addition to the effects on lamellar
granule (LG) secretion and SC formation caused by the mutation.

METHODS
Mice

Flaky tail mice (ma/ma Flg"") were obtained from Jackson Laboratory
(Bar Harbor, Me). Flaky tail mice were backcrossed with C57BL/6J mice
(CLEA Japan, Tokyo, Japan) to generate ma/ma and Flg/'/f' mice. We
genotyped Flg", as described previously.””

Biophysical skin measurements

Skin hydration was evaluated by analyzing the skin electrical impedance
with a Corneometer ASA-M2 (Asahi Biomed, Yokohama, Japan).
Transepidermal water loss (TEWL) was measured with a VAPOSCAN
AS-VT100RS (Asahi Biomed). All data are the median of 3 recordings.

DNA sequencing and transmembrane topology
analysis

To narrow the ma candidate region, we established 9 markers that
distinguished between C57BL/6 and CBA mouse alleles based on single
nucleotide polymorphisms (SNPs). Genomic DNAs from Tmem797"a,
CBA, and C57BL/6 mice were sequenced by means of targeted resequencing
with the Next Generation DNA Sequencer. Briefly, the extracted genomic
DNA was enriched with the SureSelect Target Enrichment System (Agilent
Technologies, Tokyo, Japan) and sequenced with the Illumina Genome
Analyzer II (Illumina, Tokyo, Japan). The DNA sequence reads were mapped
to the mouse reference genome (mm19) by using bwa,”" and single nucleotide
variations (SN'Vs)/indels were extracted with SAMtools™ (see the Methods
section in this article’s Online Repository at wyw.jucioniine.org for details).
SOSUI (atip://bp.nuapanagoya-tac jpfsosul/) and Octopus (hitp/foctopus
¢hr.su se/) were used to predict the transmembrane location and topology.”

Construction of a Tmem79 transgenic vector and
generation of Tmem79™ mice

The 9223-bp genomic region, including the entire Tmem79 gene on bacte-
rial artificial chromosome DNA RP23-168E1, was subcloned into pUC118
vector by using the Red/ET recombination system (GeneBridges, Heidelberg,
Germany; see Fig E1 in this article’s Online Repository at www jacionline.
org) to generate Tmem797 mice. The linearized Tmem79 transgenic vector
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was injected into pronuclei of fertilized eggs and implanted into pseudopreg-
nant females. The mouse transgene was screened by using PCR to amplify the
boundary region between the pUCI118 vector and the Tmem79 genomic
sequence.

Evaluation of dermatitis severity

Mouse behavior was videotaped, and the number of scratches within a
S-minute period was recorded 3 times; the median value was analyzed. We
scored the total clinical skin severity of the mice from O to 3 for 5 skin-
associated phenotypes (pruritus, erythema, edema, excoriation, and scaling),
as previously described.” The total serum IgE level was measured with an
ELISA kit (Bethyl Laboratories, Montgomery, Tex).

Whole-mount immunostaining of epidermal sheets

Epidermal sheets from mouse ear and human shoulder skin were
immunostained for Tmem79 and other marker proteins. The skin specimens
were treated with 3.8% ammonium thiocyanate, and the dermis and epidermis
were separated. Whole-mount staining of epidermal sheets was performed, as
described previously.”” Tmem?79 and other organelle marker proteins were ob-
served by using z-stack scanning with a Leica TCS SP5 confocal microscope
(Leica Microsystems, Tokyo, Japan).

Antibodies

Rabbit antibodies were raised against synthetic peptides containing
Tmem79 N-terminal residues 99 to 115 (Ab™™) and C-terminal residues
376 to 391 (Ab™C). Other antibodies used in this study are shown in the
derhods section in this article’s Online Repository.

Immunoelectron microscopy

Postembedding immunoelectron microscopy was performed, as described
previously, with slight modification.”” Anti-TMM?79 rabbit antibody (Abgent,
San Diego, Calif) and anti-human frans-Golgi network (TGN) 46 sheep
antibody (AbD Serotec, Oxford, United Kingdom) were used as primary an-
tibodies, and 10-nm gold-labeled donkey anti-sheep IgG (BBInternational,
Cardiff, United Kingdom) and 5-nm gold-labeled goat anti-rabbit IgG
(BBInternational) were used as secondary antibodies.

Tape stripping

The dorsal skin of P5 neonatal mice was repeatedly tape stripped at the
same sites with Cryofilm Type 2C (Leica Microsystems) to assess SC layer
detachment under mechanical stress. The remaining SC layer was evaluated
by using safranin staining, and the number of focal abnormal desquamated
regions in which all layers peeled off were counted.

Statistical analysis

All experiments were analyzed by using 2-tailed Student ¢ tests with
GraphPad Prism 5.0 (GraphPad Software, San Diego, Calif). All results are
presented as means and SEMs. A P value of less than .05 was considered to
indicate statistical significance.

RESULTS
Matted mutation, but not filaggrin mutation, is
responsible for the matted hair and spontaneous
dermatitis phenotype

To generate each congenic mouse strain (ma/ma and Flg™?),
we segregated the ma and Flg" mutations by backcrossing with
WT mice (C57BL/6). As a result, ma/ma mutant mice, which
displayed the matted hair phenotype, developed spontaneous
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FIG 1. Development of spontaneous dermatitis in ma/ma mice. A, Gross phenotype of 2-week-old WT
(C57BL/6), 2-week-old ma/ma, and 4-week-old ma/ma mice. B, Histology of the skin on the neck-chest
area and eyelid. Bars = 100 pm. C and D, TEWL and SC hydration of the skin on the neck-chest area of 1-,
8-, and 16-week-old WT (C57BL/6: white bars, n = 5) and ma/ma (black bars, n = 5) mice. NA, Not analyzed.

dermatitis with scratching behavior, whereas FIg"™" mice did not
have dermatitis under SPF conditions (Fig !, A and B, and see
Tabie E1 in this article’s Online Repository at www. jacionline.
org). TEWL was higher and SC hydration was lower in ma/ma
mice compared with WT mice (Fig i, C and D). The enhanced
TEWL and histologic changes, such as acanthosis with leukocyte
infiltration, were observed as early as 1 week, when no apparent
scratching behavior was observed, indicating that there is a
primary defect in the skin leading to the development of
dermatitis in ma/ma mice. Therefore we concluded that ma,

but not Flig" or Flg~, is responsible for the development of
spontaneous dermatitis in ma/ma FIg™" mice.

Identification of the gene responsible for the
spontaneous dermatitis phenotype in ma/ma mice
Next we sought to identify the genetic mechanism underlying
the ma mutant and study the detailed function of the responsible
gene product. The ma locus is located between spa (Glrb) and ft
(Flg) in an 80.7- to 93.1-Mb region of mouse chromosome 3."?



