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Abstract

, Objectlves. REIC/Dkk 3is down regulated ina broad range of human cancer cells and is con5|dered to function as a tumor ,
“suppressor. We prevxously reported that REIC/Dkk- -3-expressing adenovnrus vector (Ad-REIC) induced ‘endoplasmic reticulum:
(ER) stress and cancer-specific apoptosis in human prostate cancer. In thIS study, we exammed the therapeutxc |mpact of Ad-‘ :
REIC on non-small cell lung cancer (NSCLC) : :

Mater/als and Methodss: We exammed the anti-tumor effect of Ad REIC on25 NSCLC cell Imes in vztro and A549 cells m vivo.
Two of these cell hnes were artlflqally estabhshed as EGFR-tyrosme k|nase inhibitor (TKI) reSIStant sublmes : g

: Results Ad- REIC treatment mhlblted the cell V|ab1hty by 40% or more in 13 (52%) of the 25 celi lmes at multlpllaty of ;
infection (MOI) of 20 (20 MOI). These cell lines were regarded as being highly sensitive cells. The cell viability of a non-
malignant immortalized cell line, OUMS-24, was not inhibited at 200 MOI of Ad-REIC. The effects of Ad-REIC on EGFR-TKI
resistant sublines were equivalent to those in.the parental cell lines. Here, we. demonstrated - that 'Ad-REIC treatment
activated c-Jun N-terminal kinase (JNK) in NSCLC cell lines, indicating the induction of ER stress with GRP78/BiP (GRP78) up-
regulation and resulting in apoptosis. A single intratumoral injection of Ad-REIC significantly inhibited the tumorigenic
growth of A549 cells in vivo. As predlctwe factors of sensitivity for Ad-REIC treatment in NSCLC, we examined the expression
“status of GRP78 and coxsackievirus and adenovirus receptor (CAR). We found that the combination of the GRP78 and CAR .

. expressmnal statuses may be used asa predxctlve factor for Ad REIC sensmv;ty in NSCLC cells.

Condus:on Ad-REIC lnduced INK activation and subsequent apoptosis in NSCLC cells Our study mdlcated that Ad REIC has
therapeutic potential agamst NSCLC and that the expression statuses of GRP78 and CAR may predlct a potentlal therapeutnc
benef‘ t of Ad- REIC : : -
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inhibitors (TKIs) are particularly effective in these tumors [3,4].
More recently, crizotinib has been shown to be effective for
NSCLGCs with an EML4-ALK fusion gene [5,6]. However, the
number of patients with these alterations is limited, and little
improvement in prognosis has been obtained in NSCLCs without
these drug-sensitive alterations. Furthermore, acquired resistance

Introduction

Lung cancer is the most common cause of death from cancer
worldwide, and the metastatic form is a major factor leading to
mortality [1]. There are two major histological subtypes of lung
cancer: non-small cell lung cancer (NSCLC) and small cell lung

cancer. Recent intensive studies have identified causative molec-
ular alterations that have directly led to the development of new
therapeutic strategies and have improved patient prognosis [2].
For example, mutations of the epidermal growth factor receptor
gene (EGFR) are found in approximately 30% of NSCLGs,
especially in lung adenocarcinomas, and EGFR-tyrosine kinase
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eventually occurs in the majority of EGFR-mutant tumors, which
had previously responded to EGFR-TKI, after an average of 10
months of treatment [7]. Thus, a new therapeutic modality is
needed to improve the clinical outcome of patients with lung
cancer.
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REIC/Dkk-3, a member of the Dickkopf (Dkk) gene family, is
originally found in immortalized cells and has been reported to be
a tumor suppressor; its expression is significantly down-regulated
in a broad range of cancer cell types, including lung cancer [8].
The heatmap image of messenger RNA (mRNA) expression of
REIC/Dkk-3 gene from the UCSC Cancer Genome Browse,
which is freely available public database (https://genome-cancer.
ucsc.edu/) (we downloaded the data on July 16 2013), showed that
REIC/Dkk-3 gene expression was reduced in majority of examined
samples of both lung adenocarcinomas and squamous cell
carcinomas compared with normal lung tissues (Figure S1). In
addition, it could be confirmed from a public database that
expression of REIC/Dkk-3 was also low in many NSCLC cell lines
(Gene Expression Omnibus repository [http://www.ncbinlm.nih.
gov/geo, GEO accession GSE4824]). REIC/Dkk-3 is known to
interfere with Wnt signaling via Wnt receptors [9,10] and was
previously reported to play a distinct role in the induction of
apoptosis and the inhibition of metastasis [11,12]. The induction
of apoptosis in cancer cells is mainly caused by endoplasmic
reticulum (ER) stress induced by the overproduction of REIG/
Dkk-3 in the cells. ER stress triggers the activation of ¢-Jun N-
terminal kinase (JNK), which is a critical event in apoptosis
induced by the overproduction of REIC/Dkk-3 using an
adenovirus vector (Ad-REIC) [11,13]. In our previous studies,
we found that Ad-REIC had a therapeutic effect on various types
of human cancer, including the prostate, testis, pleura, and breast
carcinomas [11,13-15]. Ad-REIC infection and REICG/Dkk-3
protein are also known to up-regulate the anti-tumor immunosys-
tem [16]. Based on preclinical data, a clinical trial using Ad-REIC
for human prostate cancer has been ongoing in Japan and the
USA (NCT01197209).

In this study, we investigated the therapeutic effect of Ad-REIC
on NSCLC cells  vitro and iz vivo. We also examined factors
related to the sensitivity of cell lines to AJ-REIC as a step toward
the development of customized Ad-REIC therapy for patients with
NSCLC.

Materials and Methods

Ethics Statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Animal Care and Use Committee of
Okayama University (Permit Number: OKU-2012-549). All
surgery was performed under ketamine and xylazine anesthesia,
and all efforts were made to minimize suffering.

Cell lines

Sixteen cell lines of human lung adenocarcinoma, 3 squamous
cell carcinoma, 3 large cell carcinoma, 1 adenosquamous cell
carcinoma, 2 EGFR-TKI-resistant sublines from HCC827 and
PC-9 cells (HCC827-GR-high2 and RPC-9), the human meso-
thelioma cell line MSTO-211H (211H), and the normal human
fibroblast cell line OUMS-24 were used in this study (Table 1).
The details of cell lines used in this study are described in Method
S1. The HCCB827-GR-high2 and RPC-9 cell lines were estab-
lished as described previously [17,18]. OUMS-24 was established
at our institution [19].

Adenovirus vector carrying REIC/Dkk-3

REIC/Dkk-3 was overexpressed using an adenovirus (Ad-
REIC) that we have previously generated [11]. A full-length
c¢DNA of REIC/Dkk-3 was integrated into a cosmid vector
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pAxCAwt and transferred into an adenovirus vector by the GOS-
TPC method (Takara Bio, Shiga, Japan). An adenovirus vector
carrying LacZ gene (Ad-LacZ) was also used as control [11].

Cell viability assay

Cells were plated in 96-well plates at a density of 1.5x10% cells/
well at 48 h after infection with Ad-LacZ or Ad-REIC at a
multiplicity of infection (MOI) of 20, 100, or 200 MOI. Cell
viability was evaluated 3 days later using an MTS assay with
CellTiter 96 Aqueous One Solution Reagent (Promega, Madison,
WI).

Apoptosis assay

To examine the i vitro induction of apoptosis after treatment,
we seeded the cells in 6-well plates and incubated them for 24 h.
The cells were treated with Ad-LacZ or Ad-REIC at 20 MOI in
serum-free medium (500 uL) for 2 h; the medium was then
exchanged for fresh complete medium (2 mL). After an additional
48 h of incubation, Hoechst 33342 dye (Sigma-Aldrich, St. Louis,
MO) was added to the medium at a concentration of 2 ug/mL,
and the cells were incubated in the dark for 10 min. Hoechst
33342 is an intercalating dye that allows the determination of
variations in the total chromatin quantity and the degree of
chromatin condensation [15]. Using fluorescence microscopy, we
identified apoptotic cells by the presence of highly condensed or
fragmented nuclei. Apoptotic cells were counted in 5 different
fields under microscopic observation.

Western blot analysis

The detailed protocol for the Western blot analysis is described
in Method S1. It was performed under conventional conditions
using the following antibodies: rabbit anti-human REIC/Dkk-3
antibody raised in our laboratory [11]; rabbit anti-human
GRP78/BiP (GRP78) (ab21685; Abcam, Cambridge, MA); rabbit
anti-human SAPK/JNK (#9252) and rabbit anti-human phos-
pho-SAPK/JNK (Thr183/Tyr185; #9251) (Cell Signaling Tech-
nology, Beverly, MA); rabbit anti-human coxsackievirus and
adenovirus receptor (CAR) (HPA030411; Atlas antibodies, Stock-
holm, Sweden); and mouse anti-actin (MAB1501; Millipore,
Billerica, MA). The following secondary antibodies were used:
goat anti-rabbit or anti-mouse IgG-conjugated horseradish per-
oxidase (Santa Cruz Biotechnology, Santa Cruz, CA). To detect
the specific signals, the membranes were examined using ECL plus
Western Blotting Detection Reagents (Amersham Biosciences UK
Limited, Buckinghamshire, UK). In addition, the band intensities
for GRP78, CAR, and actin, representing their expression levels,
were measured using ImageQuant TL software (GE Healthcare
Bioscience) and quantified by GRP78 or CAR/actin ratio.

Tumor growth assay in vivo

A549 cells (5x10° in 50 pL of phosphate buffered saline [PBS])
mixed with 50 UL of Matrigel (BD Biosciences, San Jose, CA) were
subcutaneously injected into the right flank of adult female BALB/
¢ nu/nu mice (CLEA Japan, Tokyo, Japan). The tumor volume
was calculated using the empirical formula V = 1/2 x[(the shortest
diameter)? x(the longest diameter)]. When the tumors had reached
approximately 50-100 mm?, mice (n = 15) were randomly divided
into 3 treatment groups: (a) PBS; (b) Ad-LacZ; and (c) Ad-REIC.
Viruses (1x10° pfu) in 100 pL. of serum-free medium were
administered intratumorally. At the end of experiments, mice
were sacrificed after 24-days after the viral injection and tumors
were harvested, measured, and photographed.
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Table 1. Characteristics and the inhibition rate of cell viability on NSCLC cell lines.

Histological

Cell lines subtypes Genetic alterations

KRAS mut

EGFR mut 56

HCC827 AD

AD EGFR mut 54

H1 993 AD W/t 22
H217O sQ W/t 18
:H460 LC KRAS, PIK3CA mut 17
EGFR mut 10

EGFR mut 4

EGFR mut 3

OUMS-24 NHF - 5

Inhibition rate (%)

GRP78/Actin ratio CAR/Actin ratio

(Low/High) (Low/High) Category

0.13 (Low}

- 0.25 (High)

- 0.22 (Low) 0.13 (Low) B

0.10 (Low) 1.33 (High)

40 0.69 (High) 0.09 (Low) C

42

0.09 {Low) C

78 0.98 (High) 0.10 (Low) C

63 0.41 (High) 0.19 (Low) C

40 0.24 (Low) 0.16 (Low) B

40 0.54 (High) 0.59 (High) B

0 - - -

doi:10.1371/journal.pone.0087900.t001

Statistical analyses

All data were analyzed using STATA ver.12 (STATA Corp.,
College Station, TX). Fisher’s exact test was applied when
appropriate. For a comparison of induction of apoptosis between
Ad-REIC-treated and Ad-LacZ-treated A549 cells, a Cochran-
Mantel-Haenszel statistics was applied for comparing. Repeated
measurement ANOVA was applied for the comparison of
xenotransplanted NSCLC tumor sizes among PBS, Ad-LacZ
and Ad-REIC. P<0.05 was considered significant. All tests were
two-sided.

Results

Effect of Ad-REIC on NSCLC cell lines

We examined the inhibition of cell viability using Ad-REIC and
an MTS assay. In 13 (52%) of 25 NSCLC cell lines, Ad-REIC.
treatment at 20 MOI inhibited the cell viability (40%—60%
inhibition), compared with Ad-LacZ treatment (Table I,
Figure 1). These cell lines were regarded as highly sensitive to
Ad-REIC. In contrast, 12 cell lines (48%) were not inhibited by
Ad-REIC treatment at 20 MOI and were regarded as resistant
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NSCLC, non-small cell lung cancer; AD, adenocarcinoma; SQ, squamous cell carcinoma; LG, large cell carcinoma; ADSQ, adeno-squamous cell carcinoma; MM, malignant
mesothelioma; NHF, normal human fibroblast; mut, mutation; W/t. wild type; MOI, multiplicity of infection.

cells. OUMS-24 was not inhibited at 20 or 200 MOI of Ad-REIC.
Of note, Ad-REIC treatment at 100 and 200 MOI improved the
inhibition of cell viability (100 MOIL: 15%-59% inhibition,
200 MOI: 40%—-78% inhibition), compared with Ad-LacZ treat-
ment (Table 1). Thus, we defined 20 MOI as a low MOI value
and 200 MOI as a high MOI value. For comparison, Ad-REIC
treatment was also performed in the human mesothelioma cell line
211H, which we previously reported to be Ad-REIC-sensitive
[14]. The 211H was not inhibited at 20 MOI but was inhibited at
200 MOI of Ad-REIC (Table 1). The known molecular charac-
teristics of each cell line are shown in Table 1. The 25 NSCLC cell
lines consisted of 8 EGFR-mutant, 6 KARAS-mutant, | HER4-
mutant, | NRAS-mutant, 1 PIK3CA-mutant, | EML4-ALK fusion, 1
HER2-amplified, and 6 cell lines without gene alterations listed.
Nine of the 17 EGFR-wild type cell lines were sensitive to Ad-
REIC. HCC827 and its resistant subline, HCC827-GR-high2,
showed a similar degree of sensitivity to Ad-REIC. No trend in
molecular genotype was seen between the sensitive and non-
sensitive cell lines. These results suggested that the effect of Ad-
REIC does not depend on a known molecular genotype.
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Figure 1. Sensitivity and predictive factors of sensitivity for Ad-REIC treatment in 25 NSCLC cell lines. The inhibition rates of 25 NSCLC
cell lines transfected with Ad-REIC compared to Ad-LacZ are shown as black bar in 20 MOI and white bar in 200 MOL. Thirteen cell lines with over 40%
inhibition rate in 20 MOI are defined as highly sensitive and 12 cell lines with lower inhibition rate in 20 MOI are defined as resistant. All the resistant
cell lines shows over 40% inhibition rate in 200 MOL. The cell lines are classified into 3 categories based on the GRP and CAR protein expression level
as follows; category A (low GRP/high CAR), category B (low GRP/low CAR or high GRP/high CAR), category C (high GRP/low CAR). All 8 highly sensitive
cell lines were included in category A, and all 5 resistant cell lines were included in category C. Sq; squamous cell carcinoma, AD; adenocarcinoma, LC;

large cell carcinoma, ADSQ; adenosquamous cell carcinoma, MM; malignant mesothelioma, NHF; normal human fibroblast.

doi:10.1371/journal.pone.0087900.g001

Hoechst 33342 staining was performed in A549 cells to examine
the induction of apoptosis. Apoptotic cells were observed in Ad-
REIC-treated A549 cells (Figure 2a). The mean rate of apoptosis
was 22%, and it was significantly (p<<0.001 by Cochran-Mantel-
Haenszel test) increased in comparison with the control Ad-LacZ
treatment.

The effect of recombinant REIC/Dkk-3 protein on NSCLC cell
lines was examined in 7 randomly selected cell lines (NCI-H522,
NCI-H611, NCI-H1299, NCI-H1819, NCI-H2009, PC-9, and
A549). The MTS assay showed that REIC/Dkk-3 protein did not
affect cell viability in the examined cell lines when administered at
a concentration ranging from 1 to 200 pg/mL (data not shown).

Expression of GRP78 and CAR in response to Ad-REIC

therapy

As predictive factors of Ad-REIC sensitivity in NSCLC, we
examined the expressions of GRP78 and CAR; these expression
statuses were correlated with the inhibition of cell viability by Ad-
REIC in 13 cell lines. A previous study reported that the
overexpression of GRP78 inhibited ER-stress, which may be
oppositely correlated with the effect of Ad-REIC. CAR expression
is tightly associated with the efficacy of adenovirus infection, which
may be positively correlated with the effect of Ad-REIC. Western
blotting was performed, and the expression level was quantified as
shown in Table 1 and Figure 1. The median (range) of GRP78 and
CAR expressions were 0.24 (0.075-0.98) and 0.60 (0.080-2.1),
respectively. Based on these data, cells with a GRP78 expression
level more than 0.25 were defined as High CRP78 expression,
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while those with a GRP78 less than 0.24 were defined as Low
GRP78 expression. Regarding the CAR, 15 cell lines significantly
high level of CAR expression (over 0.50) were defined as High
CAR expression, while 10 cell lines those with significantly low
level of CAR expression (under 0.20) were defined as Low CAR
expression. GRP78 expression was low in 8 of the 13 Ad-REIC-
sensitive cells (62%) and in 4 of the 12 Ad-REIC-resistant cells
(33%). CAR expression was high in 12 of the 13 Ad-REIC-
sensitive cells (92%) and in 3 of the 12 Ad-REIC-resistant cells
(25%).

Next, we classified the cell lines into three categories based on
the GRP78 and CAR expression statuses; cells with a Low
GRP78/High CAR expression were classified as Category A,
those with Low GRP78/Low CAR or High GRP78/High CAR
expression were classified as Category B, and those with High
GRP78/Low CAR expression were classified as Category C. The
high sensitive cell rates were 100% in Category A (8 out of 8, 95%
confidence interval [CI]: 63-100), 42% in Category B (5 out of 12,
95% CI: 15-72), and 0% in Category C (0 out of 5, 95% CI: 0-52)
(Table 2). The categories were significantly associated with the
sensitivity to Ad-REIC treatment (p<<0.01).

JNK and GRP78 expression in NSCLC cell lines treated
with Ad-REIC

A western blotting analysis demonstrated the significant
expression of REIC/Dkk-3 protein in 14 NSCLC cell lines
treated with Ad-REIC. In 9 cell lines infected with 20 MOI, Ad-
REIC treatment resulted in the phosphorylation of JNK and the

February 2014 | Volume 9 | Issue 2 | e87900
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Figure 2. Ad-REIC induced JNK activation and subsequent apoptosis in NSCLC cells. (2) Induction of apoptosis after in vitro Ad-REIC
treatment as examined in A549 cells using Hoechst 33342 staining. The upper panel indicates the appearance of apoptotic cells after Ad-REIC
treatment. The lower panel shows the apoptotic rate of A549 cells after the indicated treatment. A total of 5 different fields were examined under a
microscope to determine the apoptotic rate. A significant difference was observed (*p<<0.001) between the Ad-LacZ and the Ad-REIC treatment. (bar:
100 um) (b) Western blot analysis for proteins involved in signal transduction triggered by Ad-REIC. Cells were harvested at 48 h after transfection
with Ad-LacZ or Ad-REIC at 20 MOL. (c) H460 cells, which are resistant to adenovirus transduction, were harvested at 48 h after transfection with Ad-

LacZ or Ad-REIC at 20, 100, and 200 MOL.
doi:10.1371/journal.pone.0087900.g002

up-regulation of GRP78 (Figure 2b). In the other 8 cell lines,
which were relatively resistant to Ad-REIC, the activation of JNK
and GRP78 were observed at higher MOI values (100 and
200 MOYJ) (Figure 2c).

Effect of Ad-REIC on NSCLC tumors in a
xenotransplantation model

We investigated the effect of Ad-REIC on the growth of A549
cells i vwo. One week after transplantation, when the tumor
volume reached 50 to 100 mm®, 1x10° plaque-forming units of
Ad-REIC or Ad-LacZ in 100 pL of PBS or 100 pL of PBS alone
were injected intratumorally. The tumors grew progressively in the
PBS and Ad-LacZ treatment groups during the subsequent 24-day
observation period. In contrast, the tumor growth in the Ad-REIC

Table 2. Ad-REIC sensitivity and categories based on
predictive factors.

Category
(n) A (8)

Category Category

B (12) C (5)

Resistant in 20 MOI (12

doi:10.1371/journal.pone.0087900.t002
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treatment group was significantly (p<<0.001 by repeated measure-
ment ANOVA) suppressed during the observation period
(Figure 3a,b).

Discussion

In the present study, we found that Ad-REIC was directly
effective in more than half of the NSCLC cell lines that were
examined, independent of its known driver alterations such as
EGFR and KRAS mutations. An animal xenograft model also
showed the therapeutic effect of AJ-REIC. The anti-tumor effect
of Ad-REIC depends on ER-stress-mediated JNK activation
loaded by the overproduction of REIC/Dkk-3 protein, resulting
in the induction of apoptosis [14,20]. The activation of JNK,
which is an essential step in the induction of ER stress and
apoptosis by Ad-REIC, was observed at 20 MOI in NSCLC cell
lines. On the other hand, the anti-tumor effect of recombinant
REIC/DKkk-3 protein was not observed, as in other types of
cancers that were previously examined. Originally, REIC/Dkk-3
was identified as a secretory protein and was assumed to exert a
physiological function, but its cell surface receptor and its role as a
secretory protein have not been identified.

We defined 20 MOI as a low MOI value and 200 MOI as a
high MOI value because the normal human fibroblast cell line
OUMS-24 was not inhibited at 20 or 200 MOI of Ad-REIC,
whereas malignant cell lines were inhibited when the MOI value

February 2014 | Volume 9 | Issue 2 | e87900
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Figure 3. Anti-tumor effect of Ad-REIC treatment on A549 tumor growth in vivo. (a) The mean volume of the subcutaneous xenograft
tumors was calculated for 5 mice in each group. A significant difference was observed between the results of Ad-REIC and Ad-LacZ treatment (*p<<
0.001 by repeated measurement of ANOVA). (b) Appearance of the tumors at the time of sacrifice after treatment with PBS, Ad-LacZ, and Ad-REIC.

doi:10.1371/journal.pone.0087900.9003

was elevated to 100 and 200 MOI in cell lines in which Ad-REIG
had been ieffective at 20 MOL In NSCLC, Ad-REIC was
effective at a low MOI value in more than half of the cell lines that
were tested. Considering the result that 21 1H was inhibited only at
a high MOI value, Ad-REIC might be more effective in NSCLC
than in mesothelioma.

Patient sclection based on the molecular characteristics of tumor
cells is an important theme for maximizing the therapeutic benefit
and minimizing adverse effects. For this purpose, we focused on
the GRP78 expression and CAR expression levels. GRP78 is a
member of the Hsp70 family, which serves as an ER stress-
signaling regulator [21]. A previous study showed that the
overexpression of GRP78 conferred resistance to a wide variety
of chemotherapeutic agents in various kinds of cells [22]. We also
showed that the acquired resistance clone of PC-3 cells to Ad-
REIC established after repeated exposure to Ad-REIC exhibited a
high expression level of GRP78, compared with parental PC-3
cells [13]. Theoretically, Ad-REIC should be effective for tumor
cells defined as Category A and not as effective for those defined as
Category C. Although sensitive cells in Category B were identified,
all 8 cells in Category A responded to Ad-REIC treatment. These
results suggested that the expression statuses of GRP78 and CAR
in tumors might be useful as biomarkers for customized Ad-REIC
therapy in NSCLC while further confirmation is needed by a large
scaled investigation using various kinds of cell lines.

As a recent topic of lung cancer treatment, EGFR-TKIs have
been shown to be effective for the treatment of EGFR-mutant
NSCLCs. However, acquired resistance to EGFR-TKIs after TKI
treatment is a problem that needs to be overcome. In the current
study, our results showed that the effect of Ad-REIC against
acquired EGFR-TKI-resistant cells was equal to that against the
parental cells, suggesting that Ad-REIC may be useful after the
acquisition of resistance to EGFR-TKIs.

Although adenovirus vectors carrying appropriate tumor
suppressor genes, such as REIC/Dkk-3, have great potential for
cancer gene therapy, they do not exhibit target specificity and
therefore may also infect normal cells in the vicinity of cancer cells.
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The authors reported that the infection of normal human
fibroblasts (NHF) with Ad-REIC did not cause the apoptosis of
NHEF itself, but instead induced the production of interleukin (IL)-
7. When Ad-REIC-infected NHF were mixed with untreated
cancer cells and the mixture was transplanted into mice, the
growth of the cancer cells was significantly suppressed, suggesting
an indirect tumor-suppressive effect of Ad-REIC mediated by IL-7
[20]. These findings show that the mis-targeted infection of cancer
stroma cells by Ad-REIC activates the immune system through the
production of IL-7. In addition, the authors reported that REIC/
Dkk-3 protein played a cytokine-like role in monocyte differen-
tiation into dendritic-cell-like features @ wiro and that the
infiltration of CDl1lc- and CD8-positive (dendritic and killer T
cell markers, respectively) cells was observed within the treated
tumors i viwo. In the experiment using an orthotopic prostate
tumor model with pre-established lung metastasis, the number of
metastatic lung tumors significantly decreased after the injection of
Ad-REIC at the primary tumor site in addition to the inhibition of
the growth of orthotopic prostate tumors, suggesting that anti-
cancer immune up-regulation by Ad-REIC treatment in primary
tumor sites triggered anti-tumor effects even at distant tumor site
[16]. These facts strongly suggest that REIC/Dkk-3 shows an
indirect anti-tumor effect through the anti-tumor immune system
that is an important factor in the treatment of metastatic disease.
Because Ad-REIC has both direct and indirect effects on cancer
therapy, it may become a powerful therapeutic option as a “one-
bullet, two-arms” anti-cancer agent especially for NSCLCs, which
often metastasize to other organs.

In regards to clinical usage, because our data suggest that CAR
and GRP78 expression statuses in tumor cells predict the
responsiveness of Ad-REIC treatment, Ad-REIC treatment should
be preferentially performed for patients who are categorized as
high sensitive group in early phase of treatment with low dose Ad-
REIC. For patients whose tumor cells reveal intermediate or poor
effectiveness with low dose Ad-REIC, it should be late phase in
their treatment with high dose Ad-REIC. For these patients, cost
effectiveness for treatment and clinical outcome should be
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carefully considered. As for administration strategy, local admin-
istration might be preferable rather than systemic administration
to minimize the adverse effect in clinical situations. We previously
confirmed in mouse model that Ad-REIC could be widely
distributed in the bodies after intratumoral local administration,
and local administration was effective not only directly but also
indirectly through the immune system effect [16,23]. In addition,
intrapleural local administration could be another administration
strategy for the patients with malignant pleural effusions. It has
been reported that the intrapleural administration of adenoviral-
mediated gene therapy is a useful approach for the generation of
anti-tumor immune responses in malignant mesothelioma and
metastatic pleural effusion in several clinical trials [24,25].

In conclusion, we demonstrated that Ad-REIC induced JNK
activation and subsequent apoptosis in NSCLC cells irrespective of
the type of known molecular alterations or the sensitivity to
EGFR-TKI. The present study suggests that Ad-REIC has a
therapeutic potential for NSCLC, and the expression statuses of
GRP78 and CAR may be a predictor of Ad-REIC therapy.
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We encountered a family of Japanese descent in which multiple members developed
lung cancer. Using whole-exome sequencing, we identified a novel germline muta-
tion in the transmembrane domain of the human epidermal growth factor recep-
tor 2 (HERZ2) gene (G660D). A novel somatic mutation (V659E) was also detected in
the transmembrane domain of HERZ2 in one of 253 sporadic lung adenocarcinomas.
Because the transmembrane domain of HER2 is considered to be responsible for the
dimerization and subsequent activation of the HER family and downstream signaling
pathways, we performed functional analyses of these HER2 mutants. Mutant HER2
G660D and V659E proteins were more stable than wild-type protein. Both the G660D
and V659E mutants activated Akt. In addition, they activated p38, which is thought
to promote cell proliferation in lung adenocarcinoma. Our findings strongly suggest
that mutations in the transmembrane domain of HERZ may be oncogenic, causing
hereditary and sporadic lung adenocarcinomas.

J Natl Cancer Inst (2014) 106(1): djt338

Familial lung cancers are rare among
human malignancies. Recent studies have
reported that germline mutations in the
epidermal growth factor receptor (EGFR)
gene predispose the development of lung
cancer. Reported familial lung adenocar-
cinomas with a germline EGFR mutation,
such as T790M, carry secondary somatic
EGFR mutations, including exon 19 dele-
tion and exon 21 L858R mutation (1-4). We
encountered a family of Japanese descent in
which multiple members developed lung
cancer (Figure 1). The proband (III-4) was
a 53-year-old woman with multiple lung
adenocarcinomas in bilateral lungs. She was
a light smoker with a 1.2-pack-year history
of smoking. She had undergone a left lower
lobectomy for multiple lung adenocarci-
nomas at the age of 44 years. Her mother
(II-4), a never smoker, also had multiple
lung adenocarcinomas. Partial pulmonary
resections of two tumors were performed
for II-4 for the purpose of diagnosis after
pleural dissemination was found during sur-
gery, and multiple lesions were removed in
a lobectomy or partial resections in III-4.
A histological examination of the resected
tumors in II-4 revealed nonmucinous ade-
nocarcinoma in situ and nonmucinous min-
imally invasive adenocarcinoma, whereas
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Figure 1. Pedigree chart of a Japanese family in which multiple mem-
bers developed lung cancer. The boxes and circles indicate men and
women, respectively. The numbers at the bottom of each member indi-
cate the age at the time of death or the time of the analysis. An oblique
line shows deceased family members. The proband (lll-4) had multiple
lung adenocarcinomas (arrow). Tumor tissue, nonmalignant lung tissue,
and peripheral blood samples were obtained from lll-4. The proband’s
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mother (ll-4) also had multiple lung adenocarcinomas, and tumor and
nonmalignant lung tissue samples were available. The proband’s father
(II-5) and sister (l1I-5) were both unaffected, and peripheral blood sam-
ples were obtained from these individuals. Some family members who
were not considered as critical for this study were excluded from the
pedigree chart to preserve confidentiality. Whole-exome sequencing
was performed for individuals 1I-4, 1I-5, 1ll-4, and IlI-5.
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the histological findings of pleural dissemi-
nation indicated mucus-containing adeno-
carcinoma. Those of III-4 contained various
subtypes of adenocarcinoma, including non-
mucinous and mucinous adenocarcinoma
in situ and invasive mucinous adenocarci-
noma. In addition, normal-appearing lung
parenchyma obtained from a lobectomy
in III-4 revealed innumerable small pre-
invasive lesions, implying the presence of
precancerous changes throughout the lung
(Supplementary Figure 1, available online).
Sequencing analyses of EGFR exons 18 to
21 and KRAS as well as an immunohisto-
chemical staining for ALK protein in the
resected tumors indicated no genetic altera-
tions in these genes. The pedigree chart

A Proband (ill-4)

suggested that lung cancer was inherited in
an autosomal dominant manner.

After obtaining permission from the
Insttutional Review Board at Okayama
University Hospital and informed consent
from the patients and other family members,
we performed a whole-exome sequencing
study. Tumor DNA samples from II-4, tumor
and peripheral blood DNA samples from ITI-
4, and peripheral blood DNA samples from
two unaffected family members (II-5 and
III-5) were used for the analysis. The candi-
date germline alterations were restricted to
29 variants by comparing the whole-exome
sequencing results between the patients and
the unaffected family members. Among
them, we focused on 2 point mutation in the

Tumor
G660D

Proband (lli-4)

|

human epidermal growth factor receptor 2
(HER2/neu) gene (NM_004448, G660D,
GGC to GAC), which was located in exon
17 encoding the transmembrane domain
of HER2 (Supplementary Tables 1-3). This
alteration was confirmed by direct sequenc-
ing (Figure 2A). We also confirmed that
there was no copy number gain of HER2 in
the examined tumors based on the degree
of read-depth in the whole-exome sequenc-
ing results. Of note, no mutations in genes
known to cause lung cancers were detected
for tumors from III-4 and I-4.

We considered that somatic mutations
in the HER2 transmembrane domain might
act as driver mutations in lung cancer.
Hence, we sequenced exon 17 of the HER2

Peripheral blood
G660D

Proband’s sister (111-5)

Peripheral blood
G660

VB5SE

GTGGTTGGCATTCT G
A

V659

W

Nonmalignant lung

GTGGTTGGCATTCT

¥
A }3 f ] }
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GTGGTTGGCATTCTG GTGGTTGGCATTCTG
AA
C A2
Human PLTSIISAVVGILL
Rhesus PLTSIISAVVGILL
Mouse PVTFIIATVVGVLL
Dog PVTSIIAAVVGILL
Elephant HV-TIITTVVGILL
Opossum PVTSITAGVVGVLL
Chicken QVTSIIAGVVGALL
X. tropicalis  QV-YMVASVISILI
Zebrafish SGPMIAAGVVGGLL

Figure 2. DNA and amino acid sequences in the transmembrane domain of
HERZ2. A) Direct Sanger sequencing of the proband (lll-4), her affected mother
(I-4), and her unaffected sister (llI-5). The results indicated that G660D was
a germline mutation. B) Direct sequencing of a sporadic lung adenocarci-
noma with a HER2 V659E mutation. VE659E was found to be of somatic ori-
gin based on the sequencing results of the peritumoral lung tissue from the
same specimen. All the sequence variants were confirmed by independent
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polymerase chain reaction amplifications and were sequenced in both direc-
tions. C) Interspecies conservation of the transmembrane domain of HERZ2
(UCSC Genome Browser, hitp://genome.ucsc.edu, accessed September 12,
2013). The yellow highlight indicates the N-terminal glycine zipper motif
Thro52-X,-Sers%6-X;-Gly®®, a tandem variant of a GG4-like motif of human
HER?2. Codons 659 and 660 in human HERZ2 are highly conserved among the
listed vertebrate species (shown in red). X. tropicalis = Xenopus tropicalis.
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in the tumor samples of 315 sporadic non—
small cell lung cancer patients, of which
253 were adenocarcinomas. Although the
HER2 G660D mutation was not detected,
a novel nonsynonymous mutation, V659E
(GTT to GAA), next to codon 660 was
identified in one of these patients. This
patient was histologically diagnosed as
nonmucinous adenocarcinoma in situ, and
the patient had neither smoking history
nor apparent family history of lung can-
cer. This V659E mutation was certainly a
somatic mutation because it was not iden-
tified in the periturnoral lung tissue of the
same patient (Figure 2B). The alignment of
HER?2 amino acid sequences showed high
conservation of valine 659 and glycine 660
among vertebrates (Figure 2C).

HER? somatic mutations have been
reported in 2% to 4% of lung adenocarci-
nomas (5-7). However, all reported muta-
tions were restricted to its tyrosine kinase
domain (6,7). According to the cBioPortal
for Cancer Genomics (http://www.chiopor-
tal.org/public-portal/, accessed September
12, 2013), the same genetic mutation in
the HER? has not been reported in any
type of cancer. Interestingly, a previous
study reported that a mutation in the trans-
membrane domain (V664E) of the rat neu
gene, which corresponds to V659E in its
human homolog HER?Z, induced oncogenic
transformation (8). In addition, in vivo
experiments showed that the HER2 V659E
mutation contributed to the stability of
HER? dimers, resulting in the dysregu-
lated receptor activation and subsequent
cell transformation (9,10). Furthermore,
the novel mutations were located within
the glycine zipper motif Thré2-X;-Ser6%-
X;-Gly®®, a tandem variant of the GG4-
like motif, at the N-terminal portion of
the transmembrane domain, which was
critically related to the dimerization of
HER2 (Figure 2C) (9,11). Accordingly,
we performed a functional analysis of the
mutant HER2 proteins. We found that
the degradation of HER2 protein after
the administration of cycloheximide was
slower in G660D and V659E mutants as
compared with wild-type (Supplementary
Figure 2A), indicating the higher stabil-
ity of the mutant proteins than wild-type
protein. In addition, results of a phospho-
mitogen—activated protein kinase array
indicated the activation of Akt and p38a
(data not shown). Indeed, Akt is known

jnci.oxfordjournals.org

to be activated by HER2 by phosphati-
dylinositol 3-kinase and leads to increased
cell growth and survival (12,13). Also, the
activation of p38 was shown to contribute
to the viability of lung adenocarcinoma
cells derived from never or light smokers
(14,15). A western blot analysis for Akt and
p38 successfully confirmed the upregula-
tion of both phospho-Akt and phospho-p38
expression in the mutant HER? transfect-
ants (Supplementary Figure 2B).

Because the G660D alteration in HER2
might have been the cause of the lung can-
cer in the pedigree studied, we investigated
whether familial aggregation of cancer in
other organs could be seen in this pedi-
gree. We found that II-1 and II-6 devel-
oped renal and gastric cancers, respectively;
however, both of them also had lung cancer.
The reason why other types of clinically
apparent malignances were rarely found in
this pedigree is unclear. The G660D ger-
mline mutation may be tolerated in organs
other than the lung.

This study had some limitations. First,
the carcinogenic potential of the HER2
mutation at the transmembrane domain
should be confirmed in other models such
as transgenic mice. Second, the rarity of
these mutations in sporadic lung cancers
may be the limitation for generalizability
to other cases even if targeting therapies
for similar types of HER2 mutation were
developed.

In conclusion, we identified a novel
germline mutation in the transmembrane
domain of the HER?2 in familial lung adeno-
carcinomas. Somatic mutation in the HER2
transmembrane domain may be a possible
cause of sporadic lung adenocarcinomas.
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ABSTRACT

Objectives: Malignant pleural mesothelioma (MPM) is an aggressive tumor with a poor prognosis.
microRNA-34b/c (miR-34b/c), which plays an important role in the pathogenesis of MPM, is frequently
downregulated by DNA methylation in approximately 90% of MPM cases. In this study, we estimated the
degree of miR-34b/c methylation in serum-circulating DNA using a digital methylation specific PCR assay
(MSP).
Materials and methods: A real-time MSP assay was performed using the SYBR Green method. The melting
temperature (Tm) of each PCR product was examined using a melting curve analysis. For a digital MSP
assay, 40 wells were analyzed per sample. A total of 110 serum samples from 48 MPM cases, 21 benign
asbestos pleurisy (BAP) cases, and 41 healthy volunteers (HVs) were examined.
Results: Positive range of Tm value for miR-34b/c methylation was defined as 77.71-78.79°C which
was the mean=3 standard deviations of 40 wells of a positive control. The number of miR-34b/c
methylated wells was counted per sample according to this criterion. The number of miR-34b/c meth-
ylated wells in MPM cases was significantly higher than that in BAP cases (P=0.03) or HVs (P<0.001).
Advanced MPM cases tended to have higher number of miR-34b/c methylated wells than early MPM
cases. Receiver-operating characteristic (ROC) curve analysis revealed that three number of miR-34b/c
methylated wells per sample was the best cut-off of positivity of MPM with a 67% of sensitivity and a
77% specificity for prediction. The area under the ROC curve was 0.77.
Conclusions: Our digital MSP assay can quantify miR-34b/c methylation in serum-circulating DNA. The
degree of miR-34b/c methylation in serum-circulating DNA is associated with MPM, suggesting that this
approach might be useful for the establishment of a new detection system for MPM.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

overall survival period of 12 months {2]. Approximately 85-90%
of patients with MPM present with unresectable disease at the

Asbestos exposure has been reported to cause asbestos-related
diseases such as malignant pleural mesothelioma (MPM), primary
lung cancer, and benign asbestos pleurisy (BAP) {11. Although the
use of asbestos has been strictly restricted, the number of MPM
patients who had been exposed to asbestos is still increasing {2,3].
MPM is an aggressive tumor with a dismal prognosis, with a median

* Corresponding author. Tel.: +81 86 235 7265; fax: +81 86 235 7269.
E-mail address: voyooka@md.okayama-uac.jp (S. Toyooka).

0169-5002/$ - see front matter © 2013 Elsevier Ireland Ltd. All rights reserved.
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time of diagnosis [4]. Additionally, both MPM and BAP cases suf-
fer from common symptoms caused by pleural effusion. These
conditions are difficult to distinguish using not only radiological
imaging tests such as chest X-ray and computed tomography, but
also cytological examinations of pleural effusion {5,6]. Therefore,
pathological validation by means of an invasive pleural biopsy
with a full-layer resection of the parietal pleura is strongly recom-
mended {7}, although the possibility of a sampling error at the time
of biopsy is significant; whether a few pieces of the parietal pleura
are actually representative of the entire pleural lesion is unclear |81.



486 T. Muraoka et al. / Lung Cancer 82 (2013) 485-490

Considering the difficulty associated with the pathological diagno-
sis of MPM, a definitive diagnosis based on pathological finding
alone is occasionally challenging {,101. Since misguided diagnoses
lead to delays in treatment and early diagnosis and subsequent
treatment are thought to improve the clinical outcome of patients
with MPM, a critical need exists for the development of a reliable
and non-invasive test for the detection of MPM.

Reportedly, the downregulation of several tumor suppressive
genes, suchas BMP3b {11}, BMP6{11},IGFBP{12}, and RASSF1A{13},
frequently occurs as a result of DNA methylation in MPM cases.
Similar to protein coding genes, microRNAs (miRs), which are a
group of non-coding small RNAs that mostly regulate their target
messenger-RNAs through posttranscriptional repression {14}, are
downregulated through the methylation of their promoter regions
{151. In fact, we have recently revealed that miR-34b/c, which plays
an importantrole in the pathogenesis of MPM, is downregulated by
promoter methylation in approximately 90% of MPM cases { 161.

Blood examinations are less-invasive diagnostic methods and
several serum biomarkers such as mesothelin, osteopontin,
CYFRA21-1, and Fibulin-3 have been reported for the diagnosis of
MPM {10,17-181. Among them, mesothelin has been well-studied
and is currently considered to be the best serum biomarker of MPM
available, although a recent systematic review of medical literature
revealed a limited sensitivity {201. The presence of nucleic acids in

the blood was recognized more than 30 years ago {211. Solid malig-
nant tumors are known to release a significant amount of genomic
DNA into the systemic circulation probably through cellular necro-
sis and apoptosis {21,22]. Therefore, cell-free circulating DNA in the
serum or plasma is considered to be a source of useful biomarker
during carcinogenesis {23,241}, although tumor-derived circulating
DNAs are fragmented and present in the blood flow amidst a high
background of normal cell-derived DNAs {22,25]. Highly sensitive
assays are required to detect tumor-specific genetic alterations in
serum-circulating DNAs in patients with malignant tumors {23].
Digital PCR assays have been developed as a highly sensitive
assay for the detection of rare genetic abnormalities amidst a high
normal background. Digital PCR was originally developed as a tool
for the amplification of individual molecules for purposes of identi-
fying and counting individual DNA molecule sequence alterations
{26}, and now is applied to determine coding mutations, loss of
heterozygosity, allelic imbalance and SNP polymorphisms {27,28].
This principle has been also applied to DNA methylation analy-
ses {291, One of advantages of digital PCR is the sequestration of
competing background molecules into negative wells that do not
participate in the PCR amplification, leading to improve the ratio

of template-to-background in the positive wells {281, Particularly,
competition for primer annealing by background DNA is a major
problem in the detection of low-abundance methylation variants
by MSP, because sequence redundancy is increased in bisulfite con-
verted DNA, which contains only three bases outside of sites of
DNA methylation {28}. To the best of our knowledge, the digital
PCR assay for the detection of methylation of miR genes has never
been applied as a blood detection test for MPM.

To establish a new detection system for MPM, we developed a
digital MSP assay to evaluate the degree of miR-34b/c methylation
in serum-circulating DNAs in patients with MPM, comparing those
in patients with BAP, and healthy volunteers (HVs).

2. Materials and methods
2.1. Sample collection

We obtained more than 2 mL of peripheral blood samples from
48 MPM cases, 21 BAP cases, and 41 HVs at Okayama Univer-
sity Hospital, Okayama Rosai Hospital, and the National Hospital
Organization Yamaguchi Ube Medical Center between August 2006
and August 2011. The characteristics of all 110 cases are shown in
Table 1. The blood samples were centrifuged at 3500 rpm for 5 min
within 1h after the collection, and the sera were collected and
stored in aliquots at —80°C at each institute until further exper-
iments. As a positive control (POC), the supernatant of a culture
medium for NCI-H290 (H290), an MPM cell line harboring heavy
methylation of miR-34b/c {16}, was collected and stored at —80°C.
We also collected the supernatant of culture medium for LP9, a
non-malignant peritoneal mesothelial cell line, as a negative con-
trol. H290 was a kind gift from Dr. Adi F. Gazdar (Hamon Center
for Therapeutic Oncology Research and Department of Pathology,
University of Texas Southwestern Medical Center at Dallas, Dallas,
TX). We purchased LP9 from the Coriell Cell Repository (Camden,
NJ). Informed consent was obtained from each case at each insti-
tute. The study was approved by the ethics committee of Okayama
University (approval number for the genome study, 173).

2.2. DNA extraction and bisulfite conversion

We extracted DNA from 1 mL of serum sample or supernatant
of cell culture medium using the QIAamp Circulating Nucleic Acid
Kit (Qiagen, Carlsbad, CA), according to the manufacturer’s recom-
mendations, and eluted the DNAin 120 pL of the kit's elution buffer.
The DNA concentration was quantified using NanoDrop ND-1000

Table 1
Patient characteristics of all samples.
Subsets MPM (n=48) BAP (n=21) HV (n=41)
n % n % n %
Age (69, 38-91) <69 28 58 4 20 23 56
(median, range) >69 20 42 17 80 18 44
Sex Male 45 94 15 71 23 56
’ Female 3 6 6 29 18 44
Smoking Never 14 29 9 43 23 56
Ever 34 71 12 57 18 44
Histology Epithelioid 36 75 - - - -
Biphasic 8 17 - - - -
Sarcomatoid 4 8 - - - _
Clinical stage 1 12 25 - - - -
I 5 10 - - - -
it 16 33 - - - -
v 12 25 - - - -
Unknown 3 7 - - - -

MPM, malignant pleural mesothelioma; BAP, benign pleural asbestosis; HV, healthy volunteer.
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(NanoDrop Technologies, Wilmington, DE) and the mean dosage of
the extracted serum DNA was 4.8 + 1.8 ug (40 + 15 ng/pL). Among
the 120 pL of extracted serum DNA, 20 L of DNA (0.8 £ 0.3 pg) was
used for bisulfite conversion using the Epitect Bisulfite Kit (Qiagen)
and the DNA was eluted in 40 pL of the kit's elution buffer and
used as the templates for the assays described below. As for the
H290 and LP9 cell lines, the concentrations of extracted DNA from
the supernatant of cell culture medium were adjusted to 40 ng/p.L.
Twenty microliters (0.8 g) were applied for bisulfite conversion
using Epitect Bisulfite Kits (Qiagen) with 40 p.L of the final elution.

2.3. Real-time methylation specific PCR (MSP) assay

We designed three sets of MSP primers for the predicted
bisulfite-modified sequences based on the nucleotide sequence
submitted to GenBank (gene accession numbers, NR_029839 for
miR-34b and NR_.035765 for miR-34c) and our previous report
{16]. Among them, we decided to use the following primer set
because of its high sensitivity (data not shown): forward primer,
CGTACGGGGTCGAGAGAGT; reverse primer, CTCGACCCGAACTCC-
CACT. The length of the PCR product was 83 bp. A real-time MSP
assay was performed using the StepOnePlus™ Real-Time PCR Sys-
tem (Applied Biosystems) in a final volume of 20 L per well
containing 1 pL of bisulfited DNA (20 + 7.5 ng/well for serum and
20 ng/well for cell supernatant), 10 L of 2 x Power SYBR® Green
PCR Master Mix (Applied Biosystems), and 0.3 wL of both 10 .M for-
ward and reverse primers. The PCR conditions were as follows: an
initial denaturation step at 95°C for 10 min, followed by 50 cycles
of 94 °Cfor 15 s and 60 °C for 60 s. After PCR amplification, the melt-
ing temperature (Tm) of each PCR product was examined using a
melting curve analysis.

2.4. Statistical analysis

Differences in the number of miR-34b/c methylated wells
were compared between two categorized groups using the
Mann-Whitney test. P values less than 0.05 were considered sta-
tistically significant. The receiver-operating characteristic (ROC)
curve analysis was performed to determine the cut-off point for
the number of miR-34b/c methylated wells. P values less than 0.05
were considered statistically significant.

3. Results

3.1. Detection of positive wells containing miR-34b/c methylated
DNA using a melting curve analysis

The fluorescent signal after PCR amplification was detected in
all the wells, including those containing a water blank, because of
nonspecific PCR reactions. To detect the positive wells containing
miR-34b/c methylated DNA, we defined the positive range of the
Tm value for miR-34b/c methylation. We investigated the Tm val-
ues of 40 wells of the POC samples, 40 wells of LP9 supernatant
samples (negative control), and 40 wells containing a water blank.
The supernatants of the culture medium for the cell lines contained
cell-derived DNA from apoptotic cells and were used as models of
the serum samples. The range of the Tm values differed between
the 40 POC wells (mean =+ standard deviation [SD], 78.25+0.18°C)
and the 40 water blank wells (75.01 £0.47°C) (¥ig. 1). In addition,
the length of the PCR product of the water blank was confirmed to
be shorter than that of POC using gel electrophoresis (Supplemen-
tal Figure 1). Furthermore, the Tm values of 39 out of 40 of the wells
of the LP9 supernatant sample (negative control) were within the
range of the WB samples (Fig. 1). We confirmed that none of the
CpG sites that our MSP assay could detect were methylated in the

LP9 cell lines using bisulfite sequencing (data not shown). Accord-
ing to this result, we defined the positive range of the Tm values for
miR-34b/c methylated wells as 77.71-78.79°C, which was within
the mean Tm values £3 SDs of 40 wells of the POC samples.

Supplementary material related to this article can be found,
in the online version, at http://dx.dolorg/10.1018/Llungcan,
2013.09.017.

3.2. Digital MSP assay for miR-34b/c methylation

In the preliminary study, we examined miR-34b/c methylation
in 1 wL of bisulfited DNA from serum-circulating DNA using a real-
time MSP assay (one well per sample). miR-34b/c methylation was
not present in 1 L of bisulfited DNA from serum-circulating DNA
from the MPM cases, even though the primary tumor harbored
heavy miR-34b/c methylation. Considering the dilution effect of
tumor-derived DNA in serum-circulating DNA, we repeated the
real-time MSP assay for the same serum-circulating DNA and found
that miR-34b/c methylation could occasionally be detected. Based
on these findings, we decided to perform a real-time MSP assay for
40 PCR wells per serum-circulating DNA sample using the whole
elution of bisulfited DNA (40 uL). The quantification of miR-34b/c
methylation was performed using a digital MSP assay by counting
the number of miR-34b/c methylated wells per sample. For this
purpose, a total of 800 L of PCR mixture containing 40 pL bisul-
fited DNA templates were first made, and we then distributed them
in 20-p.L aliquots per well for a total of 40 wells. After PCR ampli-
fication, the Tm value of each PCR product was calculated using a
melting curve analysis, and the miR-34b/c methylation status of
each PCR well was classified according to the positive range of the
Tm values for miR-34b/c methylation. In every experiment, a POC
sample was placed into a 96-well polypropylene PCR plate to con-
firm that the Tm value of the POC sample fell within the positive
range for miR-34b/c methylation.

3.3. Quantification of miR-34b/c methylation using a digital PCR
assay

A distribution map showing the Tm values for all the wells in all
the cases was shown in Fig. 1. Each group showed a characteristic
distribution of Tm values. Biphasic peaks of Tm values were seen
for the MPM and BAP cases, in which the low- and high-grade Tm
values were comparable to those of the water blank (low-grade)
and the POC of miR-34b/c methylation (high-grade), respectively.
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Fig. 1. A distribution map showing the Tm values for all wells in all the cases
and the positive range for miR-34b/c-methylated well. The mean Tm values of
40 positive control (POC) wells were 78.25+0.18°C (mean =+ standard deviation
[SD]). We defined the well having the Tm within the mean value 3 SDs of POC
(77.71-78.79°C) as the positive well for miR-34b/c methylation, indicated with dot-
ted square. MPM, malignant pleural mesothelioma; BAP, benign asbestos pleurisy;
HV, healthy volunteers; WB, water blank.
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Fig. 2. Comparison of the numbers of miR-34b/c methylated wells. The num-
bers of miR-34b/c methylated wells were significantly higher in malignant pleural
mesothelioma cases than in benign asbestos pleurisy (BAP) cases (P=0.03) and
healthy volunteers (HVs) (P<0.001). BAP cases also showed significantly more miR~
34b/c methyled wells than HV (P=0.01).

The Tm values of the HVs were mainly around that of the water
blank.

The numbers of miR-34b/c methylated wells in the MPM cases
was significantly higher than those in the BAP cases (P=0.03) or the
HVs (P<0.001) (Fig. 2). The BAP cases also had significantly higher
numbers of miR-34b/c methylated wells than the HVs (P=0.01).

3.4. Association between the numbers of miR-34b/c methylated
wells and patient characteristics

We evaluated the association between the numbers of miR-
34b/c methylated wells per sample and clinicopathological factors.
No significant differences in the numbers of miR-34b/c methylated
wells were seen when compared according to age, sex, smoking sta-
tus, and histological subtype. MPM cases with an advanced clinical
stage tended to exhibit higher numbers of miR-34b/c methylated
wells than those with an early clinical stage except in two cases
(Supplemental Figure 2). These two MPM cases with clinical stage
I had over 20 miR-34b/c methylated wells; one of the patients
had 34 miR-34b/c methylated wells, while the other had 22 miR-
34b/c methylated wells and he suffered from a rapid increase in
the thickness of the pleura immediately after the initial diagno-
sis and collection of the serum sample, although the patient was
subsequently lost to follow-up.

Supplementary material related to this article can be found,
in the online version, at hitp:f/dx.dolorg/10.1016/jlungcan.
2013.08.017.

3.5. Optimal cut-off point for miR-34b/c methylation by ROC
curve analysis

In order to determine the cut-off number of miR-34b/c meth-
ylated wells for MPM cases, we carried out ROC curve analysis
comparing MPM cases versus other non-malignant cases (¥g. 3 and
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Fig. 3. Receiver-operating characteristic (ROC) curve for the cut-off number of miR-
34b/c methylated wells in malignant pleural mesotheliomas. The optimal cut-off for
the test is the point closest to the upper-left corner of the graph, which corresponds
to miR-34b/c methylation. Area under the ROC curve (AUC) was 0.77.

Supplemental Table 1). According the ROC curve for all cases, three
number of methylated wells was the best cut-off of positivity of
MPM with a 67% of sensitivity and a 77% specificity for prediction.
The area under the ROC curve (AUC) was 0.77.

Supplementary material related to this article can be found,
in the online version, at htip://dx.dotorg/10.1016/{.lungcan.2013.
08.017.

4. Discussion

In this study, we established a highly sensitive assay for the
quantification of miR-34b/c methylation in serum-circulating DNA
to distinguish MPM cases from BAP cases or HVs. Our assay showed
that the degree of miR-34b/c methylation was significantly higher
in serum-circulating DNA from MPM cases than from BAP cases or
HVs. MPM cases with an advanced clinical stage tend to have more
miR-34b/c methylated wells than those with early stage disease,
although two early-stage MPM cases did show heavy miR-34b/c
methylation of their serum-circulating DNAs.

The dosage of DNA in the blood circulation itself is associ-
ated with tumor progression in patients with malignant tumors
{30]. Needless to say, the degree of tumor-specific alterations
in serum-circulating DNA can be considered a more specific
marker for the detection of malignant tumors than the amount
of total serum-circulating DNA. PCR reactions for the detection of
these tumor-specific alterations in serum-circulating DNA can be
interrupted not only by the fragmentation of DNA derived from
tumor cells, but also by a high background of DNA derived from
non-malignant cells. To overcome these difficulties, several sensi-
tive assays have been developed {29,31,321. Among them, digital
PCR has been established as a highly sensitive assay for the detec-
tion of minor genetic alterations among a vast number of normal
alleles {27,28]. Digital PCR can also calculate the dosage of the
genetic alteration in a sample by determining the percentage of
PCR wells with a positive reaction { 28], with more precise quantifi-
cation enabled by analysis of more PCR wells per sample. Of note,
although we used TagMan-based real-time PCR assays in our pre-
liminary experiment, its sensitivity was low and we finally selected
the present method (data not shown).

Our results showed that more than three miR-34b/c methyl-
ated wells yielded the highest discriminative ability with a 67%
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sensitivity and a 77% specificity for predicting the presence of MPM.
The AUC was 0.77, indicating that the established assay had a mod-
erate diagnostic accuracy for predicting the occurrence of MPM
{33,341, As a positive test, a high specific threshold is typically
required, and if we opt for a specificity of 95% (i.e., a false-positive
rate of one out of 20), a sensitivity of our assay results in 38%. For
a negative test result to aid in excluding diagnosis, a high sen-
sitive threshold is generally required. At a selected sensitivity of
95%, the specificity of this assay was 24%. These results suggested
that the sensitivity and specificity of our assay is almost similar
to those of serum mesothelin level in an individual patient data
meta-analysis (AUC=0.77, a sensitivity of 32% at 95% specificity)
{201, With regard to our sensitive assay, false positive cases are
present in 43% of BAP cases and 12% of HVs using a cut-off value
of three methylated wells. Further investigation is warranted for
improvement of both sensitivity and specificity by combining with
other biomarkers.

Two early-stage MPM cases exhibited heavy miR-34b/c meth-
ylation, indicating that our sensitive assay might detect miR-34b/c
methylation during the early stage of MPM pathogenesis.
Obviously, the limitation of clinical staging based on conventional
radiological examinations should be considered, since one case
experienced the rapid progression of the MPM soon after the ini-
tial diagnosis. The serum level of miR-34b/c methylation might
reflect biological malignancy much more accurately than clinical
staging. Further investigations of large-scaled studies are needed
to clarify this issue. The sequential occurrence of other malignant
tumors is another consideration, since miR34-b/c methylation can
be observed in patients with other malignant tumors, such as lung
35,36}, colorectal {15}, and gastric cancers {37]. Regarding this
issue, these malignant tumors were not obviously coincidental in
any case of this study.

In conclusion, our digital MSP assay can quantify miR-34b/c
methylation in serum-circulating DNA, revealing that miR-34b/c
methylation is more heavily and frequently present in
serum-circulating DNA from MPM cases than from BAP cases
or HVs. This approach might be useful for the establishment of a
new detection system for MPM.
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We chose to use AMPLATZER 1I plugs embedded
with Onyx to stop this patient’s bile leak. Onyx was
selected instead of NBCA because NBCA had been used
multiple times in this patient, to no avail, and previous
studies have suggested that NBCA fails to permanently
occlude leaks that communicate with the main biliary
tree (3). In addition, Onyx could be injected at a slower
pace than glue; the higher-viscosity formulation was
chosen, even though Onyx-18 might have functioned
equally. The combination of Onyx baffled by AMPLAT-
ZER Vascular Plugs proved successful in sealing this
patient’s refractory biliary leak. Although one down-
stream plug might have been sufficient, we used both
to trap the liquid embolic agent to avoid the possibility
of its later migration into the biliary tree. We believe
this technique of combining a metallic with a liquid
occlusion agent may provide an appealing permanent

Bleeding into a Pulmonary Cyst Caused by
Pulmonary Radiofrequency Ablation
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Editor:

Pneumothorax and pleural effusion are common com-
plications after radiofrequency (RF) ablation of lung
tumors (1). Massive hemorrhage and hemoptysis are
rare but potentially fatal complications (2-4). We report
a case of bleeding into a pulmonary cyst caused by
pulmonary RF ablation.

Our institutional review board gave us an approval
and a waiver of informed consent for the present retro-
spective study. An 80-year-old woman with a 50-year
history of bronchial asthma had undergone right upper
lobectomy for lung adenocarcinoma (TINOMO, stage
IA) 7 years previously. Recurrence in the right lower
lobe 2 years later was treated with RF ablation. Three
years after RF ablation, local recurrence at the same site
was treated with further RF ablation. After the second
RF ablation treatment, a pulmonary cyst formed at the
ablated site. During follow-up, focal thickening of the
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alternative to NBCA embolization within the biliary
tree, and may warrant further use.
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cyst wall was noted, suggesting local recurrence (Figure, a).
Positron emission tomography showed high uptake of
['¥F]fluorodeoxyglucose in the thickened cyst wall.
Subsequent computed tomography (CT)-guided biopsy
confirmed that this thickening was recurrence of
adenocarcinoma. Laboratory test results on admission
were unremarkable, with normal hemoglobin, platelet
count, and coagulation. Respiratory function testing
showed poor pulmonary function, with a vital capacity
of 1.04 L and forced expiratory volume in 1 second of
0.91 L. Blood gas analysis showed a partial arterial O,
pressure of 669 mm Hg and a partial arterial CO,
pressure of 54.4 mm Hg on room air. Treatment with
further RF ablation was planned.

Under conscious sedation, the patient was placed in
the prone position. RF ablation was performed with use
of multitined expandable electrodes (LeVeen; Boston
Scientific, Natick, Massachusetts) with 2-cm-diameter
arrays under CT fluoroscopic guidance (Figure, b). RF
energy was applied at four sites for a total of 23 minutes
at a maximum power of 50 W. During RF ablation,
bleeding into the pulmonary cyst was observed on CT
fluoroscopic images, but the patient remained
asymptomatic with stable vital signs (Figure, c).
Immediately after RF ablation, the cyst was punctured
with an 18-gauge needle, and 15 mL of blood was
aspirated. CT scan 15 minutes after aspiration showed
remaining blood in the cyst, but the volume of blood did
not increase over time. The patient’s vital signs remained
stable, and she returned to the ward.

The following day, the patient was found in the ward
in respiratory arrest, with a Glasgow coma scale score of
3. Her blood pressure was 185/88 mm Hg, heart rate was
120 beats/min, and O, saturation was 40%. She was
intubated in the ward and transferred to the intensive
care unit. Chest CT showed that the hematoma in the
pulmonary cyst had decreased in volume, but ground-
glass opacity and consolidation were observed around
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Figure. (a) CT image before RF ablation shows the thickened wall (arrow) of the pulmonary cyst (arrowhead) that had formed after
previous RF ablation, suggesting cancer recurrence. {b) CT image during RF ablation with the patient in the prone position shows the
multitined expandable electrode with 2-cm-diameter arrays (arrow). {c) CT image immediately after RF ablation shows bleeding {arrow)
into the pulmonary cyst. (d) CT image the day after RF ablation shows decreased volume of the hematoma in the pulmonary cyst and

ground-glass opacity and consolidation around the cyst.

the cyst (Figure, d). Mucus plugs were observed in the
left lower-lobe bronchi, and there were ground-glass
opacities and small nodules scattered throughout the left
lower lobe. Bronchoscopy revealed edema of the walls of
the left main bronchus and left lower lobe bronchi and
hemosputum impacted in the left lower lobe bronchi.
There was no active bleeding in the bronchi. The patient
recovered to a normal level of consciousness.
Subsequently, the pulmonary cyst became infected, with
diffuse thickening of the cyst wall and fluid collection inside
the cyst. Sputum culture revealed Pseudomonas aeruginosa
infection. CT-guided percutaneous drainage of the infected
cyst was performed 7 days after RF ablation with the use of
a 10-F pigtail catheter (Ureflex; UreSil, Skokie, Illinois). As
bronchoscopy revealed a communication between the pul-
monary cyst and the bronchus, the affected bronchus was
plugged with an Endobronchial Watanabe Spigot (Nova-
tech, Grasse, France) to facilitate lavage of the cyst via the
catheter. The patient was treated with various antibiotic
agents, and the infection resolved. The spigot and drainage
catheter were removed 40 days and 62 days after RF

ablation, respectively. The patient was discharged without
further sequelae 88 days after RF ablation.

Vaughn et al (2) reported a case in which massive
hemorrhage into the lung and pleural cavity after RF
ablation led to death on postoperative day 23. The cause
of hemorrhage was unknown in that case because the
pulmonary and bronchial arteriograms failed to identify
a distinct source of bleeding. Massive hemoptysis from a
pulmonary artery pseudoaneurysm that formed after RF
ablation has also been reported (3,4). It was assumed
that the bleeding in these cases was not from the tumor,
but from a nearby vessel after the electrode or its tines
pierced the vessel or the vessel was thermally damaged.
Compared with parenchymal bleeding, bleeding into a
cavity is more likely to be massive even in the absence of
coagulopathy, because there is less likely to be a
tamponade effect. Although the exact cause of respira-
tory arrest could not be determined in the present case,
we speculate that aspiration of blood from the cyst into
the bronchus caused bronchial irritation and acute
exacerbation of asthma.
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Bleeding into the cyst resulted in another serious
condition, ie, infection of the cyst, which required
prolonged intensive care treatment, including adminis-
tration of antibiotic agents, percutaneous drainage, and
spigot placement in the bronchus.

In summary, we report a case of bleeding into a
pulmonary cyst as a result of pulmonary RF ablation.
The bleeding subsequently resulted in respiratory arrest.
Although the patient was resuscitated, the cyst subse-
quently became infected, and the patient required pro-
longed treatment.
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Editor:

Thoracic endovascular aneurysm repair has become the
treatment of choice for many chronic and acute patho-
logic processes of the descending thoracic aorta, includ-
ing treatment of ruptured thoracic aneurysms.
Endoleaks remain a nuisance associated with endovas-
cular repair and have been reported in as many as 29%
of cases (1). Abdominal direct percutaneous sac injection
(DPSI) has been described as a feasible alternative
treatment option if a standard transarterial approach is
not possible or has previously failed to resolve a type IT
endoleak (2).

Here we describe an interesting case of evaluation and
treatment of a thoracic endoleak with the use of a direct
percutaneous approach for selective bronchial artery and
aneurysm sac embolization.

A 77-year-old man with a history of open ascending
aortic aneurysm repair and aortic bioprosthetic valve
replacement initially presented with an upper descending
thoracic aortic dissection (Stanford type B, DeBakey
type III), which had ruptured into the mediastinum. The
patient underwent emergent percutaneous endograft
repair. Despite deployment of four EXCLUDER
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endografts (W.L. Gore and Associates, Flagstaff, Ari-
zona) a small type IA endoleak persisted and could not
be treated by using a standard femoral approach as a
result of a highly tortuous thoracic aorta. By using a
transapical access as a “bailout” approach, the type I
endoleak was excluded successfully with deployment of a
Palmaz 5010 stent. Follow-up computed tomographic
(CT) angiography at 6 months revealed contrast medium
within the aneurysm sac, likely indicating a type II
endoleak superior and posterior to the aortic arch (Figure,
a). The patient was placed prone on the procedure table,
and cone-beam CT (Allura FD-20; Philips, Best, The
Netherlands) was obtained to determine the best region to
be accessed (Figure, a, shows planned puncture route).
After local anesthesia was obtained, a 22-gauge Chiba
needle was advanced on a paraspinal route directly into
the thoracic aneurysm sac under fluoroscopy guidance
by using landmarks of the thoracic endograft for
reference. Bloody backflow indicated successful needle
entry into the aneurysm sac, as also confirmed by lateral
views. A sac injection was performed with approxi-
mately 5 mL of contrast agent to evaluate the aneurysm
sac and type of endoleak. A large outflowing bronchial
artery was observed, but there was no sign of a
concurrent type I endoleak (Figure, b). At this time, an

- AccuStick introducer system (Boston Scientific, Natick,

Massachusetts) was used to exchange the needle for a 6-F
sheath. A 0.018-inch, 70° gold-tip angled Glidewire
(Terumo, Somerset, New Jersey) was used for selective
probing of the bronchial artery, and a 2.4-F Progreat
microcatheter (Terumo) was advanced. Coil emboliza-
tion with six 3-4-mm x 2-cm Tornado microcoils
(Cook, Bloomington, Indiana) was performed. A slurry
of Gelfoam (Baxter, Deerfield, Illinois) mixed in 50/50
contrast medium along with 225 U of thrombin was then
carefully injected into the aneurysm sac until stasis
within the sac was observed (Figure, c). The catheter
was removed, and manual pressure was applied at the
puncture site to achieve hemostasis. Five-week and 6-
month CT follow-up demonstrated no signs of recurrent
endoleak, with shrinkage of the aneurysm sac (maximal
axial diameter before intervention, 80.2 mm; after 6 mo,
47.2 mm) and mediastinal hematoma (Figure, d).



