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Introduction

The advent of next generation sequencing technology has
greatly facilitated the detection and characterization of genetic
variations in the human genome. Most remarkably, this type of
study has driven the 1000 Genomes Project [1,2], which aims
to provide a comprehensive map of human genetic variants
across various ethnic backgrounds. However, because whole-
genome sequencing is still costly, the sequencing of whole
exon regions using hybridization capture methods (exome
sequencing) [3-5] is widely used to screen for genes that are
related to hereditary diseases. By sequencing exomes from
healthy and diseased individuals and comparing them, genes
that are responsible for many diseases have been identified [6],
including Miller syndrome [7,8] and familial hyperkalemic
hypertension [9]. Along with the progress that has been made
in exome sequencing, the volume of germline single nucleotide
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polymorphism (SNP) data that has been registered in dbSNP is
rapidly expanding for various populations [10]. )

Exome sequencing provides a powerful tool for cancer
studies as well. Indeed, a number of papers have been
published describing the identification and characterization of
single nucleotide variants (SNVs) that somatically occur in
cancers and are suspected to be responsible for
carcinogenesis and disease development [11]. The
International Cancer Genome Consortium (ICGC) has been
collecting exome data for somatic SNVs that are present in
more than 50 types of cancers as a part of an international
collaborative effort [12-14]. The Cancer Genome Atlas (TCGA)
has developed a large genomic dataset, including exomes for
high-grade ovarian carcinoma, that has been used to detect
significantly mutated genes, including TP53, BRCA1 and
BRCA2 [15]. They have also identified various genomic
aberrations and deregulated pathways that may act as
therapeutic targets.
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In most ongoing cancer exome studies, normal tissue
counterparts have been sequenced in parallel with cancer
tissue [15-19]. This is assumed to be necessary because
germline variants must be excluded from the full set of SNVs to
detect the somatic SNVs that are unique to cancers. However,
the sequencing of normal tissue counterparts increases the
cost and time of the analysis. Also, in some cases, it is difficult
to obtain normal tissue counterparts. In addition, it remains
unclear how accurately germline SNVs can be excluded using
normal tissue exomes. To conservatively exclude germline
SNVs, their sequence depths and accuracies may need to be
greater than those that are obtained from the cancer exomes.

In this study, we generated and analyzed 97 cancer exomes
from Japanese lung adenocarcinoma patients. We also
demonstrate that somatic SNVs can be enriched to a level that
is sufficient for further statistical analyses even in the absence
of the sequencing of normal tissue counterparts. To separate
the germline from the somatic SNVs, we first compared the
variation pattemns between a cancer exome with the 96 other
patients’ normal tissue exomes. We also attempted to conduct
a similar mutual comparison solely utilizing cancer exomes,
without the consideration of exomes of normal tissue
counterparts. It is true that if we completely omitted normal
tissue sequencing, we would tentatively disregard of somatic
mutations that occurs at exactly the same genomic position in
multiple cancers. However, recent papers have elucidated that
such shared SNVs are very rare [15,20-22]. Moreover, many of
these recursively mutations have been registered in the cancer
somatic mutation databases such as Sanger COSMIC [23,24],
and those recurrent SNVs can be recovered by follow-up
studies partially using the data from the normal tissues. To
understand the unique nature of each cancer, a statistical
analysis of the distinct SNVs is presumed to be essential in
addition to the analysis of the common SNVs.

In this study, we demonstrate that it is possible to identify the
first candidates for cancer-related genes and pathways, even
without the sequencing of a normal tissue counterpart. We
show that this approach is useful not only to reduce the cost of
the sequencing but also to improve the fidelity of the data. It
should be also useful for analyzing old archive samples, for
which normal tissue counterparts are not always available.
Here, we describe a practical and cost-effective method to
expedite cancer exome sequencing.

Results and Discussion

Characterization of SNVs using the 97 exome dataset
Firstly, we generated and analyzed whole-exome sequences
from 97 Japanese lung adenocarcinoma patients. Exome data
were collected from both cancer and normal-tissue
counterparts, separated by laser capture microdissection. We
purified the exonic DNA (exomes) and generated 76-base
paired-end reads using the illumina GAllx platform.
Approximately 30 million mapped sequences were obtained
from each sample, providing 74x coverage of the target
regions; 93% of the target regions had 5x coverage (Figure S1
in File $1). Burrows-Wheeler Aligner (BWA) [25] and the
Genome Analysis Toolkit (GATK) [26,27] were used to identify
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SNVs (Figure S2 in File 81). Only SNVs that were detected in
cancer tissues and showed no evidence of variation in normal
tissues were selected for further analysis.

The obtained dataset was used to characterize the cancer-
specific mutation patterns (Table S3 in File 81). We calculated
the enrichment of the SNVs within particular genes, protein
domains, functional categories, and pathways. We searched
for genes with somatic SNVs significantly enriched in Japanese
lung adenocarcinoma. As shown in Table S4 in File S1, several
genes were identified as significantly mutated. In particular, we
searched for domains that are enriched with SNVs and harbor
known cancer-related mutations in the COSMIC database. In
total, 11 genes were identified (P < 0.02, Table 1). For
example, the Dbl homology (DH) domain of PREX1 gene [28]
was enriched with SNVs (P = 0.00071). However, in the
PREX2 gene [29], the Pleckstrin homology (PH) domain was
enriched with SNVs (P = 0.011) (Figure 1A and B). Both the
PREX1 and the PREX2 genes activate the exchange of GDP
to GTP for the Rho family of GTPases and the DH/PH domains
are indispensable for nucleotide exchange of GTPases and its
regulation [30-32]. In addition, we analyzed the expression
patterns of these genes using a cancer gene expression
database, Genelogic (Figure S3 in File S1). Expression levels
of PREX1 and PREX2 were not enhanced in lung
adenocarcinoma but were enhanced in wide variety of cancers,
which is partly indicated in previous studies [33]. The SNVs in
the PREX1 and PREX2 genes, which were concentrated at its
pivotal signaling domains, might enhance activities in these
genes, and thereby functionally mimics the increased
expressions of this gene in some different types of cancers.
The cancer-related gene candidates identified from this dataset
are listed in Table 1.

Similarly, pathway enrichment analyses using the KEGG
database [34] also detected several putative cancer-related
pathways. The identified pathways are listed in Table 2.
Interestingly, the endometrial cancer pathway [35] was
detected in this enrichment analysis (P = 3.1e-15, Figure 2A).
This pathway includes major cancer-related pathways, for
example, the MAPK signaling pathway and the PI3SK/AKT
pathway. For this pathway, we compared mutation patterns
between our Japanese data and those of the previous study of
lung adenocarcinoma in Caucasians [21]. We found that the
SNVs in the EGFR gene were four times more frequent in the
Japanese population than among Caucasian populations
(Figure 2B, left panel). EGFR mutations were frequently
occurring in non-smoker, female and Asian patients of lung
adenocarcinoma [36], which is a molecular target of anti-cancer
drug, gefitinib [20,37,38]. Conversely, KRAS mutations, which
are also well-known cancer-related mutations [39], were more
than four times frequent among Caucasians (Figure 2B, center
panel). However not all mutational patterns are different
between populations. For instance, TP53 harbored mutations
in both datasets with similar frequency (Figure 2B, right panel).

Ambiguity in SNV identification of normal tissue
counterparts

In the aforementioned analysis, we discriminated germline
variants using the normal tissue counterparts. A number of
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Table 1. List of the identified possible cancer-related genes.

IPR001245:Serine-threonine/tyrosine-

PREX2

COL22A ' 3 6 0.015
glucanase

"P<0.02
T Reported in the Cancer Gene Census [11]. Note that the genes atop the list are

previously reported to be associated with this cancer type, while most of them are
novel possible cancer-related genes.
doi: 10.1371/journal.pone.0073484.t001

SNVs initially identified as somatic were also found to be
present in normal tissues, thus, were false positive calls under
the validations by visual inspection of the mapped sequences
and Sanger sequencing. To examine the cause of this problem,
we inspected the errors in randomly selected 26 cancers and
their normal tissues. On average in each cancer, twenty-five
percent of somatic SNV candidates were found to be false
positive (Figure 3). In these cases, the sequence coverage and
quality of the normal counterpart were not sufficient. Indeed,
the sequences supporting each SNV and these qualities were
significantly diverged between the cancer and normal tissues.
Although we increased the total number of reads in the normal
tissues, it was difficult in practice to cover all of the genomic
positions (Figure S4 in File §1). A summary of the germline
SNV validations is shown in Table S5 in File $1.

However, we noticed that some were correctly identified as
germline SNVs in external reference exomes. Twenty-five
exomes allowed us to exclude eight false positive calls in each
cancer. This raised the possibility that the SNVs from the other
patients may be used as surrogates to increase the depth and
quality of the sequencing.

Excluding germline SNVs by considering mutual
overlaps of other persons’ exomes

To further test this possibility, we examined whether cancer
exome analyses would be possible without sequencing of the
normal tissue counterpart of each cancer. First, we evaluated
the extent to which the germline SNVs could be discriminated
using external exomes. For this purpose, we used the 97
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paired cancer-normal exome datasets for the validation
dataset. We found that we could detect 54% of the germline
SNVs by using the 96 normal tissue exomes from the external
reference (Figure 4A). We further expanded the filtration
dataset using the externally available 73 Japanese exome data
and 48 in-house Japanese exome datasets. Altogether, we
were able to remove 64% of the germline SNVs, using a total
of 217 Japanese exome datasets from other individuals,
without sequencing each cancer's normal counterpart (Figure
4A). The extrapolation of the graph also indicated that 1,350
and 2,000 samples would be required to remove 90% and 95%
of the germline SNVs, respectively. We expect that such a
sample size will be available in near future considering current
rapid expansion of the exome analysis.

We further evaluated if the same filtration could be done by
solely using cancer exomes. We obtained essentially the same
results (Figure S5 in File 81). Obvious caveat of this approach
is that this would disregard about 3% of somatic SNVs
recurrently occurring (Figure S5 in File 81, blue). However, as
aforementioned, we found that those recurrent SNVs were very
rare [15,19] and most of them were derived from dubious
somatic SNVs, which were overlooked in the normal tissues.
We also consider that most of those recurrent SNVs, if any,
can be analyzed separately by sequencing a limited number of
normal tissues.

Filtering out germline SNVs by considering mutual
overlaps for different ethnic groups and for rare SNPs

We examined whether SNVs in other ethnic backgrounds
could be used as external datasets for the filtration. We
obtained exome data from individuals of various ethnic
backgrounds from the 1000 Genome Project. We used these
exome datasets to exclude the germline SNVs that were
identified in the Japanese cancers. We found that the
discriminative power was significantly lower compared with
exomes from Japanese populations. Therefore, these datasets
were not suitable for this purpose (Figure 4B). We also
examined and found that the exomes in each ethnic group
were useful to discriminate the germline SNVs in the
corresponding group (Figure S6, S7 and Table S6 in File S1).

We, then, examined to what extent minor germline variants
could be covered with this approach in the Japanese
population. We evaluated the sensitivity of the filtration process
for the SNVs in the 97 cancers (Figure S8 in File S1). We
found that 88% of the germline SNVs occurring in more than
five percent of the 97 exomes could be detected using the 73
external Japanese datasets. For the SNVs occurring in 1% of
the 97 cancers, 19% could be excluded.

Using the crude dataset to characterize cancer related
SNVs and pathways

Taken together, with 217 Japanese exomes used for
filtration, 36% of the germline SNVs remained unfiltered.
Nevertheless, we considered that it may be still possible to use
the crude SNV dataset as a first approximation for identifying
and analyzing cancer-related genes and pathway candidates.
To validate this idea, we compared the results of enrichment
analyses between the crude dataset and the refined somatic
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Figure 1. Identification and characterization of the putative cancer-related genes using 97 cancer exomes. SNVs in the
PREX1 (A) and PREX2 (B) genes are represented in the boxes. The protein domains in which the enrichments of the SNVs were
statistically significant are represented in orange boxes (also see Materials and Method). DH-domain: Dbl homology (DH) domain;
PH: Pleckstrin homology domain; D: DEP domain; P: PDZ/DHR/GLGF.

doi: 10.137 1/joumnal.pone.0073484.g001

SNV datasets, which were generated from the paired cancer-
normal exomes.

Most of the putative cancer-related genes and pathways that
were identified from the refined dataset were also present in
the crude dataset (Tables S7 and S8 in File 81). The example
of the TNN gene, which was reported as a marker of tumor
stroma [40-42], is shown in Figure S9 in File 81. In this case,
even with the germline SNVs, which were unfiltered in the
crude dataset (indicated by black in Figure S9 in File S1), the
enrichment of somatic SNVs in this domain was statistically
significant. In total, nine genes which identified as possessing
cancer-related SNVs from the refined dataset were also
detected in the crude dataset. On the other hand, two genes
from the refined dataset were not represented in the crude
dataset. In the pathway analysis, we identified 26 cancer-
related pathways which were identified from the refined
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dataset. In addition, 19 pathways were also represented in the
crude dataset as well as the refined dataset. The overlap .
between the datasets is summarized in Table 3. It should be
noted that statistically enrichment analyses were possible even
at the current coverage of the filter dataset. With the expanded
external dataset, it would be more practical to subject the
candidates to the results of Sanger sequencing validations as
well as removing remaining germline SNVs.

Identification of prognosis related genes by using the
crude dataset

As one of the most important objectives of the cancer exome
studies, we investigated whether mutations affecting cancer
prognoses can be identified by using crude dataset (Table S9
and Figure S10 in File 8$1). In the Kaplan-Meier analysis, seven
patients who carried SNVs in the ATM gene (Figure 5A)
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Table 2. List of the identified possible cancer-related
pathways.

Number of
cancers with
SNVs

hsa05218 Melanoma 70

Prostate cancer

hsa05014 Amyotrophic lateral sclerosis (ALS) 36 0.014

hsa05416 Viral myocarditis 40 0.028

hsa02010 ABC transporters 29 0.035

Arrhythmogenic right ventricular
hsa05412 X 40 0.039
cardiomyopathy (ARVC)

*P<0.05
doi: 10.1371/journal.pone.0073484.t002

showed statistically significant poor prognoses (P = 9.6e-6,
Figure 5B). Three SNVs in the ATM gene were significantly
enriched in the the phosphatidylinositol 3-/4-kinase catalytic
domain (P = 0.014). ATM senses DNA damage and
phosphorylates TP53, which, in turn, invokes various cellular
responses, such as DNA repair, growth arrest and apoptosis,
and collectively prevents cancer progression (Figure S11 in
File S$1) [43,44].

We also examined whether other frequently mutated genes
were associated with better or worse prognoses. We found that
patients with PAPPA2 mutations showed prolonged survival
times (P = 0.026, Figure 5C and D). PAPPA2 proteolyzes
IGFBP5 [45,46], which is an inhibitory factor for IGFs [47].
Mutations in the PAPPA2 gene may result in the accumulation
of IGFBP5, and the resulting decrease in IGF signaling may
impair the proliferation of cancer cells [48]. Again, it should be
noted that for both the ATM and PAPPA2 genes, the statistical
significance of the prognostic difference persisted both before
(black line) and after (red line) the remaining germline
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mutations were removed, which was validated by Sanger
sequencing (Figure 5B, D and Table S10 in File $1).

Conclusions

We have identified and characterized the SNVs in lung
adenocarcinoma in a Japanese population. Further bioclogical
evaluations of the discovered SNVs will be described
elsewhere. In particular, information of transcriptome and
epigenome should be important for further analyses of cancer
genomes, as they would shed new lights on the cancer biology
(Table S1) [49]. In this study, we also presented a useful
approach for the analysis of cancer exomes, without the need
to sequence the normal tissue counterpart. We believe that the
approach not only lowers the barriers in cost, time and data
fidelity in the exome analysis, but also enables exome analysis
of archive samples, for which normal tissue counterparts are
not always available.

Materials and Methods

Ethics statement

All of the samples were collected by following the protocol
(and written informed consent) which were approved by Ethical
Committee in National Cancer Center, Japan (Correspondence
to: Katsuya Tsuchihara; ktsuchih@east.ncc.go.jp).

Case selection and DNA preparation

All of the tissue materials were obtained from Japanese lung
adenocarcinoma patients with the appropriate informed
consent. Surgically resected primary lung adenocarcinoma
samples with lengthwise dimensions in excess of 3 cm were
selected. Data on the 52 patients who had relapses and other
clinical information about the 97 cases are shown in Table S11
in File 1. All 97 cancer and normal tissues were extracted
from methanol-fixed samples by laser capture microdissection.
DNA purification was performed using an EZ1 Advanced XL
Robotic workstation with EZ1 DNA Tissue Kits (Qiagen).

Whole-exome sequencing

Using 1 pg of isolated DNA, we prepared exome-sequencing
libraries using the SureSelect Target Enrichment System
(Agilent Technologies) according to the manufacturer's
protocol. The captured DNA was sequenced by the illumina
Genome Analyzer lix platform (lllumina), yielding 76-base
paired-end reads.

Somatic SNV detection

The methods that were used to detect the SNVs, including
BWA, SAMtools [50] and GATK, are shown in Figure S2 in File
S1. Using data from NCBI dbSNP build 132 and one Japanese
genome [51], major germline SNVs were excluded. In addition,
rare germline SNVs were discarded using 97 exomes from
normal tissue counterparts, 73 Japanese exomes provided
from the 1000 Genomes Project (the phasel exome data,
20110521) and 48 in-house Japanese exomes. We also
validated a portion of the SNV datasets by the Sanger
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Figure 2. The EGFR/Ras pathways in Japanese and Caucasian populations. (A) Mutation patterns in the endometrial cancer
pathway that was detected in the enrichment analysis are shown. The size of the circle represents the population of the cancers
harboring the SNVs in the corresponding gene (percentage is also shown in the margin). SNVs in this study and the external
dataset in Caucasian populations are shown in red and blue circles, respectively. n.a.: mutation frequencies were not available. (B)
Comparison of mutation ratio of EGFR, KRAS and TP53 genes among both datasets. The p-values were calculated by two-sample

test for equality of proportions.
doi: 10.1371/journal.pone.0073484.9002

sequencing of cancer tissues and their normal tissue
counterparts (Figure S12 in File 8$1).

Identification of highly mutated genes

We detected genes which were significantly enriched with
SNVs by calculating the expected number of cancers with
SNVs in the gene. The length of total CDS regions was
represented in N (approximately 30.8 M bases). When one
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patient harbored total of m SNVs, the probability that the
patient harbors SNVs in the gene t (length: n) was calculated
as P:

min
Pm’t,n=1"‘(1“'1v)

The sum of P in 97 cancers was represented in the expected
number of cancers with SNVs in the gene t. The p-values of the
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Figure 3. Fidelity of the germline SNV detection in cancer exome analysis. Somatic SNV candidates were identified by using
26 cancer exomes and each normal counterpart. Correct somatic SNVs and false positives were shown in pink and blue bars,
respectively. The 26 cancers used for the analysis were sorted by the increasing total number of SNVs (x-axis).
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observed number were calculated by the Poisson probability
function using R ppois.

Statistical approach to enrichment analyses

To examine the enrichment of mutations in functional protein
domains, we mapped the SNVs to domains using InterProScan
[52] and assigned them to the Catalogue of Somatic Mutations
in Cancer (COSMIC). We analyzed the enrichment of the SNVs
in the same domains as the mutations that were provided by
the COSMIC. The p-values for the observed mutations in these
domains were calculated using their hypergeometric
distributions (R phyper). Briefly, the domains in which the SNVs
were enriched statistically significantly than the expected
number of SNVs in the given length of the domain were
selected. For estimating the expected number, the total number
of the SNVs belonging to the gene was divided by the gene
length. For this analysis, we used genes harboring five or more
SNVs in the coding region and three or more SNVs in the
domain.

PLOS ONE | www.plosone.org

We assigned SNVs to pathways as described by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and calculated
the enrichments of the SNVs in the pathways. The mutation
rate M represented the ratio of the average number of mutated
genes to the total number of genes (17,175) that were used in
our study. The expected value for the number of cancers with
SNVs in pathway ¢ was desighated A and calculated from the
mutation rate M and the number of genes in the pathway n as
follows:

App={1-(1—=M)"}x97

The p-value for the observed number of cancers with SNVs
in pathway t was calculated by the Poisson probability function
using R ppois.
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Figure 4. Discriminative powers of detecting germline SNVs using external references. (A) The power of detecting germline
SNVs considering mutual overlap between other Japanese individuals. Sensitivity represents the proportion of germline SNVs
correctly detected. The datasets used to exclude the germline SNVs are shown on the x axis. The inset represents the extrapolation
of the graph. Fitting curve of the graph is also shown. (B) Discriminative powers of three different ethnic groups for the germline
SNVs in 97 Japanese cancers. Sensitivities for detecting germline SNVs are shown by the following colors; green: Chinese; purple:

Yoruba; orange: Caucasian.
doi: 10.1371/journal.pone.0073484.9004

Estimate of discriminative power for exclusion of
germline SNVs by considering mutual overlaps

We estimated the discriminative power for the exclusion of
germline SNVs by considering those from other non-cancerous
exomes. Germline SNVs from 97 paired tumor-normal exomes
were used as reference datasets. Up to 217 samples (96

PLOS ONE | www.plosone.org

normal tissue exomes from others and 121 additional
Japanese exomes) were randomly selected, and their
sensitivities and specificities for detecting the germline SNVs
were detected by taking the averages of either all of the
combinations or a subset of approximately 10,000
combinations. We also estimated the discriminative power with

September 2013 | Volume 8 | Issue 9 | 73484



Cancer Exome Analysis without Normal Counterparts

A C

PAPPA2 gene
ATMgene [psgey | [stasr] [cz0z1v] [ozr21n] | czsesv | [ Lassor | [eerr | [Etosk | [vsosa | [re1ss|  [rtorsv] |Tastan] [Russsc] [Etesen]

\
TAN \ [ (= PI3_Pi4 | FATC ConAlike | Peptidase || Fibronectin, Sushi/SCR
domain kinase domain '\\ sub R M43 e il /CCP, x4
T
R692C 3,056 AA gy 1,791
[ srsc | [risss] [essen] [p10ssy| [s1ssr] [atsan] oTAA
- 2R

D

=

[= 3 2 5
- e == Crude dataset -~
i == Sanger-validated dataset H
o s—tr

@i Not mutated & - — T o
o e n=90 = Mutated
< [ —— ' n=293 = n=11
S o ] ! ; S =
§ © ‘: g p n=7
2 ; ® Not mutated
it : [
5§ < ; 'Bﬁ S < n=86
£ o T e o 5 < n=90
=3 i Mutated g
ot i = T
& g | i n= Z o g - == Crudedataset

n= == Sanger-validated dataset
o Qo
= T T T T T (=] T T T T T
o] 2 4 6 8 10 0 2 4 6 8 10
Survival time (years) Survival time (years)

Fig. 5

Figure 5. ldentification of the putative prognosis-related genes. (A) SNVs in the ATM gene. The SNVs that were identified in
the initial screening and those remaining after the Sanger sequencing validation of the normal-tissue counterpart were shown in
black and red, respectively. TAN: Telomere-length maintenance and DNA damage repair; PI3_Pl4 kinase: Phosphatidylinositol 3-/4-
kinase, catalytic. (B) Survival analysis of patients with and without ATM SNVs. The datasets before and after the Sanger
sequencing validation are represented by black and red lines, respectively. Statistical significance was calculated using a log-rank
test (P < 0.05). Note that the survival differences for individuals with SNVs in the non-Sanger-validated dataset were significant
before the Sanger validation. (C, D) Results of a similar analysis as that described in A and B for the PAPPA2 gene. In this case,
the patients with the SNVs showed better prognoses. ConA like sub: Concanavalin A-like lectin/glucanase, subgroup; N: Notch
dimain; Peptidase M43: Peptidase M43, pregnancy-associated plasma-A.

doi: 10.1371/journal.pone.0073484.g005

data from the 1000 Genomes Project for four ethnic groups (73
JPT, 90 CHS, 81 YRI and 64 CEU) using similar trials. Whole-
exome sequences (the phase1 exome data, 20110521) were
obtained from the ftp site in the 1000 Genomes Project.

Table 3. Comparison of the results in the enrichment
analyses between the crude and refined dataset.

Number of identified genes/path

Kaplan-Meier curves

The Kaplan-Meier method was used to test the relations of
the observed mutations to survival time, and calculations were
performed using the R software package. Changes in survival
rates that were correlated with SNVs were examined using the
log-rank test (R survdiff).

Identified using the crude dataset.
T Identified using the refined dataset.

¥ Significant in both crude and refined datasets.
doi: 10.1371/journal.pone.0073484.1003
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Data access

Full raw datasets will be shared with researchers upon
request. The information of somatic mutations at the respective
genomic coordinates has been provided in Table S2.

Supporting Information

File 81.
included.
(PDF)

Figures S1 to $12 and Tables $3 to S11 are

Table S1. The comparison of our dataset with the other
different study. We provided the comparison of our dataset
with the genes identified in the other different study with
transcriptome and epigenome data in lung cancers.

(XLSX)

Table S2. The list of somatic mutations identified from the
refined dataset. All mutations described in this table are
somatic and non-synonymous mutations.
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Development of lung adenocarcinoma (LADC), the most frequent
histological type of lung cancer, depends in many cases on the
activation of “driver” oncogenes such as KRAS, epidermal growth
factor receptor (EGFR), and anaplastic lymphoma kinase (ALK).
Inhibitors that target the EGFR and ALK tyrosine kinases show
therapeutic effects against LADCs containing EGFR gene muta-
tions and ALK gene fusions, respectively. Recently, we and others
identified the RET fusion gene as a new targetable driver gene in
LADC. The RET fusions occur in 1-2% of LADCs. Existing US Food
and Drug Administration-approved inhibitors of RET tyrosine
kinase show promising therapeutic effects both in vitro and in
vivo, as well as in a few patients. Clinical trials are underway to
investigate the therapeutic effects of RET tyrosine kinase inhibi-
tors, such as vandetanib (ZD6474) and cabozantinib (XL184), in
patients with RET fusion-positive non-smali-cell lung cancer.
(Cancer Sci 2013; 104: 1396-1400)

Personalized Therapy of LADC

L ung cancer is the leading cause of cancer-related mortality
worldwide. Lung adenocarcinoma (LADC) is the most
frequent type of lung cancer. LADC occurs both in smokers and
non-smokers, and its incidence is increasing.’”> Genome analyses
of LADC show that these tumors contain distinct genetic altera-
tions that activate oncogenes. 23 Genetic alterations that result
in the activation of several oncogenes are detected in a mutually
exclusive manner (Fig. 1); of the hundreds of genes mutated in
each case of LADC, these oncogenes are considered to be
“driver genes”.® Remarkably, molecular targeted therapy using
mhlbltory drugs against activated oncogene products has begun
to replace conventional chemotherapy using cytotoxic drugs,
even for first-line use.®

The epidermal growth factor receptor (EGFR) gene is
activated by single amino acid substitution mutations or
in-frame amino acid deletion mutations in 10-20% of LADC
cases in the USA and in 30-40% of cases in East Asia.®
Tumors harboring these EGFR mutations respond to EGFR
tyrosine kinase inhibitors (TKIs) such as erlotinib and gefitinib,
thereby improving progression-free survival and quality of
life.>9 In addition, 3-5% of LADC harbor fusions that result
in the activation of the anaplastic lymphoma kinase (ALK)
gene; such mutations are mutually exclusive with EGFR
mutations. Inhibitors, such as crizotinib, that target ALK
tyrosine kinase show marked therapeutic effects against ALK
fusion-positive LADCs.™® These results indicate that
personalized therapy for LADC using TKIs selected on the
basis of somatic genetic alterations has been realized already;

Cancer Sci | November 2013 | vol. 104 | no. 11 | 1396-1400

(e,

Fig. 1. Pie chart showing the fraction of Japanese lung adenocarci-
noma patients that harbor “driver” gene mutations. Surgical speci-
mens from 319 stage I-ll lung adenocarcinomas deposited in the
National Cancer Center Biobank (Japan) were subjected to analysis.
The EGFR, KRAS, BRAF, and HER2 mutations (mut) were examined
using the high resolution melting method, whereas ALK, ROST and
RET fusions were examined by RT-PCR. (1231 The protocol for this
research project has been approved by the institutional review board
of the National Cancer Center.

indeed, 20% of USA/European and 40% of Asian LADC
patients benefit from such therapies.

Discovery of the RET Fusion Gene as a New Targetable
Driver Gene

In 2012, four studies, including one by our group, identified
fusions of the RET (rearranged during  transfection)
oncooene(l (Flg 2). RET is a well-known driver oncogene
kmase for thyr01d cancer, and both acuvatmo mutations and
fusions of this gene have been observed.! Gennlme gain-of-
function mutations in RET predispose carriers to multiple
endocrine neoplasia type 2, which is characterized by medul-
lary thyroid cancer, pheochromocytoma, and hyperparathyroid-
ism, and also to familial medullary thyroid carcinoma
syndrome. Somatic gain-of-function RET mutations have been
observed in 30-50% of sporadic medullary thyroid cancer, and
somatic RET gene fusions have been observed in 30-50% of
sporadic papillary thyroid cancer. The US Food and Drug
Administration (FDA) have approved two inhibitory drugs,
vandetanib (ZD6474) and cabozantinib (XL184), for the
treatment of advanced medullary thyroid cancer. The molecu-
lar process for generating a RET fusion is similar to the
mechanism underlying ALK fusion: the most frequent RET

5To whom correspondence should be addressed.
E-mail: tkkohno@ncc.go.jp
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© 2013 Japanese Cancer Association



Fig. 2. Involvement of the RET gene in lung and

Medullary thyroid cancer

Papillary thyroid cancer Hirschsprung’s

thyroid carcinogenesis and in a developmental

disorder. Upper panel, somatic inversion in MEN2A*/EMTC* MEN2B> disease™
chromosome 10 results in KIF5B-RET fusions. The domgg’:;n"&?ation don:g;.nk:g:::tion Gene fusion D:‘l::aet?::s

RET fusion protein has constitutive tyrosine (Tyr)
kinase activity, representing a gain-of-function
alteration. Lower panel, RET alterations in other
diseases. A germline gain-of-function mutation of
RET drives thyroid carcinogenesis in patients with
multiple endocrine neoplasia type 2 (MEN2).
Somatic gain-of-function mutation and
translocation of RET cause medullary and papillary
thyroid cancers, respectively. Germline loss-of-
function RET mutations cause Hirschsprung’s
disease, a hereditary disorder characterized by the
absence of enteric ganglia in variable segments of

intestine. FMTC, familial medullary thyroid Gain of function  Gain of function Gain of function Loss of function
carcinoma; P, phosphorylation; X, inactivating . . .

N ‘germline mutation
mutation.

fusion, KIF5B-RET, is generated by a pericentric inversion
in chromosome 10, whereas the most frequent ALK fusion,
EMIA-ALK, is generated by a paracentric inversion in
chromosome 2 (Fig. 2).

Four different strategies resulted in the discovery of the
same RET fusion gene (Table 1, Fig. 3). We carried out
whole-transcriptome sequencing using RNA from 30 snap-
frozen surgical LDAC s%)ecimens to identify novel fusion-gene
transcripts."? Ju er al''® analyzed the whole genome and
transcriptome of a single young (33-year-old) LADC patient.
Lipson et al.'" carried out targeted-capture sequencing of 145
cancer-relevant genes from genomic DNA obtained from 24
formalin-fixed paraffin-embedded tumor samples to identify
genes mutated or fused in LADC. Takeuchi er al.®? carried
out a FISH-based screen against known fusion kinase and part-
ner genes to detect rearrangement of oncogenes in >1500
LADC cases.

To date, RET fusions have been identified that involve four
fusion partners comprising nine subtypes of fusion variants:
KIF5B, CCDC6/PTC/H4, NCO4/PTC3/ELEI, and TRIM33
/PTC7.® The latter three partners are also fused to RET in
thyroid cancer, whereas KIF5B is not. The deduced features
of the proteins encoded by all types of RET fusion gene are
similar to those of ALK: coiled-coil domains in the N-termi-
nal fusion partners cause the RET domains to dimerize,
resulting in activation of RET tyrosine kinase in the absence
of ligands (Fig. 2). The ligand-independent dimerization and
constitutive activation of RET protein are also caused by
gain-of-function mutations and translocations of RET, which
have been detected in sporadic and hereditary thyroid can-
cers.' In fact, autophosphorylation of the KIF5B-RET
fusion protein, representing RET protein activation, was
observed in LADC tissues harboring the corresponding
RET fusion gene,(u) as well as in cells cultured in the
absence of serum. The transforming and signal-addictive
activities of KIFSB-RET fusion proteins are suppressed by
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FDA-approved drugs (e.g., vandetanib, sorafenib, and sunitinib),
which themselves suppress RET kinase.1®'? In addition, the
LADC cell line, LC-2/ad, which harbors a CCDC6-RET
fusion, is sensitive to these drugs both in vitro and
in vivo.""® Unfortunately, these drugs are not approved for
use as treatments for lung cancer; however, the existing data
led us to investigate their therapeutic effects in clinical trials,
as described below.

Prevalence and Characteristics of RET Fusion-Positive
LADC

Several studies have validated the presence of RET fusion in a
small subset of non-small-cell lung cancers (NSCLCs).!61924
The total number of examined cases has reached approxi-
mately 5000 (Table 1). Most of the positive cases are LADC,
but several cases involve other histolog)’cal types of NSCLC,
such as adenosquamous carcinoma.”*?% The RET fusions are
present in 1-2% of NSCLC/ADC of patients of both Asian
and European descent. Several studies indicate that RET fusion
occurs preferentially in young, never-smoker, and light-smoker
patients,{'%!%20)

The LADCs harboring KIF5B—RET fusions are well or mod-
erately differentiated, similar to LADCs harboring EGFR
mutations. This is in contrast to EMI4A-ALK fusion-positive
LADCs, which tend to show signet-ring and mucinous cribri-
form patterns."® Those LADCs harboring CCDC6-RET
fusions show such histological features. (1019

In our previous study, we did not detect RET fusions in a
screen of 234 squamous cell, 17 large cell, and 20 small-cell
lung cancers."? Adenocarcinomas of other organs, such as
colon (n = 200) and ovary (n = 100), were also negative for
RET fusion. To date, whole-transcriptome analysis of other
organs has not identified RET fusions in cancers outside the
lung. Therefore, RET fusion may occur mainly in LADC and
papillary thyroid cancer.
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Table 1. Prevalence of RET gene fusion in non-small-cell lung cancer (NSCLC)
N:);a?:ifxzsss No. of RET fusion (+) cases RET fusion% ‘
Institution Fusion type Ref.
NSCLC/lung adenocarcinoma
National Cancer 704/433 7/7 1.0/1.6 KIF5B-RET: 7 12
Center, Japan
Japan Foundation 1482/1119 13/13 0.9/1.2 KIF5B-RET: 12 10
for Cancer Research, Japan CCDC6-RET: 1
Foundation Med, USA 643/561 12/12 1.8/2.1 KIF5B-RET: 12 11
Seoul National University, Korea 21/21 3/3 14/14 KIF5B-RET: 3 13
(Driver
mutation —)
Chinese Academy of 202/202 2/2 1.0/1.0 CCDC6-RET: 2 24
Sciences, China (Driver
mutation —)
Nagoya City University, Japan 371/270 3/3 0.8/1.1 KIF5B-RET: 3 23
Memorial Sloan-Kettering 69/69 1/1 1.4/1.4 KIF5B-RET: 1 21
Cancer Center, USA (Driver
mutation —)
Fudan University Shanghai 936/633 13/11 1.4/1.7 KIF5B-RET: 9 20
Cancer Center, China CCDC6-RET: 3
NCOA4-RET: 1
Tongji University School 392/231 6/4 1.5/1.7 KIF5B-RET: 6 19
of Medicine, China
Korea Research Institute 6/6 1/1 17/17 CCDC6-RET: 1 22
of Bioscience and (Female
Biotechnology, Korea non-smoker)
Memorial Sloan-Kettering 31/31 5/5 16/16 KIF5B-RET: 2 16
Cancer Center, USA (Driver TRIM33-RET: 1
mutation —) (Unknown: 2)
Total 4857/3576 66/62 1.4/1.8 KIF5B-RET: 55
CCDC6-RET: 7
NCOA4-RET: 1

TRIM33-RET: 1

RNA/genome
juencl i sequencing ‘
samples: 30 Samples: 1 Samples: 24

Captured
[ 1 mRNA [ 1 - 1 DNA fragments
o TN — CHE of interest
o | o o

4 4

_ RETfusioninlungadenocarcinoma’

Therapeutic Effects of RET TKls in Patients with RET
Fusion-Positive NSCLC

In clinical trials, the ALK TKI, crizotinib, showed a dra-
matic therapeutic effect against NSCLCs harboring ALK gene
fusions. Crizotinib was approved for use in the USA in
August 2011 and for use in Japan in March 2012.%®) Consid-
ering that the ALK gene fusion was first identified in
NSCLC in 2007, approval has been achieved extremely rap-
idly. Consequently, the discovery of the RET fusion has
raised expectations that patients with NSCLCs harboring
RET fusions will soon benefit from targeted therapy using
existing RET TKIs.

1398

Reatrangement

Samples: >1500

finding

.

Fig. 3. Strategies used to identify RET fusion in
lung adenocarcinoma. Four different methods were
used to identify novel oncogenic fusions in lung
adenocarcinomas, (1013

Several commercially available multikinase inhibitors, such
as vandetanib (ZD6474), cabozantinib (X1.184), sorafenib, sun-
itinib, lenvatinib (E7080), and ponatinib (AP24534), have
activity against the RET kinase; however, no selective RET
inhibitors have yet been developed for clinical use. Several
phase II clinical trials have been initiated to investigate the
therapeutic effects of such multikinase inhibitors in patients
with advanced RET fusion-positive NSCLC (Table 2). As for
previous clinical trials of ALK TKIs, all of these trials have
open-label and single-arm designs, with response rate as the
primary endpoint. One study, carried out by Drilon ez al. at
the Memorial Sloan-Kettering Cancer Center (NCT01639508),
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Table 2. Ongoing phase Il clinical trials of RET tyrosine kinase inhibitors in patients with RET fusion-positive non-small-cell lung carcinoma

Trial numbery Drug (pharmaceutical company) Study design Primary end-point Enrolment no. Study start
NCT01639508 Cabozantinib/XL184 (Exelixis) 25 July 2012
UMINO00010095 Vandetanib/ZD6474 (AstraZeneca) 17 Feb 2013
NCT01823068 Vandetanib/ZD6474 (AstraZeneca) Open-label, single arm Response rate 17 April 2013
NCT01877083 Lenvatinib/E7080 (Eisai) 20 April 2013
NCT01813734 Ponatinib/AP24534 (ARIAD) 20 June 2013
tDetailed information is available at http://clinicaltrials.gov/ or https://upload.umin.ac.jp.
Table 3. Response of lung adenocarcinoma patients to RET tyrosine kinase inhibitors
. Smoking
Patient RET fusion Inhibitor Ethnicity Sex Age, Pathological diagnosis history Response Reference
gene years (% decrease)
(pack-year)
1 TRIM33-RET Cabozantinib Caucasian Female a4 Papillary Never-smoker Partial 16
adenocarcinoma response (66)
2 KIF5B-RET Cabozantinib  African-American Female 75  Poorly differentiated Never-smoker Partial 16
) adenocarcinoma response (32)
3 KIF5B-RET Cabozantinib  Caucasian Female 68  Mixed subtype Never-smoker Stable disease 16
adenocarcinoma
4 KIF5B-RET Vandetanib Caucasian Male 58 Poorly differentiated Former Decrease 26
adenocarcinoma smoker (5) in size

Fig. 4. Consolidated Standards of Reporting Trials
diagram of the Lung Cancer Genomic Screening
Project for Individualized Medicine in Japan (LC-
SCRUM) and the Lung Cancer with RET
rearrangement (LURET) study in Japan. The LC-
SCRUM screen identified 17 RET fusion-positive
cases from non-squamous non-small-cell lung
carcinoma cases without epidermal growth factor
receptor (EGFR) mutations (mut). The RET fusion-
positive cases are defined as being positive in both
RT-PCR and subsequent FISH tests. Representative
pictures of these tests are shown. Fusion-positive
cases were treated with vandetanib in the LURET
study. Ch10, chromosome 10; FFPE, formalin-fixed
paraffin-embedded.

is testing cabozantinib, a drug recently approved by the FDA
for the treatment of thyroid cancer. The therapeutic responses
of the first three patients to be treated with cabozantinib were
reported to be promising (Table 3).'©

The other phase II clinical trial was initiated by our own
group in Japan (UMINO00001009). This trial, designated
LURET (Lung Cancer with RET rearrangement study), is
investigating the therapeutic effects of vandetanib in 17
patients with RET fusion-positive NSCLC (Table 2). Because
vandetanib is a multikinase inhibitor that is effective against
EGFR and vascular endothelial growth factor, this drug was
previously examined for its therapeutic efficacy in advanced
NSCLC patients in several “all-comer” clinical trials.®> Those
trials were carried out without considering gene alterations in
determining eligibility, and the trials did not show significantly
greater therapeutic effects than pre-existing therapeutic regi-
mens. Therefore, only RET fusion-positive cases, which repre-
sent 1-2% of all NSCLCs, are eligible for the LURET study.

To evaluate eligibility for this study, we established a diagnos-
tic method for detecting RET fusions using a combination of
RT-PCR and FISH (Fig. 4). In this study, RNAs from frozen
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Multiplex RT-PCR to detect all
KIF5B/CCDCE-RET fusionvariants
Fusion {+) Fusion (-}

biopsy tissue or pleural effusion from patients with non-squa-
mous NSCLCs without EGFR mutations are subjected to RT-
PCR; this method enables us to detect all seven KIF5B—RET and
CCDC6-RET variants identified to date.'® The positive cases
are then subjected to break-apart and fusion FISH to validate the
RT-PCR results. Cases positive by both RT-PCR and FISH are
eligible for the LURET study. The RT-PCR screening is being
carried out in >100 hospitals throughout Japan by a consortium
designated LC-SCRUM (Lung Cancer Genomic Screening Pro-
ject for Individualized Medicine in Japan). The therapeutic
results will be obtained within 2 years.

Notably, a recent study reported that one patient with LADC
harboring a KIF5SB-RET fusion responded to vandetanib
(Table 3). The patient was Caucasian male and a former smo-
ker. Tumor shrinkage was observed starting in the first week,
and continued for 4 weeks.?®

Perspective

The RET gene is predicted to be an additional therapeutic tar-
get for therapy against LADC. Three other oncogene kinases,
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HER?2 (activated by inflame insertion mutations), BRAF (acti-
vated by point mutation), and ROS1 (activated by gene fusion)
are also promising targets for personalized therapy in addition
to EGFR and ALK (Fig. 1). In fact, inhibition of these kinases
has yielded therapeutic effects in several lung cancer patients.
The LADCs harboring HER2 mutations responded to therapy
with anti-HER2 antibodies and HER2 TKIs.*” One LADC
case harboring a BRAF mutation responded to therapy with
vemurafemb an FDA-approved drug for the treatment of mela-
noma.®® The ALK TKI, crizotinib, suppresses the activity of
the ROS1 tyrosine kinase due to the high structural similarity
between the ALK and ROS1 tyrosine kinase domains. Consis-
tent with this, a significant portion of the LADC patients with
ROS1 fusions that were enrolled in a clinical trial responded to
crizotinib.®” Therefore, developing therapies that target RET
and other kinases means that increasing numbers of LADC
patients will benefit from personalized therapy (Fig. 1) Thus,
LADC represents a type of cancer in which “precision
cancer medicine”®® based on somatic gene alteratlons will be
realized.

Acquisition of drug resistance is a serious problem for thera-
pies based on TKIs. The LADCs harboring ALK fusions
become resistant to crizotinib by acqulrmg second sxte muta-
tions in the gatekeeper region of ALK tyrosine kinase.”” Those
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LADCs harboring ROS1 fusions also become resistant to
crizotinib, in this case throu ggh second-site mutations in the
atekeeper region of ROS1.%”) Therefore, RET fusion-positive
LADCs might also acquire resistance to RET TKIs through the
same mechanism. Clinical trials of RET TKIs as a treatment
for fusion-positive NSCLCs should be carried out carefully,
and focus both on efficacy and the acquisition of resistance.
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Introduction

Lung cancer is the leading cause of cancer death around the
world [1]. Lung adenocarcinoma (LADC), the most common form
of non-small-cell lung cancer (NSCLC), comprises several different
genomic subsets defined by unique oncogenic alterations, and
a considerable proportion of LADGC cases harbor driver alterations
in the EGFR, KRAS and ALK genes at the mutually exclusive
manner with rare exceptions [2-5]. Understanding the molecular
basis of cancer allows us to develop therapeutic agents that target
genetic druggable aberrations identified in cancer genomes.
Tyrosine kinase inhibitors (TKIs) that target the EGFR and
ALK proteins are particularly effective in the treatment of LADC
carrying EGFR mutations and ALK fusions, respectively [2-6].
However, the development of an effective TKI requires experi-
mental validation of the genetic aberrations as actionable and
druggable. Transgenic mouse models harboring EGFR mutations
or EMIL4-ALK gene fusions have successfully demonstrated the
oncogenic potential of the alterations and the efficacy of TKI
therapy [7,8]. Genetic rearrangement of the ROSI was recently
identified as a distinct molecular signature for human LADC [9-
16]. In the present study, we established a mouse model of ROSI
fusion, and showed that EZR-ROST as an essential driver oncogene
in lung carcinogenesis.

PLOS ONE | www.plosone.org

Results

Identification of EZR-ROS1 Fusion Gene in LADC of
Never-smokers

Whole transcriptome high-throughput sequencing of tumor
specimens is one of the most effective methods for identifying
fusion oncogenes [17]. Analysis of five LADC cases of never-
smokers without EGFR/KRAS/ALK alterations using transcrip-
tome sequencing identified 56 reads overriding the in-frame EZR-
ROSI gene fusion point connecting EZR exon 10 to ROSI exon 34
in one tumor. RT-PCR analysis of matched non-cancerous tissues
confirmed tumor-specific expression of the fusion transcript
(Figure 1A). In addition, transcriptome sequencing clearly
demonstrated a specific increase in the expression of the fused 3’
portion of ROSI (exons 34 to 43) after the breakpoint, suggesting
that the ECR-ROSI fusion transcript causes aberrant overexpres-
sion of ROSI tyrosine kinase domain along with the 5" portion of
EZR (Figure 1B). SNP array comparative genomic hybridization
(array CGH) data showed that this fusion gene was generated by
a large interstitial deletion spanning ~41.5 Mb on chromosome
6q22-q25 (Figure 1C). Genomic PCR and sequencing analysis also
revealed the deletion of 41.5 Mb causing somatic fusions of the
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Figure 1. Identification of the EZR-ROST fusion. (A) Junction reads representing EZR-ROS1 fusion transcripts in LCY66T sample (left). Sanger
sequencing of the RT-PCR product validated tumor-specific in-frame fusion transcript (right). m: molecular marker. (B) Expression profiles of £ZR and
ROST in LCY66T. Active expression of the ROST gene was observed after the fusion point. (C) SNP array CGH analysis of the LCY66T. Copy number

throughout chromosome 6 is plotted as the log2 ratio.
doi:10.1371/journal.pone.0056010.g001

EZR intron 10 at 6¢25 with the ROS! intron 33 at 622 (Figure
S1).

RT-PCR and Sanger sequencing analysis of 569 LADG
specimens from Japanese individuals, including the above-men-
tioned cases (343 cases with early pathological stage and 226 cases
with advanced stage), identified four cases harboring this fusion
transcript (Figure 52). All four EZR-ROSI fusion-positive cases
were female, and harbored neither EGFR/KRAS/HER2 mutations
nor EML4-ALK/KIF5B-RET fusions. Three cases were poorly
differentiated adenocarcinomas of never smokers, and the other
was a moderately differentiated adenocarcinoma of a smoker.

Transforming Activity of EZR-ROS1

EZR-ROSI cDNA isolated from the tumor specimen encoded
a protein of 858 amino acids (Figure 2A; GenBank/DDBJ
accession number AB698667). The protein connects the FERM
domain [18] of ezrin (EZR) with the transmembrane and kinase
domains of ROSI1, but lacks most of the coiled-coil domain of
EZR.

To examine the oncogenic activity of the EZR-ROSI fusion
in vitro, we established stable NIH3T3 clones expressing wild-type
EZR-ROS! and kinase-dead mutant EZR-ROS1 (KD), in which
the ATP-binding lysine residue was mutated to methionine
(K491M), as well as mutants with serially deleted amino-terminal
FERM domains (DL1, DL2 and DL3; Figure 2A). Autopho-

PLOS ONE | www.plosone.org

sphorylation of specific tyrosine residues is a crucial event in the
activation of distinct signal transduction pathways, and Tyr-2274
of ROS] is a specific autophosphorylation site essential to induce
kinase activity for transformation [19]. In transformation assays,
phosphorylation of the Tyr-2274 (corresponding to Tyr-785 in
wild type EZR-ROSI fusion) was observed in a wild-type EZR-
ROS1-expressing clone, but was not detected in kinase-dead (KD)
and deleted (DL) mutants; this implies that the amino-terminal
portion of FERM (1-88 amino acids) is necessary for ROS1 kinase
activation (Figure 2B). Wild-type EJR-ROS! but not KD/DL
mutants specifically induced activation of STAT3 for downstream
signaling, and produced significantly anchorage-independent
growth (Figure 2C, D). The anchorage-independent growth
induced by EJR-ROSI was suppressed by treatment with
crizotinib, a TKI against ALK/MET/ROS]1, whereas the growth
induced by another oncogene of lung, CCDC6-RET [11] was not
(Figure 2E). On the contrary, vandetanib, a TKI against RET/
EGFR/VEGFR was effective in inhibiting the colony formation of
CCDC6-RET expressing cells, but not in the EZR-ROSI
expressing cells. As shown in Figure 2C, crizotinib treatment
suppressed phosphorylation of EZR-ROSI, and inhibit the
activation of STATS.

Next, the NIH3T3 cells were subcutaneously injected into
immune-compromised mice. Wild-type EZR-ROSI-expressing
clones invariably produced tumors (6/6), while none of the KD
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Figure 2. Oncogenic activity of the £ZR-ROS7 fusion gene. (A) Schematic representation of EZR, ROS1, EZR-ROS1, and deletions/mutations of
EZR-ROS1 genes. The domain organization is shown. C-C: coiled-coil domain; TM: transmembrane; C-ERMAD: C-terminal ERM associated domain. (B)
ROS1 phosphorylation in wild-type and mutant EZR-ROS1 (E/R)-expressing NIH3T3 clones. Cell lysates from each clone were immunoblotted with
anti-V5-tag (top) and anti-phosphorylated ROS1 (Tyr-2274, bottom) antibodies. (C) Suppression of ROS 1 kinase activity of EZR-ROS1 by crizotinib
inhibits STAT3 activation. NIH3T3 cells transfected with 1: empty vector, 2: wild-type EZR-ROS1, 3: KD 4: DL1, 5: DL3 were serum starved and treated
for 2 hr with DMSO or 1 uM of crizotinib, and immunoblotted with the relevant antibodies. 8-actin was used as a loading control. E/R: EZR-ROS1, p-E/
R: phosphorylated EZR-ROS1 detected with an anti-phosphotyrosine-2274 antibody of ROS1. (D) Soft agar colony formation of wild-type and mutant
EZR-ROS1 expressing NIH3T3 clones. A representative picture of colony formation for each clone is plotted at the top (scale bar, 100 um). The
number of colonies obtained for each clone is plotted at the bottom. *P<0.05. (E) Crizotinib-induced suppression of anchorage-independent growth
of NIH3T3 cells expressing EZR-ROS1. Bar graph showing the percentage of NIH3T3 colonies induced by EZR-ROS1 or CCDC6-RET after treatment with
200 nM of crizotinib or vandetanib with respect to those formed by DMSO-treated cells. EZ-ROS: EZR-ROS1, C6-RET: CCDC6-RET. *P<<0.05. (F)
Representative pictures of mice subcutaneously transplanted with NIH3T3 cells expressing wild-type, kinase domain-mutated, or amino-terminal-
deleted EZR-ROS1. An EML4-ALK-expressing NIH3T3 clone was used as a positive control. The number of tumors per injection in each transfectant is
shown below the photographs.
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and DL mutants-expressing clones produced tumors (Figure 2F), was low in TgC (Transgene-positive F1 progeny number : total F1
confirming that i vive tumorigenic activity of EZR-ROSI requires number; 1:3), and we failed to keep up a TgC line, then we mainly

ROS1 kinase activity. analyzed one line (TgA), which harbors approximately four copies
of the transgene. RT-PCR and immunoblot analysis verified lung-

Development of LADC in EZR-ROS1 Transgenic Mice specific EZR-ROS] mRNA and protein expression, and indicated
To further evaluate the role of ECR-ROSI in lung carcinogen- phosphorylation of the EZR-ROS! fusion protein (Figure 3B).
esis, we generated transgenic mice expressing the fusion gene Although endogenous Ezrin was ubiquitously expressed in many

under the control of a type 2 alveolar epithelium-specific tissues, endogenous RosI-transcript was detected only in stomach,
surfactant C gene promoter [20] (Figure 3A). We obtained four kidney and lung. Protein expression levels of endogenous ROS1
independent lines (TgA, B, C and D) with different copy number ~ were very weak compared with the levels of the fusion gene in the

of the transgene (Figure S3) and detected lung adenocarcinoma transgenic mice (Figure 54). Even at the four-week-old, multiple
nodules in all lines examined except TgD. Analysis of fusion lesions over 1 mm in diameter were detected in the transgenic
protein expression level among them revealed no expression in mice, and tumors occupied over 40% of sectioned surface of lung

TgD (Figure S4). The birth rate of transgene-positive progenies (Figure 3G and Figure S5). Computed tomography examination
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