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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.g002

sequencing of cancer tissues and their normal tissue
counterparts (Figure S12 in File 81).

ldéntification 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

PLOS ONE | www.plosone.org

patient harbored fotal 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"(l‘_]\7)

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 counferpart. 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).

doi: 10.1371/journal.pone.0073484.g003

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
Encyciopedia 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 t was designated A and calculated from the
mutation rate M and the number of genes in the pathway n as
follows:

A p={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 germiine 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.g004

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
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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 frials. Whole-
exome sequences (the phasel exome data, 20110521) were
obtained from the ftp site in the 1000 Genomes Project.

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

Number of identified genes/pathways

Crude® Refined! Overlapt
Genes 16 11 9
Pathways 23 26 19

* |dentified using the crude dataset.

1 |dentified using the refined dataset.

% significant in both crude and refined datasets.
doi: 10.1371/journal. pone.0073484.1003

PLOS ONE | www.plosone.org

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).
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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 S1.
included.
(PDF)

Figures S1 to S12 and Tables S3 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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Rearrangements of the proto-oncogene RET are newly identified
potential driver mutations in lung adenocarcinoma (LAD). How-
ever, the absence of cell lines harboring RET fusion genes has
hampered the investigation of the biological relevance of RET
and the development of RET-targeted therapy. Thus, we aimed
to identify a RET fusion positive LAD cell line. Eleven LAD cell
lines were screened for RET fusion transcripts by reverse tran-
scription-polymerase chain reaction. The biological relevance of
the CCDC6-RET gene products was assessed by cell growth, sur-
vival and phosphorylation of ERK1/2 and AKT with or without
the suppression of RET expression using RNA interference. The
efficacy of RET inhibitors was evaluated in vitro using a culture
system and in an in vivo xenograft model. Expression of the
CCDC6-RET fusion gene in LC-2/ad cells was demonstrated by the
mRNA and protein levels, and-the genomic break-point was
confirmed by genomic DNA sequencing. Mutations in KRAS and
EGFR were not observed in the LC-2/ad cells. CCDC6-RET was
constitutively active, and the introduction of a siRNA targeting
the RET 3’ region decreased cell proliferation by downregulating
RET and ERK1/2 phosphorylation. Moreover, treatment with RET-
inhibitors, including vandetanib, reduced cell viability, which was
accompanied by the downregulation of the AKT and ERK1/2
signaling pathways. Vandetanib exhibited anti-tumor effects in
the xenograft model. Endogenously expressing CCDCG-RET
contributed to cell growth. The inhibition of kinase activity could
be an effective treatment strategy for LAD. LC-2/ad is a useful
model for developing fusion RET-targeted therapy. (Cancer Sci
2013; 104: 896-903)

Lung cancer is the most common cause of cancer death
worldwide.”) The identification of oncogenic driver genes
is to select the increasing number of small molecule inhibitors
targeting these gene products.** In particular, in lung adeno-
carcinoma (LAD), the most dominant histological subtype of
lung cancer, the application of kinase inhibitors for cases with
specific gene alterations has been successful, that is, gefitinib
and erlotinib for EGFR mutation-positive cases and crizotinib
for ALK fusion-positive cases.*”” Furthermore, accumulating
evidence has demonstrated somatic mutations and rearrange-
ments of potential oncogenes, including BRAF, ERBB2 and
ROSI, in LAD.®™1?

RET is one of the newest LAD driver genes.'!™'> RET gene
is located on chromosome 10 and encodes a receptor tyrosine

Cancer Sci | July 2013 | vol. 104 | no.7 | 896-903

kinase,"®'” and the oncogenic potential of this gene product

has been suggested in several tumors, including thyroid
cancer.!8-20 Recently, five independent groups identified aber-
rant fusion genes, KIFSB-RET and CCDCG6-RET in clinical
samples of LAD.!"'% Ectopically expressed RET fusion
products afforded NIH3T3 cells with anchorage-independent
growth and tumorigenicity in nude mice."""'"” Furthermore,
KIF5B-RET-expressing H1299 cells exhibited growth factor-
independent growth."” These findings strongly suggest the
oncogenic activity of RET fusion products and also suggest
the potential therapeutic efficacy of multi-kinase inhibitor tar-
geting of RET using the abovementioned cells. However,
LAD-derived cell lines harboring RET fusion genes had not
been identified. Recently, Matsubara et al.® screened LAD
cell lines that were sensitive to a RET inhibitor vandetanib
and found a CCDC6-RET fusion gene-harboring cell line,
LC-2/ad. '

‘We have independently screened cell lines established
from Japanese LAD samples by RT-PCR and found that
LC-2/ad cells expressed the CCDC6-RET fusion gene prod-
uct. We further examined whether LC-2/ad cells depend on
RET fusion-mediated signaling. In addition, the antitumor effect
of RET inhibitors in LC-2/ad cells was evaluated in vitro and
in vivo.

Materials and Methods

Complete materials and methods were described in the supple-
mentary information (Data S1. Materials and Methods).
Purchased materials. Cell lines were purchased from RIKEN
Bio Resource Center, the Immuno-Biological Laboratories
(Fujioka, Japan) and American Type Culture Collection. Proce-
dures for western blotting was previously described.*?
Primary antibodies specific for RET and phospho-RET Tyr-
905 were purchased from Epitomics (Burlingame, CA, USA)
and Cell Signaling Technologies (Danvers, MA, USA), respec-
tively. RET-targeting siRNA was purchased from Life Tech-
nologies (Carlsbad, CA, USA). Gefitinib, sunitinib malate and
sorafenib were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA), Sigma-Aldrich (St. Louis, MO, USA)
and Toronto Research Chemicals (Toronto, ON, Canada),

"°To whom correspondence should be addressed.
E-mail: ktsuchih@east.ncc.go.jp
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respectively. Vandetanib, AZD6244 and BEZ235 were pur- processed by the MASS algorithm, and the mean expression

chased from Selleck (Houston, TX, USA). level of a total of 54 675 probes was adjusted to 1000 for each
Multiplex RT-PCR. Reported KIF5B/CCDC6-RET fusion vari-  sample.

ants were detected by multiplex I?T—PCR according to the

procedures described elsewhere.(!1-14 Results

Genomic DNA sequencing. LC-2/ad DNA was captured with
custom hybridization probes targeting CCDC6 intron 1 and Identification of the CCDC6-RET fusion gene in a Japanese LAD
RET whole gene (Agilent) followed by parallel sequencing on  cell line. To identify RET fusion-derived mRNA expression in
the MiSeq system (Illumina). human LAD cell lines, all reported KIF5B-RET and CCDC6-RET

Real-time RT-PCR. Procedures for real-time RT-PCR was pre-  gene products were screened by multiplex RT-PCR in 11 cell
viously described.®® The PCR primers used in the present lines derived from Japanese patients. LC-2/ad cells were found
study are shown in Table S1. to express CCDC6-RET mRNA at significantly higher levels,

In vivo studies. LC2/ad cells at 5.0 x 10° were subcutane-  whereas the other cell lines did not exhibit any fusion gene
ously inoculated to 8-week-old athymic nude mice (Clea products (Fig. la). The expressed fusion RET product was
Japan).*®) Vandetanib was administered once daily as a homoge-  sequenced, and an in-frame fusion of CCDC6 exon 1 and RET
neous suspension by oral gavage at a dosage of 50 mg/kg body exon 12, which was identical to the previously regorted
weight.?* The tumor volume was calculated as the product of a ~ CCDC6-RET fusion products, was identified (Fig. 1b).7 We
scaling factor (/6) and the tumor length, width and height.?®  then identified a breakpoint of chromosome 10 by retrieving
The study was approved by the Institutional Ethics Review Com-  genomic DNA fragments, including the entire RET gene and
mittee for animal experiments at the National Cancer Center. intron 1 of CCDC6, by target capture system followed by

Immunohistochemical analysis. The procedure for hematoxylin  parallel sequencing. The identified break-point between CCDC6
eosin stainin% and immunohistochemical (IHC) was previously  intron 1 and RET exon 11 was confirmed by Sanger sequencing
described.*** (Fig. 1b). Quantitative RT-PCR revealed that the expression of

Microarray analysis. Background information of clinical sam- 3’ end of RET was increased comparable to that of CCDCS,
ples was described in a previous report.?® The study was whereas the transcript level of the 5' end of RET was signifi-
approved by the Institutional Review Boards of the National cantly lower (Fig. 1c). Consistent with the amount of transcript,
Cancer Center. Total RNA was analyzed using Affymetrix  western blotting using an antibody recognizing the C-terminus
(Santa Clara, CA, USA) Ul133Plus2.0 arrays. The data were of RET isoform 2 detected a 60-kDa specific band equivalent to

mRNA
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Fig. 1. ldentification of the CCDC6-RET fusion gene. (a) Detection of RET fusion transcripts in lung adenocarcinoma (LAD) cell lines by multiplex
reverse transcription-polymerase chain reaction (RT-PCR). (b) Sanger sequencing around the fusion point of the cDNA (left) and the breakpoint
of the genomic DNA (right) of CCDC6-RET in LC-2/ad cells. (c) 3" region-specific expression of RET mRNA in LC-2/ad cells. The 5’ or 3’ region of
RET and CCDC6 <DNA level was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. The data are shown as the
mean =+ standard deviation (SD) (n = 3). Asterisks indicate that mRNA expression were below the fevel of detection. (d) Specific expression of
the CCDCB-RET fusion protein. Whole-cell lysates of LC2/ad and PC-9 cells and HEK293 cells transfected with wild-type RET (RET) or CCDC6-RET
expression plasmids were subjected to western blot analysis to detect RET protein isoform 2. The LC-2/ad cells showed an approximately 60-kDa
(red arrowhead) but not 170-kDa (blue arrowhead) band.
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Fig. 2.

Suppression of CCDC-RET expression by siRNA in LC-2/ad cells. (a) Western blot analysis of siRET-treated LC-2/ad cells. The siRNA trans-

fected cell lysates were applied to the western blotting. (b) Involvement of RET suppression in cell growth inhibition. LC-2/ad cells transfected
with siRNAs were incubated for the indicated times. The data are shown as the mean + standard deviation (SD) (n = 4). *P < 0.01 (Student’s
t-test). (c,d) The DNA ploidy (¢} and Annexin V-positive population (d) of siRET-transfected LC-2/ad cells. After 72 h of siRNA transfection, the
cells were subjected to DNA ploidy analysis and Annexin V staining. The data are shown as the mean =+ SD (n = 4).

the estimated size of the fusion protein composed of 503 amino
acids (GeneBank BAM36435), whereas no significant signal
was detected that approximated the size of wild-type RET, 170-
kDa (Fig. 1d).”" Taken together, we concluded that LC-2/ad
cells express CCDC6-RET fusion gene products. KRAS exon 2
and EGFR exon 19 and 21 were examined by Sanger sequenc-
ing, but no obvious mutation was confirmed (Fig. S1).
CCDC6-RET-dependent ERK1/2 phosphorylation and the prolif-
eration of LC-2/ad cells. We suppressed RET expression by
RNAI to characterize the function of CCDC6-RET in LC-2/ad

898

cells. For avoiding off-target siRNA effects, two different
sequences of siRNA directed against the 3' region of RET
(siRET#1 and #2) and a nontargeting siRNA (siNC) were
used. When compared to siNC, a significant reduction in
mRNA expression was observed by quantitative RT-PCR
detecting the 3' end of the RET mRNA: 66.5% for siRET#1
and 94.2% for siRET#2 (Fig. S2). Western blot analyses also
revealed significant decreases in the expression of CCDC6-
RET protein (60-kDa) upon the introduction of siRET#1 and
#2 compared to the control sINC in the LC-2/ad cells

doi: 10.1111/cas.12175
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(Fig. 2a). To examine whether the downstream signaling
pathway was altered by the introduction of siRNA, the
phosphorylation of ERK1/2 and AKT was examined. The
phospho-ERK1/2 signal was significantly decreased by the
suppression of CCDC6-RET expression, whereas the decrease
of AKT phosphorylation was marginal (Fig. 2a). The involve-
ment of RET fusion in LC-2/ad cell proliferation was then
examined. The number of live CCDC6-RET-suppressed cells
decreased throughout the experiment, and the difference
became significant at day 3 and thereafter (Fig. 2b). To address
the growth suppression further, the cell cycle of the siRNA-trea-
ted cells were assessed by the DNA ploidy pattern. The LC-2/ad
cells treated with siRET exhibited significant increases in the
percent of cells arrested in the GI phase relative to the cells
treated with siNC (Fig. 2¢). However, the apoptotic cells, as
assessed by Annexin V positivity, was not significantly
increased by the suppression of RET expression (Fig. 2d).

RET-dependent transcriptome profile in LC-2/ad cell. To char-
acterize the transcriptome profile, which is regulated by
CCDC6-RET and its downstream signaling pathway, siRET#2
and siNC treated 1.C-2/ad cells were subjected to genome-
wide expression profiling using Affymetrix U133Plus2.0
arrays. A total of 243 genes, evaluated with 285 probes were
selected as those preferentially suppressed by less than half in
siRET-treated cells.As well, 566 genes with 661 probes were
expressed more than twice in siRET-treated cells (Table S2
and Fig. S3). The RET gene itself (probe ID = 211421 _s_at)
showed the highest fold-difference of 19.6 between siNC- and
siRET#2-treated cells. Following RET, previously identified
Gene Ontology-annotated Ras-MAPK downstream genes like
DUSP6 was preferentially suppressed in the siRET-treated
cells. In addition, cell cycle regulation-related genes like
EREG, CDC6, MCM10, MAD2L1, CHEKI and PLK4 were
expressed <0.5-fold in siRET-treated cells (Table 1).

RET fusion gene screening of 300 consecutive surgically
resected LAD samples identified one case of CCDC6-RET
expressing LAD by RT-PCR and break-apart FISH (Tsuta
et al., 2012, unpublished data). We checked the expression
level of potential CCDC6-RET-driven genes identified above
in the clinical sample. Among 285 preferentially expressed
probes, 81 probes were also upregulated more than twofold in
the CCDC6-RET positive LAD tissue compared to the sur-
rounding non-cancerous tissue (Table 1 and Table S2).

RET inhibitor-induced cell cycle arrest and apoptosis in LC-2/ad
cells. The phosphorylation status of the tyrosine 905 residue of
RET isoforms 2 and 4 was high in the LC-2/ad cells, regard-
less of the presence or absence of serum in the culture med-
ium, whereas the total amount of RET isoform 2 was not
significantly altered. Similarly, the phosphorylation status of
AKT and ERK1/2 was high under serum-starved conditions,
and the enhanced phosphorylation of these molecules was
slight with serum stimulation, suggesting that the fusion RET
kinase was constitutively active and activated its downstream
signaling pathways (Fig. 3a).

Next, the effects of kinase inhibitors, which inhibit spectrum
including RET were applied to evaluate their effects on the
signaling pathways in the LC-2/ad cells. We treated the cells
with RET inhibitors vandetanib, sunitinib and sorafenib at a
final concentration of 10 pM, which was 10-30 times higher
than the in vitro half maximal inhibitory concentration (ICsq)
for RET kinase activity of each compound. Gefitinib, another
small molecule inhibitor targeting EGFR but not RET,"® was
also examined. All the inhibitors except gefitinib significantly
suppressed -the phosphorylation of RET, AKT and ERK1/2.
Although vandetanib, sunitinib and sorafenib equivalently sup-
pressed RET phosphorylation, vandetanib most significantly
suppressed the phosphorylation of ERK1/2 (Fig. 3a). The
inhibitory effect of vandetanib on RET, AKT and ERK1/2

Suzuki et al.

Table 1. Up- or downregulated genes associated with mitogen-
activated protein kinase (MAPK) cascade or cell cycle

Gene symbol Probe set ID SiNC/SIRET Tumor/Non-tumor
Upregulated
RET 211421 s_at 19.63 19.52
205879_x_at 3.76 5.03
215771 _x_at 2.37 4.72
DUSP6 208892 _s_at 4.45 5.22
208893_s_at 4,17 6.34
208891_at 4.17 3.56
EREG 1569583_at 3.68 1.60
205767 _at 2.93 5.69
CDC6 . /203967_at 2.42 4.82
203968_s_at 1.95 5.32
MCM10 220651 _s_at 2.30 483
223570_at 1.72 1.71
MAD2L1 203362_s_at 2.28 5.91
1554768_a_at 1.91 4.34
CHEK1 205394 _at 217 9.03
205393 _s_at 2.14 6.87
PLK4 204886 _at 2.07 4.38
204887_s_at 1.56 4.08
Downregulated
MEF2C 209200_at 0.21 0.46
209199_s_at 0.26 0.65
GAB1 214987 _at 0.23 0.42
229114 _at 0.53 0.65
225998 _at 0.62 0.68
226002_at 0.64 0.76
CDKN1C 216894 _x_at 0.26 0.41
213348 _at 0.32 0.23
213183 _s_at 0.35 0.30
219534_x_at 0.42 0.27
213182 _x_at 0.44 0.21
PTEN 233314 _at 0.33 0.27
225363_at 0.77 0.47
TIMP2 231579 _s_at 0.34 0.33
224560_at 0.37 0.27
1D2 201566_x_at 0.35 0.31
201565_s_at 0.40 0.39
213931_at 0.52 0.31
CCNL2 232274 _at 0.35 0.42
222999 s_at 0.79 0.52
RPS6KA2 212912_at 0.41 0.34
204906_at 0.59 0.49

phosphorylation exhibited concentration dependency (Fig. 3b).
Gefitinib significantly suppressed EGFR phosphorylation while
total EGFR protein level was not altered. Meanwhile, gefitinib
did not alter the phosphorylation status of AKT and ERK1/2
(Fig. 3a). Meanwhile, vandetanib suppressed EGFR as well as
AKT and ERK1/2 in EGFR-mutant PC-9 cells (Fig. S4).

We further examined the effect of the above inhibitors on
the growth of the LC-2/ad cells using the WST-8 assay. Con-
sistent with the effects of the inhibitors on the RET signaling
pathway, vandetanib suppressed cell growth most significantly
(ICs50 = 0.32 uM), followed by sunitinib and sorafenib,
whereas gefitinib only exhibited an apparent suppression at its
highest dose (Fig. 3c). However, the effects of these inhibitors
on KRAS-mutant A549 cells were much lower (Fig. S5). Gefi-
tinib and vandetanib, both of which inhibit EGFR, suppressed
EGFR-mutant PC-9 cells, whereas sunitinib and sorafenib had
less effect (Fig. S5). Evaluating the number of live cells by
trypan blue staining under the treatment of several doses of
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vandetanib suggested a dose-dependent suppression in the LC-
2/ad cells. Furthermore, the number of cells treated with 0.5
and 1.0 uM vandetanib was apparently reduced to less than
the starting amount, strongly suggesting that vandetanib
induced both cell death and the suppression of cell prolifera-
tion (Fig. 3d). An assessment of the DNA ploidy revealed that
vandetanib arrested the cell cycle in G1 phase in a dose-depen-
dent manner (Fig. 3e), and an increased concentration of vand-
etanib induced an Annexin V-positive apoptotic cell
population (Fig. 3f). The proapoptotic effect of vandetanib was
confirmed by the detection of cleaved caspase-3 by western
blotting (Fig. 3b). Meanwhile, 1.0 pM sunitinib and sorafenib
induced cell cycle arrest but induction of apoptosis was mar-
ginal (Figs S6 and S7).

To further evaluate the contribution of Ras-ERK and AKT
axes to cell survival, LC-2/ad cells were treated with MEK1/2
inhibitor AZD6244 or PI3K/mTOR inhibitor BEZ235.
Cytotoxic effect of AKT-inhibiting BEZ235 was more than
that of ERK-inhibiting AZD6244. However, both inhibitors did
not completely reduce the cell survival even their maximal
dose (Figs S8 and S9).

Anti-tumor effect of vandetanib in an LC-2/ad xenograft
model. Subcutaneously transplanted LC-2/ad tumors exhibited
typical adenocarcinoma morphology. These tumors were posi-
tive for SFTPA, Napsin A and carcinoembryonic antigen
(CEA) but thyroid marker thyroglobulin negative using immu-
nohistochemistry (IHC). Furthermore, using an antibody cross-
reacting with both human and mouse RET protein, IHC
revealed that RET was highly expressed specifically in the
tumor cells but not in the interstitial cells (Fig. 4a). The over-
expression of RET in these tumors was confirmed using quan-
titative RT-PCR and Western blotting. Similar to the results
from cultured LC-2/ad cells, much more mRNA of the 3’ end
of RET was detected than that of the 5’ end (Fig. 4b), and a
specific band equivalent to the size of the CCDC6-RET fusion
protein was detected (Fig. 4c). Vandetanib (50 mg/kg) was
orally administrated to the mice harboring the LC-2/ad xeno-
graft, and the daily administration of vandetanib significantly
reduced the tumor size. Although the tumors were diminished
at day 14 of the treatment, the body weight of the treated mice
was not significantly reduced (Fig. 4d and Fig. $10). Sorafenib
(30 mg/kg) and sunitinib (40 mg/kg) did not reduce the body
weight, either (Fig. S10). Sorafenib reduced but not diminished
the tumors at dayl4. Anti-tumor effect of sunitinib was not
significant (Fig. S11).

Discussion

Previous reports suggest that the incidence of RET-fusion-
positive cases in LAD is 1-2% and that these cases are
concentrated in the EGFR mutation-, KRAS mutation-, and
ALK-fusion-negative population.’®*” To identify cell lines
expressing endogenous RET-fusion genes, we selected 11 cell
lines that were derived from pathologically identified Japanese
LAD cases. Among them, activating EGFR mutations have
been reported in PC-3 and PC-9 cells.®® However, the muta-
tion status of known driver genes of other cell lines was not
well investigated. The LC-2/ad cells were originally derived
from pleural effusion of LAD in a patient who had received
combined chemotherapy (endoxan, Adriamycin, Cisplatin and
mitomycin C)®; the cancer was diagnosed by cytological
examination of the patient’s sputum and pleural effusion. The
original report indicated that the LC-2/ad cells were positive
for an adenocarcinoma marker, cytokeratin 18.?® In addition,
we detected surfactant protein, an aspartate proteinase, Napsin
A, and CEA expression in the xenograft tumor (Fig. 4a). These
findings support the origin of LC-2/ad as lung adenocarcinoma.
The modal chromosome number described in the original report

900

was 53-56, though an apparent translocation between the chro-
mosomes was not reported, consistent with the fact that the
inversion of chromosome 10 was not obvious in the conven-
tional chromosome counts.

The Sanger sequencing in this study and the whole-transcrip-
tome sequencing (Tsuchihara, 2012, unpublished data) revealed
no driver mutations of KRAS, EGFR and known genes other
than the CCDC6-RET fusion in the LC-2/ad cells, highly sug-
gesting that the CCDC6-RET fusion protein plays pivotal roles
in the proliferation of these cells. The autophosphorylation of
CCDC6-RET was clearly observed in a serum-independent
manner, ‘accompanied with a constitutive elevation of ERK1/2
phosphorylation. The suppression of CCDC6-RET expression
induced a decrease in ERK1/2 phosphorylation, accompanied
with a decrease in the expression of the genes that regulate the
cell cycle. As a result, the CCDC6-RET-suppressed cells
exhibited significant growth retardation.

Recently, a Japanese group indezpl)endently reported the
CCDC6-RET fusion in LC2/ad cells.®" However, the efficacy
of RET inhibitors to the RET and downstream pathways and
in vivo anti-tumor effects have been partially described.®?
Vandetanib, sorafenib and sunitinib suppress the activities of
multiple kinases, including RET, and have been approved for
several cancers.?*Y In in vitro analyses, these compounds
effectively suppressed the phosphorylation of CCDC6-RET
and suppressed proliferation and induced death in LC-2/ad
cells. It should be noted that the ICs, value for the growth
suppression of these compounds was equivalent to the dose
suggested in a previous study using culture cells expressing
ectopic KIFSB-RET cDNA."® These effects were most likely
dependent on RET inhibition. Sunitinib and sorafenib did not
affect PC-9 and A549 cells, which have activating mutations
of EGFR and KRAS, respectively. Vandetanib presumably sup-
pressed the growth of PC-9 cells, as EGFR is included in its
inhibitory spectrum. Meanwhile, gefitinib, which targets EGFR
but not RET, did not significantly suppress the growth of

LC-2/ad cells. Interestingly, gefitinib did not alter the phos-
phorylation of AKT and ERKI1/2 in LC-2/ad cells albeit
equivalently suppressing EGFR phosphorylation as vandetanib.
Although precise molecular mechanisms should be further
examined, LC-2/ad cells might not depend on EGFR for trans-
ducing downstream signaling.

Vandetanib exhibited apparent anti-tumor effects in the
xenograft model in this study. Recently, efficacy of vandetanib
on thyroid cancer cells harboring RET-fusion gene was also
reported.®® These findings strongly suggest that RET inhibi-
tion is a plausible therapeutic strategy for RET-fusion-positive
tumors.

We noticed a discrepancy between the effects of RNA inter-
ference and inhibitor treatment on RET. Though RET suppres-
sion/inhibition equivalently reduced the level of phosphorylated
RET and induced cell cycle arrest, obvious apoptosis was not
found in the cells treated with siRNA. A possible explanation is
that CCDC6-RET is mainly involved in the RAS-ERK pathway
to regulate cell proliferation, whereas the anti-apoptotic signal-
ing pathway mediated by AKT could be regulated by other
signaling molecules inhibited by the multi-kinase inhibitors. A
recent study using a Drosophila in vivo screening system sug-
gested that the antitumor effects and toxicity of RET inhibitors
were dependent on the profile of the “off-target” inhibition of
multiple kinases in addition to the specific inhibition of RET.G?
Further investigation elucidating the molecules and signaling
pathways relevant to the cytotoxic effect of vandetanib in LC-2/
ad cellsis anticipated.

Whether LC-2/ad-based models adequately represent clinical
RET fusion-positive LAD cases is another challenging ques-
tion. Takeuchi stated that clinically identified CCDC6-RET-
positive LAD exhibited a histologically cribriform pattern.'¥)
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Fig. 3. Effect of RET inhibitors on LC-2/ad cells. (a) Western blot analysis of inhibitor-treated cells. The celis were incubated under serum-
starved conditions for 22 h and treated with 1 pM of inhibitor or dimethylisulfoxide (DMSO) for 2 h. Prior to cell lysis, the cells were treated with
10% fetal bovine serum (FBS) for 10 min. Whole-cell lysates were subjected to western blot analysis to detect the indicated proteins. G, gefitinib;
So, sorafenib; Su, sunitinib; V, vandetanib. (b) Dose-dependent effect of vandetanib. Cells were treated with the indicated concentration of
vandetanib for 12 h, and western blotting was used to detect the indicated proteins. (¢) WST-8 assay with kinase inhibitors. Cells were treated
with the indicated inhibitors for 72 h, and the viability was assessed using the WST-8 assay. The data are shown as the mean =+ standard devia-
tion (SD) (n = 6). (d) Effect of vandetanib for growth inhibition. Cells were treated with vandetanib and incubated for the indicated time. The
data are shown as the mean =+ SD (n = 3). *P < 0.01 (Student’s t test). (e,f) DNA ploidy (e) and Annexin V-positive population (f) of the cells trea-
ted with vandetanib for 48 h. The data are shown as the mean % SD (n = 4).
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Because the cribriform structure was presumably developed
from normal alveolar architecture, this specific morphology
was not observed in the subcutaneously transplanted LC-2/ad
tumors. We assume that the comparison of the transcriptome
profile between the LC-2/ad cells and clinically identified
LAD tissue samples may provide clues. Approximately one-
third of the genes suppressed by RNA interference directed
at RET overlapped with the genes preferentially expressed in
the clinical tumor sample. Because we have had only one
example of paired data, it is difficult to estimate the similar-
ity between the cell line and clinical samples. However, the
above overlap appears promising, and we will continue to
screen both cell lines and clinical samples to accumulate
comprehensive data.

In this study, the screening of Japanese LAD cell lines was
effective for the identification of RET fusion-positive cancer
cells, representing a clinically rare subpopulation. LC-2/ad
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S Fig. 4. Characterization of the LC-2/ad xenograft
and anti-tumor effects of vandetanib. (a) Histological
features of the xenograft. Hematoxylin and eosin
staining and immunohistochemical staining with
the indicated antibodies. Scale bars were 100 pm.
Hematoxylin eosin (HE), RET, thyroglobulin (TG) and
carcinoembryonic antigen (CEA) (x20); Napsin A and
Sp-A (x40). (b) 3' region-specific expression of
RET mRNA in the xenograft. Total RNA extracted
from tumors was subjected to real-time reverse
transcription-polymerase chain reaction (RT-PCR)
analysis with the primer sets designed for the 5' or 3’
region of the RET and CCDC6 <DNA. The data are
shown as the mean &+ standard deviation (SD)
(n = 3). (c) Expression of the CCDC6-RET protein in
mice xenografts. Whole-cell lysates of tumors were
subjected to western blot analysis. (d) Anti-tumor
effect of vandetanib in vivo. Vandetanib was
administered once a day at a dosage of 50 mg/kg.
The data are shown as the mean #+ SD (n=09).
*P < 0.01 {control vs sorafenib; Student’s t test).
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cells might be useful in the development of RET-targeted ther-
apies, that is, new compound screening, clarifying the pharma-
cological mechanisms and investigating the mechanisms for
acquired resistance.
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