(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 G1 phase relative to the cells
treated with siNC (Fig. 2c). 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 LC-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, MCMI10, 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et al., 2012, unpublished data).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 (ICsg)
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
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Table 1. Up- or downregulated genes associated with mitogen-
activated protein kinase (MAPK) cascade or cell cycle

Gene symbol Probe set ID SiINC/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
CcDC6 203967_at 2.42 4.82
203968_s_at 1.95 5.32
MCM10 220651_s_at 2.30 4.83
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
ID2 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. $4).

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
(ICso = 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 pM 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 uM 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 1.C-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. S10). 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 independently 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.”*" In in virro 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 ICsy value for the growth
suppression of these compounds was equivalent to the dose
suggested in a previous stud;l using culture cells expressing
ectopic KIF5B-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 ERK1/2 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 cells is 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 cells were incubated under serum-
starved conditions for 22 h and treated with 1 pM of inhibitor or dimethylsulfoxide (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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