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Abstract

Purpose 'The immunophenotypes of cancer stromal cells
have been recognized as prognostic factors of cancer. The
purpose of this study was to analyze the prognostic markers
-of high-grade neuroendocrine carcinomas of the lung
(HGNEC; both small cell carcinoma and large cell neuro-
endocrine carcinoma) by examining the immunopheno-
types of cancer stromal cells.

Materials and methods One hundred and fifteen patients
who underwent a complete resection of HGNEC were
included in this study. We examined the presence of
CD204-positive tumor-associated macrophages (TAMs),
Foxp3-positive regulatory T cells (Tregs), and podoplanin-
positive cancer-associated fibroblasts (CAFs) to evaluate
the prognostic values of these markers.

Results The number of CD204-positive TAMs and
Foxp3-positive Tregs did not influence the overall survival
(OS) or the relapse-free survival (RFS) of the patients.
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However, patients with podoplanin-positive CAFs had a
significantly better prognosis than those with podoplanin-
negative CAFs [OS: p = 0.002, RFS: p = 0.002, 5-year
overall survival (5YR): 74 vs. 45 %]. According to sub-
group analyses, patients with podoplanin-positive CAFs
displayed a better prognosis for both small cell carcinoma
(OS: p = 0.046, 5YR: 74 vs. 46 %) and large cell neuro-
endocrine carcinoma (OS: p = 0.020, 5YR: 74 vs. 45 %).
Moreover, in multivariate analyses, the podoplanin status
of the CAFs was shown to be a statistically significant
independent predictor of recurrence.

Conclusion The presence of podoplanin-positive CAFs
had a favorable prognostic value, suggesting that the
evaluation of podoplanin expression by CAFs would lead
to a novel risk classification of patients.

Keywords Small cell carcinoma - Large cell
neuroendocrine carcinoma - High-grade
neuroendocrine carcinomas - Cancer-associated
fibroblasts - Tumor-associated macrophages -
Regulatory T cells

Introduction

The World Health Organization (WHO) currently classifies
neuroendocrine tumors into four types: typical carcinoid
(TC), intermediate-grade atypical carcinoid (AC), large
cell neuroendocrine carcinoma (LCNEC), and small cell
lung carcinoma (SCLC) (Travis et al. 1991). LCNEC and
SCLC are categorized as high-grade neuroendocrine car-
cinomas (HGNEC) because of their poor prognoses, com-
pared with the prognoses for TC and AC. Although some
clinicopathological differences exist between LCNEC and
SCLC, these tumor types have similar pathological
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characteristics including a high mitotic rate, frequent
necrosis, and neuroendocrine phenotype (Travis 2010).
Several recent studies have reported that LCNEC responds
to cisplatin-based chemotherapy in a manner similar to
SCLC (Yamazaki et al. 2005; Rossi et al. 2005; Asamura
et al. 2006; Igawa et al. 2010; Sun et al. 2012), and the
survival of patients with LCNEC as well as those with
SCLC who undergo surgery alone is relatively poor (Rossi
et al. 2005; Iyoda et al. 2006; Sarkaria et al. 2011).
Therefore, the identification of risk factors for these dis-
eases is important for the development of novel therapies.
Cancer tissue is composed not only of cancer cells, but
also of stromal cells such as fibroblasts (cancer-associated
fibroblasts: CAFs), monocyte/macrophages (tumor-associ-
ated macrophages: TAMs), and immune cells (lympho-
cytes and neutrophils) (Bhowmick et al. 2004; Pollard
2004; Ding et al. 2012). Recently, the microenvironment
surrounding cancer cells has become a focus of study, since
cancer progression is not solely determined by the cancer
cells themselves, but also by the surrounding stromal cells
(Bhowmick et al. 2004; Pollard 2004; Ding et al. 2012).
Extensive clinical evidence and experimental mouse
models have shown that certain types of CAFs and TAMs
may have a tumor-promoting phenotype. We previously
reported that CAFs expressing podoplanin were capable of
enhancing the tumor formation rate, compared with po-
doplanin-negative CAFs, and that podoplanin-positive
CAFs could be a prognostic factor in lung adenocarcinoma
(Kawase et al. 2008; Hoshino et al. 2011; Ito et al. 2012a).
As for TAMs, studies have shown a significant association
between the number of CD204-positive macrophages and a
poor outcome in several types of cancers (Ohtaki et al.
2010; Komohara et al. 2011; Kurahara et al. 2011).
Regarding immune cells, recent studies have shown that
the accumulation of immunosuppressive lymphocytes
(represented by regulatory T cells: Tregs) is associated
with advanced tumor growth and a poor outcome in several
types of malignant tumors including lung cancers (Petersen
et al. 2006; Shimizu et al. 2010; Chen and Oppenheim
2011; Tao et al. 2012; Wang et al. 2012). These results
were supported by the observation that patients with a
variety of cancers have enlarged pools of Tregs in their
peripheral blood, tumor-draining lymph nodes, and the
tumor itself (Koyama et al. 2008; Karagoz et al. 2010).
Clarification of the role of stromal cells as a prognostic
factor may lead to a novel risk classification of patients and
more effective treatment strategies. Previous reports have
indicated the prognostic value of stromal cells in adeno-
carcinoma or non-small cell lung cancer (NSCLO);
(Kawase et al. 2008; Ohtaki et al. 2010; Hoshino et al.
2011; Tao et al. 2012; Bremnes et al. 2011; Dimitrakopo-
ulos et al. 2011); however, the prognostic value. of stromal
cells in completely resected HGNEC of the lung has not
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been previously reported. This study attempted to identify
prognostic biological markers obtained from surgically
resected HGNEC specimens by examining the immun-
ophenotypes of cancer stromal cells, including TAMs,
Tregs, and CAFs, with special attention to the expressions
of CD204, Foxp3, and podoplanin, respectively. We
anticipated that this study could lead to the development of
a novel risk classification for patients and the realization of
a new therapeutic strategy for the treatment of HGNEC.

Materials and methods
Patients

During the period from January 1993 to October 2011, a
total of consecutive 131 patients with HGNEC of the lung
underwent surgical resection at the National Cancer Center
Hospital East, Chiba, Japan. Among these patients, 16 were
excluded because their cancers were composed of two or
more non-small cell carcinoma elements. The remaining
115 patients were included in this retrospective study. The
median follow-up period of the patients was 4.4 years. The
tumors were staged according to the seventh edition of the
tumor—node—metastasis classification developed by the
International Union Against Cancer. The survival period
was measured from the date of surgery.

Histological evaluation

Ten percent formalin or methanol-fixed and paraffin-
embedded surgical specimens were collected from all the
patients. The samples were cut at 5-mm intervals, and
4-pm sections were stained with hematoxylin and eosin
(HE). Intratumoral vascular invasion and visceral pleural
invasion were analyzed using HE and Verhoeff-van-Gieson
staining methods. Two independent observers (A.T. and
G.I.) who were unaware of the clinical data reviewed all
the histological slides. Histological diagnosis of SCL.C and
LCNEC was made according to the third edition of the
WHO guidelines. In this study, we selected the cases of
SCLC which contained more than 50 % component of
SCLC. As for LCNEC, we selected the cases with more
than 50 % component of LCNEC.

Immunohistochemistry

The 4-pum sections were deparaffinized in xylene and
rehydrated in a graded alcohol series. After washing in
distilled water, the slides were placed in 0.1M citric acid
buffer. For antigen retrieval, the slides were heated twice at
95 % for 20 min in a microwave oven (H2800 Microwave
Processor; Energy Beam Science, East Granby, CT, USA)
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and then allowed to cool for one hour at room temperature.
The slides were immersed in methanol containing 0.3 %
hydrogen peroxide for 15 min to inhibit the endogenous
peroxidase activity. Nonspecific binding was blocked by
preincubation with 2 % normal swine serum in phosphate-
buffered saline for 30 min at room temperature. Tissue
sections were stained overnight at 4 °C with a mouse anti-
human CD204 antibody (Scavenger Receptor Class A-ES5;
Transgenic, Japan) at a final dilution of 1: 400, anti-human
Foxp3 antibody (ab20034 clone 236A/E7; Abcam Inc,
Cambridge, MA, USA) at a final dilution of 1: 200, and
anti-human podoplanin antibody (D2-40; Signet Labora-
tories, Dedham, MA, USA) at a final dilution of 1: 50. The
slides were subsequently incubated with EnVision™
(DAKO, Denmark) for 1 h at room temperature. After
extensive washing with PBS, the color reaction was
developed in 2 % 3, 3'-diaminobenzidine in 50 mM Tris-
buffer (pH 7.6) containing 0.3 % hydrogen peroxidase.
Finally, the sections were counterstained with Meyer’s
hematoxylin, dehydrated, and mounted.

The 5 most CD204-positive TAMs-infiltrated areas
within each section were selected, and the number of
CD204-positive TAMs was counted under a light micro-
scope at a x400 magnification (0.0625 mm?*/field). The
average count was recorded as the number of CD204-
positive TAMs for each case. The 5 most Foxp3-positive
Tregs-infiltrated areas were selected, and the number of
Foxp3-positive Tregs was counted under a light micro-
scope at a x400 magnification (0.0625 mm*/field). As for
podoplanin expression in the CAFs, a specimen was judged
as positive if at least 50 % of the fibroblasts showed an
unequivocal reaction for podoplanin that was equal to that
of lymphatic endothelial cells.

Statistical analysis

Differences in categorical outcomes were evaluated using
the chi-square test. Overall survival was defined as the
period from the date of surgery until the date of death from
any cause or the last date on which the patient was known
to be alive. The length of the relapse-free period was cal-
culated in months from the date of resection until the date
of the first recurrence or the last follow-up. Overall survival
and the relapse-free period were calculated using the
Kaplan—-Meier method, and the differences between the
groups were analyzed using a log-rank test. Cox propor-
tional hazards multivariate models were used to identify
independent predictors. All the p values that were reported
were 2-sided, and the significance level was set at less than
0.05. Analyses were performed using the statistical soft-
ware JMP 9. This study was conducted as part of a National
Cancer Center institutional review board-approved
protocol.

Results
Clinicopathological characteristics

Table 1 shows the clinicopathological characteristics of the
patients. There were 98 men (85 %), and their median age
at the time of surgery was 68 years (range 22-86 years); 71
patients had p-stage I diseases. The histologic type was
SCLC in 52 patients and LCNEC in 63. 17 patients of
SCLC and 24 patients of LCNEC had lymphatic invasion.
Among the SCLC cases, the proportion of patients with
p-T1 was significantly higher than that among the LCNEC
cases. In this study, none of the patients were given neo-
adjuvant chemotherapy.

Table 1 Clinicopathological characteristics of the patients

Characteristics All cases SCLC LCNEC P value'
No. of patients 115 52 63
Age (year)

<70 61 30 31

>70 54 22 32 0.364
Gender

Female 17 8 9

Male 98 44 54 0.869
Brinkman index

<1,000 60 31 29

>1,000 55 21 34 0.146
pT

Tla-T1b 46 30 16

T2a-T4 69 22 47 <0.001*
pN

pNO 79 35 44

pN1-2 36 17 19 0.771
Pathological stage

1A 37 24 13

1B 34 8 26

NA-IV 44 20 24 0.002*
Vascular invasion

Absent 23 10 13

Present 92 42 50 0.851
Lymphatic invasion

Absent 74 35 39

Present 41 17 24 0.547
Pleural invasion

Absent 75 36 39

Present 40 16 24 0.411

SCLC small cell lung carcinoma, LCNEC large cell neuroendocrine
carcinoma

* Indicates significance, T chi-square test
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Immunohistochemical staining of CD204-positive
TAMs, Foxp3-positive Tregs, and podoplanin-positive
CAFs

Representative immunohistochemical staining results
for CD204, Foxp3, and podoplanin are shown in Fig. 1.
The median number of CD204-positive TAMs was 20
per 0.0625 mm?, with a range of 1.5-93.8. Patients were
classified into two groups based on the median number
of CD204-positive TAMs in the entire group: a high
CD204-positive TAMs group (>20/field) (Fig. 1a), or
a low CD204-positive TAMs group (0-20/field)
(Fig. 1b). The median number of Foxp3-positive Tregs
was 6 per 0.0625 mm® (range 0.5-45.5). Similarly,
patients were classified into two groups of Foxp3-posi-
tive Tregs (>5/field) (Fig. Ic, d). Cases with podopla-
nin-positive CAFs were identified in 47 (41 %) samples

(Fig. le, 1).

Fig. 1 Immunohistochemical
staining for CD204, Foxp3, and
podoplanin in high-grade
neuroendocrine carcinoma
(HGNEC) of the lung. a A case
with high CD204-positive
tumor-associated macrophages
(TAMs). b A case with low
CD204-positive TAMs. ¢ A
case with high Foxp3-positive
regulatory T cells (Tregs). d A
case with low Foxp3-positive
Tregs. e A case with
podoplanin-positive cancer-
associated fibroblasts (CAFs).

f A case with podoplanin-
negative CAFs

@ Springer

Associations between clinicopathological factors
and CD204-positive TAMs, Foxp3-positive Tregs,
or podoplanin-positive CAFs

The associations between clinicopathological variables and
the number of CD204-positive TAMs, Foxp3-positive
Tregs, or podoplanin-positive CAFs are shown in Table 2.
No differences in the clinicopathological variables were
observed among the three groups.

Evaluation of CD204-positive TAMs, Foxp3-positive
Tregs, or podoplanin-positive CAFs as prognostic
factors in patients with HGNEC

The number of CD204-positive TAMs and Foxp3-positive
Tregs did not influence the overall survival (OS) or the
relapse-free survival (RFS) period of the patients (Fig 2a—
d). On the other hand, the OS and RFS of the patients with
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Table 2 Correlation between CD204-positive TAMs, Foxp3-positive Tregs, podoplanin-positive CAFs, and clinicopathological factors
Characteristics No. of patients (%) p value* No. of patients (%) p value* No. of patients (%) p value®
CD204 Foxp3 Podoplanin
High Low High Low Positive Negative
(n = 58) (n = 57) (n=57) (n =58) (n=47) (n = 68)
Age (year)
<70 26 (45) 35 (61) 27 (47) 34 (59) 20 (43) 41 (60)
>70 32 (55) 22 (39) 0.074 30 (53) 24 (41) 0.226 27 (53) 27 (40) 0.061
Gender
Female 7 (12) 10 (18) 7 (12) 10 (17) 5(1) 12 (18)
Male 51 (88) 47 (82) 0.407 50 (88) 48 (83) 0.453 42 (89) 56 (82) 0.290
Brinkman index
<1,000 31 (53) 29 (51) 27 (47) 33 (57) 22 (47) 38 (56)
>1,000 27 (47) 28 (49) 0.783 30 (53) 25 (43) 0.306 25 (53) 30 (44) 0.338
pT
pTla—pTlb 19 (33) 27 (47) 21 (37) 25 (43) 18 (38) 28 (47)
pT2a-pT4 39 (47) 30 (53) 0.109 36 (63) 33 (57) 0.493 29 (62) 40 (53) 0.757
pN
pNO 40 (69) 39 (68) 42 (73) 37 (64) 36 (77) 43 (63)
pN1-2 18 31) 18 (32) 0.950 15 27) 21 (36) 0.252 11 (23)° 25 (37) 0.125
Pathological stage
1A 16 (28) 21 (37) 19 (33) 18 (31) 18 (38) 19 31)
1B 19 (32) 15 27) 18 (32) 16 (28) 14 (30) 20 (26)
IIA-IV 23 (40) 21 (36) 0.540 20 (35) 24 (41) 0.779 15 (32) 29 (43) 0413
Vascular invasion
Absent 10 (17) 13 (23) 12 21) 11 (19) 12 (26) 11 (16)
Present 48 (83) 44 (77) 0.455 45 (79) 47 (81) 0.780 35 (74) 57 (84) 0.221
Lymphatic invasion
Absent 39 (67) 35 (61) 41 (72) 33 (57) 32 (68) 42 (62)
Present 19 (33) 22 (39) 0.513 16 (28) 25 (43) 0.091 15 (32) 26 (38) 0.485
Pleural invasion
Absent 40 (69) 35 (61) 38 (67) 37 (64) 33 (70) 42 (62)
Present 18 (31) 22 (39) 0.394 19 (33) 21 (36) 0.746 14 (30) 26 (38) 0.348

* Chi-square test

podoplanin-positive CAFs were significantly longer than
that of the patients with podoplanin-negative CAFs
[p =0.002 and p = 0.002, respectively; Fig. 2e¢ and f;
5-year overall survival rate (SYR) 74 vs. 45 %]. We also
analyzed a subgroup that did not receive postoperative
chemotherapy (n = 67). Among this cohort, we found that
patients with podoplanin-positive CAFs had a better out-
come than the patients with podoplanin-negative CAFs
(0OS: p = 0.003, RFS: p < 0.001; Fig. 3).

Online Resource Fig. Sla and 1b showed the survival
curves for the p-stage I patients. CD204-positive TAMs
and Foxp3-positive Tregs did not influence the survival
curves (data not shown); however, patients with podopla-
nin-positive CAFs had a significantly better prognosis than

those with podoplanin-negative CAFs (OS, p = 0.002;
RFS, p = 0.002; 5YR, 78 vs. 48 %). Online Resource Fig.
Slc-f showed the OS and RFS for the SCLC and LCNEC
cases. Podoplanin-positive CAFs were associated with a
significantly better OS and RFS in both the SCLC and the
LCNEC cases (SCLC 5YR, 74 vs. 46 %; LCNEC 5YR, 74
vs. 45 %).

Univariate and multivariate analyses of factors
associated with prognosis

A univariate analysis identified 4 significant risk factors for

0OS: sex (female), pN(+), lymphatic permeation (4), and
podoplanin-negative CAFs (Table 3). In a multivariate
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Fig. 2 Survival analysis of HGNEC patients with CD204-positive
TAMs, Foxp3-positive Tregs, and podoplanin-positive CAFs. a Over-
all survival curves according to CD204 expression in TAMs.
b Relapse-free survival curves according to CD204 expression in
TAMs. ¢ Overall survival curves according to Foxp3 expression in

analysis using the Cox regression model, sex, the presence
of lymphatic permeation (ly), and podoplanin-negative
CAFs were shown to be statistically significant indepen-
dent predictors for recurrence (Table 3A). Furthermore, the
podoplanin status of the CAFs was an independent prog-
nostic factor for the patients without postoperative che-
motherapy (Table 3B).
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in Tregs. e Overall survival curves according to podoplanin expres-
sion in CAFs. f Relapse-free survival curves according to podoplanin
expression in CAFs

Subgroup analysis combining podoplanin-positive
CAFs and other independent risk factors

We divided the HGNEC patients into 3 groups (Group A:
ly (—)/podoplanin-positive CAFs; Group B: ly (+)/po-
doplanin-positive CAFs or ly (—)/podoplanin-negative
CAFs; and Group C: ly (+4)/podoplanin-negative CAFs).

m—132



J Cancer Res Clin Oncol (2013) 139:1869-1878 1875
1.0 — 1.0
_ 08 e 3 osA Tl 3
o R ™ . T
2 7 Positive (n=32) ¢ 7 - USRS
S 0.6 2 06 Positive (n=32) .
a g
= &
5 04 Negative (n=35) $ 047 !
3 7 2 N Negative (n=35)
0.2 A E 0.2
- (a) Podoplanin p=0.0027 7 (b) Podoplanin p=0.0006
0.0 LA LA LR L LA B 0.0 L IR R A R B B
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (month) Time (month)
Patients at risk Patients at risk
High 32 31 28 24 21 17 15 High 32 31 26 23 18 16 13
Low 35 30 16 13 12 10 10 Low 35 24 13 11 9 8 7

Fig. 3 Survival analysis of HGNEC patients without postoperative chemotherapy. a Overall survival curves. b Relapse-free survival curves

Table 3 Impact of potential

. . Variable Univariate analysis, p  Multivariate analysis
prognostic factors on survival of
patient in high-grade Hazard ratio 95 % CI 14
neuroendocrine carcinoma by
univariate and multivariate A
analysis (n = 115) Pathology (SCLC) 0.908 - - -
Age (>70 year) 0.597 — - —
Gender (female) 0.031* 2.296 1.050-4.631 0.038*
Brinkman index (>1,000) 0.796 - - -
pT (pT2-pT4) 0.900 - - -
pN (pN1-2) 0.011* 1.388 0.704-2.736 0.341
Vascular invasion (present) 0.152 - - -
Lymphatic invasion (present) 0.002* 2.435 1.242-4.862 0.010*
Pleural invasion (present) 0.815 — - -
CD204 (high-CD204 TAMs) 0.553 - - -
Foxp3 (high-Foxp3 Tregs) 0.602 - - -
Podoplanin {Podoplanin (—) CAFs]  0.002* 2472 1.191-5.634 0.014*
B
Pathology (SCLC) 0.479 - - -
Age (=70 year) 0.249 - - -
Gender (female) 0.346 - - -
Brinkman Index (>1,000) 0.862 - - -
pT (pT2-pT4) 0.721 - - -
pN (pN1-2) 0.003* 2.088 0.866-4.883 0.099
Vascular invasion (present) 0.009* 3.787 0.750-68.954  0.121
* Indicates significance Lymphatic invasion (present) 0.002* 2.316 0.993-5.577 0.052
SCLC small cell lung cancer, Pleural invasion (present) 0.735 - - -
TAMs tumor-associated CD204 (high-CD204 TAMs) 0.497 - - -
macrophages, Tregs regulatory Foxp3 (high-Foxp3 Tregs) 0.945 - - -
T cells, CAFs cancer-associated Podoplanin [podoplanin (—) CAFs]  0.003* 2.423 1.015-6422  0.046%
fibroblasts
The overall survival curves of the three groups are shown  Discussion

in Fig. 4 (5YR: A, 78, B, 55, C, 35 %). Group A showed a

significantly longer survival

period than Group B

A few previous reports focusing on the immunophenotypes

(p < 0.01) or Group C (p < 0.01). of the tumor cells have examined prognostic factors based
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CAFs)

on surgically resected HGNEC specimens (Usuda et al.
2011a, b; Erler et al. 2011; Ryuge et al. 2012). Recent
studies have revealed that the immunophenotypes of not
only cancer cells, but also cancer stromal cells can be
useful as prognostic factors. So far, few reports have
examined the prognostic significance of cancer stromal
cells in surgically resected HGNEC. In the current study,
we first clearly showed that the immunophenotypes of
cancer stromal cells, especially CAFs, could be used as
prognostic factors for patients with HGNEC.

In this study, the number of infiltrating CD204-positive
TAMs and Foxp3-positive Tregs did not influence the
outcome of the patients with HGNEC. We previously
reported that a higher number of infiltrating CD204-posi-
tive TAMs was a predictor of an unfavorable prognosis in
lung adenocarcinoma (Ohtaki et al. 2010). Moreover,
Petersen et al. and Tao et al. also reported that Foxp3-
positive Tregs were a predictor of an unfavorable prognosis
in NSCLC (Petersen et al. 2006; Tao et al. 2012). As for
SCLC also, Wang et al. showed that Foxp3-positive Tregs
predict a poor prognosis (Wang et al. 2012). These results,
which contradict the results of the present study, might
have arisen from the fact that they used SCLC biopsy
specimens, not surgically resected specimens of SCLC.
Alternatively, their cohort included patients with advanced
SCLC; thus, Tregs may play a role in advanced SCLC.
Generally, tumor malignancy is influenced by several
extrinsic factors within the cancer microenvironment as
well as intrinsic factors in the cancer cells. The cancer cells
of HGNEC have a higher malignant potential, including a
higher proliferative activity and anchorage-independent
growth capacity, than the cancer cells of adenocarcinoma
(Usuda et al. 1994; Iyoda et al. 2004; Gudermann and
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Roelle 2006; Travis 2010). Thus, exogenous stromal fac-
tors produced by TAMs and Tregs may not have as much
influence on the malignant behavior of HGNEC, compared
with their effect on NSCLC.

The prognostic value of podoplanin-positive CAFs has
been reported for various organs: as a predictor of an
unfavorable prognosis in breast (Pula et al. 2011;
Schoppmann et al. 2012) and cervical cancer, (Carvalho
et al. 2010) and as a predictor of a favorable prognosis in
colorectal cancer (Liang et al. 2005). The current study
clearly shows that the presence of podoplanin-positive
CAFs was a predictor of a favorable prognosis for both
SCLC and LCNEC. Considering these results, HGNEC
with podoplanin-positive CAFs may have a low malignant
potential.

We previously reported that the expression of podopla-
nin in CAFs was a predictor of an unfavorable prognosis in
patients with lung adenocarcinoma and squamous cell
carcinoma (Kawase et al. 2008; Tto et al. 2012a; Ono et al.
2013), and the podoplanin expressed on CAFs is func-
tionally responsible for tumor progression (Hoshino et al.
2011). In this sense, the function of podoplanin-positive
CAFs on tumor cells was contradictory between lung
adenocarcinoma and HGNEC. One possible explanation is
that the signaling pathway through the ligand(s) for po-
doplanin on HGNEC differs from that for adenocarcinoma.
We recently found that enhanced RhoA activity in fibro-
blasts expressing podoplanin may be one of the mecha-
nisms resulting in the promotion of tumor formation,
suggesting that biomechanical remodeling of the micro-
environment by stromal fibroblasts may play an important
role in tumor progression (Ito et al. 2012b). Signals that are
transferred to cancer cells by CAFs have different effects
on survival, invasion, and/or growth according to the kind
of cancer cells as a result of ligand binding or extracellular
matrix remodeling. Further study is needed to clarify the
molecular mechanisms of podoplanin-positive CAFs in
lung HGNEC, which would support the validity for a novel
risk classification of patients and a basis for more effective
treatment strategies for HGNEC.

A major drawback of this study is that the number of
patients was relatively small. Future studies are required to
confirm the prognostic significance of podoplanin-positive
CAFs in validation populations using a multi-center trial.

In conclusion, the current study reported that podopla-
nin-positive CAFs had prognostic value in both SCLC and
LCNEC. Our results imply that podoplanin expression
reflects a tumor-inhibitory phenotype of CAFs in HGNEC.
Although the exact mechanisms responsible for this phe-
nomenon are not fully understood, our results provide
novel insights into the pathogenesis of a unique microen-
vironment of HGNEC as well as basic data for new treat-
ment strategies for HGNEC.
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Rearrangements of the proto-oncogene RET are newly identified
potential driver mutations in lung adenoccarcinoma (LAD). How-
aver, 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 transcripis 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
CCDCE-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 LG-2/ad cells. CCDUE-RET was
constitutively active, and the introduction of a siRNA targeting
the RET 3 region deweased 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. Endogenocusly expressing CCDCE-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 Sdf
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 numbez 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 mutduon—positwe cases and crizotinib
for ALK fusion-positive cases.”"”’ Furthermore, accumulating
evidence has demonstrated somatic mutations and rearrange-
ments of potem;al oncogenes, including BRAF, ERBB2 and
ROSI, in LAD.®

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

. (16,17 . . . .
kinase,"'®'” and the oncogenic potential of this gene product

has been suggested in QLVﬁla] tumors, mdudmﬁ thyroid
cancer. %29 Recently, five independent groups identified aber-
rant fusion genes, KIF5B-RET and CCDC6-RET in clinical
samples of LAD. -1 Ectopically expressed RET fusion
products afforded NIH3T3 cells with anchomﬁe -independent
growth and tumorigenicity in nude mice.!"™'¥ Furthermore,
KIFSB RET- e,\pree.sms_ H1299 cells exhibited growth factor-
mdependent growth.!"" These findings stmngly 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 lmcc harboring RET ﬁmon genes had not
been identified. Recently, Matsubara et al.®V 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-27ad 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 Tmmuno-Biological Laboratories
(Fujioka, Japan) and American Type Cuhme 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),
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respectively. Vandetanib, AZD6244 and BEZ235 were pur-
chased from Selleck (Houston, TX, USA).

Multiplex RT-PCR. Reported KIF5B/CCDC6-RET fusion vari-
ants were detected by multiplex RT-PCR according to the
procedures described elsewhere.(! 19

Genomic DNA sequencing. LC-2/ad DNA was captured with
custom hybridization probes targeting CCDC6 intron 1 and
RET whole gene (Agilent) followed by parallel sequencing on
the MiSeq system (Illumina).

Real-time RT-PCR, Procedures for real-time RT-PCR was pre-
viously described.®® The PCR primers used in the present
study are shown in Table S1.

In vivo studies. LC2/ad cells at 5.0 x 10° were subcutane-
ously inoculated to 8-week-old athymic nude mice (Clea
Japan).®® Vandetanib was administered once daily as a homoge-
neous suspension by oral gavage at a dosage of 50 mg/kg body
weight.®* The tumor volume was calculated as the product of a
scaling factor (1/6) and the tumor length, width and height.**
The study was approved by the Institutional Ethics Review Com-
mittee for animal experiments at the National Cancer Center.

Immunohistochemical analysis. The procedure for hematoxylin
eosin stainin% and immunohistochemical (IHC) was previously
described.®**

Microarray analysis. Background information of clinical sam-
ples was described in a previous report.?® The study was
approved by the Institutional Review Boards of the National
Cancer Center. Total RNA was analyzed using Affymetrix
(Santa Clara, CA, USA) U133Plus2.0 arrays. The data were

processed by the MASS algorithm, and the mean expression
level of a total of 54 675 probes was adjusted to 1000 for each
sample.

Results

Identification of the CCDC6-RET fusion gene in a Japanese LAD
cell line. To identify RET fusion-derived mRINA expression in
human LAD cell lines, all reported KIF5B-RET and CCDC6-RET
gene products were screened by multiplex RT-PCR in 11 cell
lines derived from Japanese patients. LC-2/ad cells were found
to express CCDC6-RET mRNA at significantly higher levels,
whereas the other cell lines did not exhibit any fusion gene
products (Fig. 1a). The expressed fusion RET product was
sequenced, and an in-frame fusion of CCDC6 exon 1 and RET
exon 12, which was identical to the previously reported
CCDC6-RET fusion products, was identified (Fig. 1b).%™® We
then identified a breakpoint of chromosome 10 by retrieving
genomic DNA fragments, including the entire RET gene and
intron 1 of CCDC6, by target capture system followed by
parallel sequencing. The identified break-point between CCDC6
intron 1 and RET exon 11 was confirmed by Sanger sequencing
(Fig. 1b). Quantitative RT-PCR revealed that the expression of
3" end of RET was increased comparable to that of CCDCS,
whereas the transcript level of the 5’ end of RET was signifi-
cantly lower (Fig. 1c). Consistent with the amount of transcript,
western blotting using an antibody recognizing the C-terminus
of RET isoform 2 detected a 60-kDa specific band equivalent to
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Fig. 1.

Identification 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 level of detection. (d) Specific expression of
the CCDC6-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 BAM?36435), 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
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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 G1 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 1L.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, MCMI10, MAD2LI, 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 L.C-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 417 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 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 2.17 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. 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
(ICsp = 0.32 upM), 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 Apnexin V-positive apoptotic cell
population (Fig. 3f). The proapoptotic effect of vandetanib was
confirmed by the detection of cleaved caspase-3 by westemn
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, ITHC
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. 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

200

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 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 ICsqy value for the growth
suppression of these compounds was equivalent to the dose
suggested in a previous study 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,<32) 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.C¥
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 uM 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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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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