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KIF5B-RET fusions in lung
adenocarcinoma

Takashi Kohno®?, Hitoshi Ichikawa®!%, Yasushi Totoki?,

Kazuki Yasuda%, Masaki Hiramoto?, Takao Nammo?,

Hiromi Sakamoto?, Koji Tsuta®, Koh Furuta®, Yoko Shimadal,
Reika Iwakawa®, Hideaki Ogiwara‘, Takahiro Oike®, Masato Enari’,
Aaron J Schetter3, Hirokazu Okayama“’s, Aage Haugen9, Vidar Skaug”,
Suenori Chika®, Itaru Yamanakal}, Yasuhito Arai®,

Shun-ichi Watanabe'2, Tkuo Sekine!?, Seishi Ogawa'®, Curtis C Harris®,
Hitoshi Tsuda®, Teruhiko YoshidaZ, Jun Yokota® & Tatsuhiro Shibata®

We identified in-frame fusion transcripts of K/F5B (the kinesin
family 5B gene} and the RET oncogene, which are present in
1-2% of lung adenocarcinomas (LADCs) from people from
Japan and the United States, using whole-transcriptome
sequencing. The KIF5B-RET fusion leads to aberrant
activation of RET kinase and is considered to be a new driver
mutation of LADC because it segregates from mutations or
fusions in EGFR, KRAS, HER2 and ALK, and a RET tyrosine
kinase inhibitor, vandetanib, suppresses the fusion-induced
anchorage-independent growth activity of NIH3T3 cells.

A considerable proportion of LADCs, the most common histological
type of lung cancer that comprises ~40% of the total cases, develops
through activation of oncogenes, for example, somatic mutations in
EGFR (10-50% of cases) or KRAS (10 -30% of cases) or fusion of ALK
(5% of cases), in a mutually exclusive manner!4, Tyrosine kinase
inhibitors (TKIs) targeting the EGFR and ALK proteins are effec-
tive in the treatment of LADCs that carry EGFR mutations and ALK
fusions! 3, respectively.

We performed whole-transcriptome sequencing (RNA sequenc-
ing)® of 30 LADC specimens from Japanese individuals to identify
new chimeric fusion transcripts that could be targets for therapy>>®,
These LADCs were 2 carcinomas with EML4-ALK fusions, 4 with
EGFR or KRAS mutations and 24 without these fusions or mutations
(Supplementary Table 1). Identifying candidate fusions represented by
>20 paived-end reads and validation by Sanger sequencing of the RT-PCR
products (Supplementary Methods) led to the identification of seven
fusion transcripts, including EML4-ALK (Supplementary Table 1).
We detected one of these fusions between KIF5B on chromosome

IDivision of Gerome Biology, !
Chuo-ku, Tokyo, Japan. 3Division of Cancer Genomi

National Cancer Center Research Institute, Chuo-ku, Tokyo, Japan
. Nationai Cancer Center Research Ins
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10p11.2 and RET on chromosome 10g11.2 in subject BRO020 (Fig. 1
and Supplementary Fig. 1a). We then further investigated this fusion,
as fusions between RET and genes other than KITF5B have previously
been shown to drive papillary thyroid tumor formation®’,

RT-PCR and a Sanger sequencing analysis of 319 LADC specimens
from Japanese individuals (Supplementary Table 2), including 30 that
had been subjected to whole-transcriptome sequencing, revealed that
1.9% (6 out of 319) expressed KIF5B-RET fusion transcripts (Fig. 1b
and Supplementary Fig. 1b). We identified four variants in these six
tumors, and all of these variants were in frame (Fig, 1a).

A genomic PCR analysis of the six tumors that were positive for
RET fusions revealed smmatic fusions of the KIF: SB introns 15 16, 23
(Supplementary Fig. h,,d), md matm{, that a chromosom:d inversion
had occurred between the long and short arms in the centromeric
region of chromosome 10 (Supplementary Figs. 1e and 2), We veri-
fied this chromosomal inversion using fluorescence in situ hybridiza-
tion, which revealed a split in the signals for the probes that flank the
RET translocation sites in tumors positive for the KIF5B-RET fusion
(Supplementary Fig. 2).

The tumors positive for the KIF5B-RET fusion were all well or mod-
erately differentiated (Table 1 and Supplementary Fig. 3). None of
the subjects with these tumors had a history of thyroid cancer, and
none showed abnormal findings in their thyroid tissues as determined
by computed tomography or positron emission tomography before
surgery for LADC. All five examined tumors with the KIFSB-RET
fusion were positive for thyroid transcription factor 1 (TTF-1) and
napsin A aspartic proteinase (Napsin A)® but were negative for thyro-
globulin®, indicating that they were of pulmonary origin (Table 1
and Supplementary Fig. 3). The LADCs that were positive for the
KIF5B-RET fusion showed twofold to 30-fold higher RET expression
than non-cancerous lung tissues (Fig. 1b and Supplementary Figs. 4
and 5). An immunochistochemical analysis using an antibody against
the C-terminal region of the RET protein detected positive cytoplasmic
staining in the tumor cells of the fusion-positive LADCs (Table 1 and
Supplementary Fig. 3b) but did not detect this staining in any of the
non-cancerous lung cells. A western blot analysis confirmed the expres-
sion of the fusion proteins in the LADCs (Supplementary Fig. 6).

To address the prevalence of KTF5B-RET fusions in LADCs from
individuals of non-Asian ancestry, we examined LADCs in cohorts
from the United States and Norway (Supplementary Table 2), We
detected a fusion transcript in 1 of the 80 (1.3%) subjects from the
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Figure 1 K/F5B-RET fusions in LADC. c
{a) Schematic representations of the wild-type _
KIF5R and RET proteins as well as the four P T — )
fusion variants identified in this study. The ReT || 'ci‘i“mnl [ M| Kinase [ 1114 Vandi?;ﬁ?g
breakpoints for each variant are indicated with i mm‘f’ -3 et
red lines. CC, coiled coil; TM, transmembrane, ' - - ~

. 977
{b) Detection of K/F5B-RET tusions by RT-PCR. I' !
RT-PCR products for the RET kinase domain CC Kinase!: | {1.040 pTygié
{exons 12 and 13) and GAPDH are shown below. cC T Kinase [ fx,gso i
Six LADCs positive for KIF5B-RET fusions (T) o T B [ e ] 1627 Ratio
are shown, with four corresponding non- t e 14

cancerous iung tissues (N), a no-template
control (NTC) and one LADC that was negative
for the fusion (BRGO019). (¢) Activation of RET
kinase activity in the KIF5B-RET protein and
the suppression of this activity by vandetanib.
H1299 lung cancer cells were transfected

with an empty vector, wild-type RET (RET) or
KIF5B-RET expression plasmids and treated
either with DMSO (serum) or vandetanib, as
indicated. The ratios of phosphorylated Tyr305
{pTyr905} RET to total RET signals with respact 0

to wild-type RET after the serum treatment Vaﬂdef{”&‘? QQ{;? NN °Qf_ii° NN
are listed below the gels. (d) Anchorage- W KEASVIZ  KIFBBRET
independent growth of NIH3T3 celis expressing

KIF5B-RET protein and the suppression of this growth by vandetanib. Representative pictures of colonies without vandetanib treatment (top). Scale
bars, 50 um. Bar graph showing the percentage (+ s.d.) of colonies formed after treatment with the indicated amounts of vandetanib (average results
of three independent experiments} with respect to those formed by DMSO-treated cells. The study was approved by the institutional review boards of
institutions participating in this study. '

KIF58-  KIFSB-
d  vector KmASVi2 RET  RETKD

i

Colony tormation
{% of control)

United States (an individual of European ancestry) (Supplementary  full RET kinase domain, similar to other types of oncogenic RET fusions
Fig. 7), but we detected no fusion transcripts in the 34 subjects from  observed in thyroid tumors (Fig. 1a)'. The KIFSB-RET proteins are
Norway (Supplementary Table 3); KIF5B-RET fusions occurred in  likely to form a homodimer through the coiled-coil domain of KIF5B,
1-2% of LADCs in both Asians and non-Asians. The individual from  causing an aberrant activation of the kinase function of RET in a manner
the United States with the RET fusion was classified as an ‘ever smoker,  similar to the PTC-RET and KIF5B-ALK fusions™!¢. In fact, the N-terminal
whereas the six individuals from Japan with the RET fusion were ‘never  portion of the KIF5B coiled-coil region, which is retained in all vari-
smokers’ (Table 1). Therefore, prevalence of LADC with regard to  ants, has been predicted to have the ability to dimerize through two
smoking status is unclear. We did not detect the KIF5B-RET fusion in  coiled-coil structures!®. Consistently, when the KIF5B-RET variant 1 was
other major subtypes of lung cancer, including 234 squamous-cell, 17 exogenously expressed in F11299 human lung cancer cells without wild-
large-cell and 20 small-cell lung carcinomas (Supplementary Table 3).  type or fusion RET expression, Tyr903, which is located in the activation
The fusion was also not present in other types of adenocarcinemas,  loop of the RET kinase site'™'%, was phosphorylated in the absence of
inclading those of the ovary (n = 100) and colon (n = 200} (data not  serum stimulation, indicating an aberrant activation of RET kinase!617
shown), suggesting that it is specific to LADC. by fusion with KIF5B (Fig. 1¢). This phosphorylation was suppressed by
All seven subjects with LADC harboring the KIF5B-RET fusion were  vandetanib, a TKI against RET (as well as other tyrosine kinases, includ-
negative for EGFR, KRAS and ALK mutations or fusions and were nega-  ing EGFR and VEGFR)?8 (Fig. Ic and Supplementary Fig. 8).
tive for mutations in HER2, which is an additional driver mutation in Expression of exogenous KIF5B-RET, but not KIF5B-RET-KD
LADC! (Table 1 and Supplementary Table 4). The mutually exclusive  (a kinase-dead mutant corresponding to $765P in wild-type RET!7),
nature of the RET fusions and other oncogenic alterations?!! suggests  induced morphological transformation (Supplementary Fig. 9) and
that the KIF5B-RET fusion is a driver mutation. All proteins encoded  anchorage-independent growth of NIHI3T3 fibrablasts in a way that was
by the four KIF5B-RET fusion variants contained the KIF5B coiled-coll  analogous to the induction caused by mutant KRAS (KRASV 12) (Fig. 1d).
domain, which functions in protein dimerization'?, and retained the  Consistently, phosphorylation of Tyr905 was higher in the KIFSB-RET

Table 1 Characteristics of lung adenocarcinomas with the KIF58-RET fusion

Pathological RET TTF-1  Napsin A Thyrogioblin

Sample Country Sex  Age® Smoking  KIFSB-RET fusion® stage Pathological findings staining  staining  staining staining
BRCO20  Japan  Male 57 Never K15 R1Z {variant 1} [HE] Moderately differentiated ADC + + + -
BR100O1  Japan Female 65 Never K15 ariant 1} 1B Weii differentiated ADC + + + -
BR1002  lJapan Female 64 Never K15; R12 {variant 1) B Well differentiated ADC + + + -
BROO30  japan  Maie &7 Never K16; R12 {variant 2) 1A Weii differentiated ADC + + + -
BR1OO3  Japan Male 28 Never K23; R1Z {variant 3} 1A Well differentiated ADC + + + -
BR1004  japan Female 71 Never K24; R8 (variant 4) 1A Moderately ditferentiated ADC NT NT NT NY

NCI1580 USA Maie 63 Ever® K15, R1Z {variant 1} It Moderately differentiated ADC NT NT NT NT

in years 3 exon rumbers of KIFSB {(K) and RET(R); and variant type
s, “The number of pack years smoked for this subject is not knowr. NT,

s {in parentheses) are shown. None of the subjects had encogenic EGFR, KRAS, HERZ or ALK mutations or
ot tested.
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protein than in the KIF5B-RET-KD protein. The anchorage-independent
growth induced by KIF5B-RET was suppressed by treatment with
vandetanib (<1 4M), whereas the growth induced by mutant KRAS
was not (Fig. 1d). These results are similar to those observed for RET
fusions in thyroid cancer!®. We also detected phosphorylation of the
KIF5B-RET protein at Tyr905 in fusion-positive LADC specimens
(Supplementary Fig. 6). These results suggest that the RET fasions
are a previously unidentified LADC driver mutation and a potential
target for existing TKIs, including vandetanib, which has been recently
approved by the US Food and Drug Administration for the treatment of
thyroid cancer'®. Further studies are warranted to promote molecular
subtype diagnoses and personalized therapy options for LADC, For this
purpose, both the clinical and biological features of this fusion are being
investigated. For further information, please see the Supplementary
Note and Supplementary Tables 5 and 6.

Note: Supplementary information is available on the Nature Medicine websile.
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Identification of Genes Upregulated in ALK-Positive and
EGFR/KRAS/ALK-Negative Lung Adenocarcinomas

Hirokazu Okayama'#°, Takashi Kohno?, Yuko Ishii"?, Yoko Shimada®, Kouya Shiraishi?, Reika fwakawa',
Koh Furuta®, Koji Tsuta®, Tatsuhiro Shibata®, Seiichiro Yamamoto?, Shun-ichi Watanabe®, Hiromi Sakamoto?,
Kensuke Kumamoto®®, Seiichi Takenoshita'®, Noriko Gotoh®, Hideaki Mizuno'**2, Akinori Sarai’,

Shuichi Kawano®, Rui Yamaguchi®, Satoru Miyano®, and Jun Yokota'

Absiract

Activation of the EGFR, KRAS. and ALK oncogenes defines 3 different pathways of molecular pathogenesis in
lung adenocarcinoma. However, many tumors Jack activation of any pathway (triple-negative lung adenocarci-
nomas) posing a challenge for prognosis and treatment. Here, we report an extensive genome-wide expression
profiling of 226 primary human stage 1-1I lung adenocarcinomas that elucidates molecular characteristics of
tumors that harbor ALK mutations or that lack EGFR, KRAS, and ALK mutations, that is, triple-negative
adenocarcinomas. One hundred and seventy-four genes were selected as being upregulated specifically in 79
lung adenocarcinomas without ZGFR and KRAS mutations. Unsupervised clustering using a 174-gene signature,
including ALK itself, classified these 2 groups of tumors into ALK-positive cases and 2 distinct groups of triple-
negative cases (groups A and B). Notably, group A triple-negative cases had a worse prognosis for relapse and
death, compared with cases with EGFR, KRAS, or ALK mutations or group B triple-negative cases. In ALK-positive
tumors, 30 genes, including ALK and GRIN24, were commonly overexpressed, whereas in group A triple-negative
cases, 9 genes were commonly overexpressed, including a candidate diagnostic/therapeutic target DEPDCI, that
were determined to be critical for predicting a worse prognosis. Qur findings are important because they provide a
molecudar basis of ALK-positive lung adenocarcinomas and Lriple-negative lung adenocarcinomas and further
stratify more or less aggressive subgroups of triple-negative lung ADC, possibly helping identify patients who may
gain the most benefit from adjuvant chemotherapy after surgical resection. Cancer Res; 72(1); 100-11. ©@201.1 AACR.

100

Introduction

Lung cancer is the leading cause of cancer death worldwide
(1, 2). Adenocarcinoma, which accounts for more than 50% of
non-small-cell lung cancers (NSCLC), is the most frequent type
and is increasing. Lung adenocarcinoma has a heterogeneous
nature in various aspects, including clinicopathologic features
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(3). Recent molecular studies have revealed at least 3 major
molecular pathways for the development of lung adenocarci-
noma (4-8). A considerable fraction (30%-60%) of lung ade-
nocarcinomas develops through acquisition of mutations
either in the EGFR, KRAS, or ALK genes in a mutually exclusive
manner, and the remaining lung adenocarcinomas, that is,
those without EGFR KRAS, and ALK mutations (herein desig-
nated "triple-negative adenocarcinomas”), develop with muta-
tions of several other genes. HER2, BRAF, etc. are known Lo be
mutated also mutually exclusively with the EGFR, KRAS, and
ALK genes; however, frequencies of their mutations are very low
(<5%; refs. 4-7). Therefore, genes responsible for the develop-
ment of triple-negative adenocarcinomas are largely unknown.

Mutations in the £GFR gene are prevalent in females and
never-smokers, and the frequencies are considerably higher in
Asians (40%-60%) than in Europeans/Americans (~10%;
refs. 5-7, 9). EGFR mutations make tumor cells dependent on
epidermal growth factor receptor (EGFR) signaling and define
patients who respond to EGER tyrosine kinase inhibitors (TKI),
such as gefitinib (10, 11). On the other hand, mutations in the
KRAS gene occur predominantly in males and ever-smokers,
and their frequencies are higher in Buropeans/Americans
(>15%) than in Asians (10%; ref. 9). Specific inhibitors against
KRAS activity are being developed (12). Therefore, clinicopath-
ologic features of lung adenocarcinomas with EGFR mutations
(herein designated "EGFR-positive adenocarcinomas”) and
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those with KRAS mutations (herein designated "KRAS-positive
adenocarcinomas”) are considerably different from each other.
Recently, a small subset of EGFR- and KRAS-negative lung
adenocarcinomas (~5%) was shown to have rearrangements of
the ALK gene generating gene fusion transcripts (13), and
patients with ALK rearrangements tend to be younger and
have little or no smoking histories (4, 6~8). Because lung
adenocarcinoma cells with ALK rearrangements (herein des-
ignated "ALK-positive adenocarcinomas”) are specifically sen-
sitive to ALK TKIs, ALK-positive adenocarcinomas have been
recently considered to be another subset of adenocarcinomas
by considering the differences in therapeutic targets (4.6-8).In
contrast. clinicopathologic features of triple-negative lung
adenocarcinomas have not been precisely characterized
because of the lack of sufficient genetic information in these
adenocarcinomas.

There have been several studies which attempted to char-
acterize gene expression profiles in particular types of lung
adenocarcinoma, including EGFR-positive and KRBAS-positive
adenocarcinomas (14-17). However, such information is lim-
ited for ALK-positive adenocarcinomas and triple-negative
adenocarcinomas. Therefore, in this study, we aimed to elu-
cidate clinicopathologic features and gene expression profiles
of ALK-positive adenocarcinomas and triple-negative adeno-
carcinomas in comparison with those of EGFR-positive ade-
nocarcinomas and KRAS-positive adenocarcinomas. We con-
ducted a genome-wide gene expression profiling of 226 lung
adenocarcinomas, consisting of 127 EGFR-positive adenocar-
cinomas, 20 KRAS-positive adenocarcinomas, 11 ALK-positive
adenocarcinomas, and 68 triple-negative adenocarcinomas. To
identify genes useful for molecular diagnosis and applicable to
targeted therapy of ALK-positive adenocarcinomas and triple-
negative adenocarcinomas, we focused on genes that were
upregulated in these adenocarcinomas by selecting genes with
low expression in EGFR-positive and KRAS-positive adenocar-
cinomas. Several genes were identified as being specifically and
significantly upregulated in ALK-positive adenocarcinomas. In
particular, the ALK gene itself was highly expressed exclusively
in ALK-positive adenocarcinomas. More impartantly, a distinct
group of triple-negative adenocarcinomas with unfavorable
outcome was identified. This group of triple-negative adeno-
carcinomas showed much worse prognosis than the other
group of triple-negative adenocarcinomas, 5GFR-positive ade-
nocarcinomas, KRAS-positive adenocarcinomas, and ALK-pos-
itive adenocarcinomas. Several genes were identified as being
upregulated and critical for predicting prognosis of patients in
this group of adenocarcinomas.

Materials and Methods

Patients

The tumors were pathologically classified according to the
TNM classification of malignant tumors (18). A total o£226 lung
adenoccarcinoma cases subjected to expression profiling were
selected from 393 stage [-Ii cases who underwent potential
curative resection between 1998 and 2008 at the National
Cancer Center Hospital as follows (ref. 19; Supplementary Fig.
S$1). Among the 393 cases, 363 cases, consisting of 305 stage 1

and 58 stage II cases, were eligible by the criteria of cases who
did not receive any neoadjuvant therapies before surgery and
had not been diagnosed with cancer in the 5 years before lung
adenocarcinoma diagnosis. All 58 stage II cases were subjected
to expression profiling. The 305 stage I cases included 37 cases
with relapse and 268 cases without relapse. To improve sta-
tistical efficiency, all the 37 relapsed cases and 131 matched
unrelapsed cases selected by the incidence density sampling
method (20, 21) were subjected to expression profiling, In total,
226 cases, consisting of 168 stage I and 58 stage I cases, were
subjected to the expression profiling. Among the 226 cases, 204
who received complete resection (i.e., free resection margins
and no involvement of mediastinal lymph nodes examined by
mediastinal dissection) and did not receive postoperative
chemotherapy and/or radiotherapy, unless relapsed, were
subjected to survival analyses. This study was approved by
the Institutional Review Boards of the National Cancer Center.

Microarray experiments and data processing

Total RNA was extracted using TRIzol reagent (Invitrogen),
purified by an RNeasy kit (Qiagen), and qualified with a model
2100 Bioanalyzer (Agilent). All samples showed RNA Integrity
Numbers more than 6.0 and were subjected to microarray
experiments. Two micrograms of total RNA were labeled using
a 5X MEGAscript T7 Kit (Ambion) and analyzed by Affymetrix
U133Plus2.0 arrays. The data were processed by the MAS5
algorithm, and the mean expression level of a total of 54,675
probes was adjusted to 1,000 for each sample. Microarray data
are available at National Center for Biotechnology Information
Gene Expression Ommibus (GSE31210).

Probe selection for unsupervised clustering

One hundred and seventy-four genes (190 probes), prefer-
entially expressed in ALK-positive and triple-negative adeno-
carcinomas, were selected by the following criteria; probes
whose expression levels were less than 1,000 in any adeno-
carcinomas with EGFR or KRAS mutations, and probes whose
averaged expression levels in ALK-positive and triple-negative
adenocarcinomas were more than 1.5-fold higher than those in
EGFR-positive and KRAS-positive adenocarcinomas with P
values less than 0.05 by ¢ test. Expression levels for these
190 probes were log-transformed and median-centered, both
for probes and samples, and were subjected to an unsupervised
hierarchical clustering. The clustering was done by the cen-
troid linkage method using the Cluster 3.0 program, and the
results were visualized using the Java Treeview program (22).

Mutation analyses

Genomic DNAs from all 226 lung adenocarcinomas were
analyzed for EGFR and KRAS mutations by the high-resolution
melting method as described (23, 24). Total RNAs from the 226
adenocarcinomas were examined for expression of fusion
transcripts between ALK and EML4 or KIF5 using a multiplex
reverse transcription PCR (RT-PCR) method (25).

Statistics
Cumulative survival was estimated by the Kaplan-Meier
method, and differences in the survivals between 2 groups were
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analyzed by log-rank test. Influences of variables on relapse-
free survival (RFS) and overall survival (O8) were evaluated by
uni- and multivariate analyses of the Cox proportional hazard
model. For all analyses, smoking status was polarized as never-
smokers (0 pack years) and ever-smokers (>0 pack years).
Pathologic TNM staging was categorized as stage I versus
stage II. For multivariate analysis, all variables were included
that were moderately associated {P < 0.1) with RFS or OS in any
of the analyses.

Bioinformatics

Associations of gene expression levels with prognosis of
NSCLC patients in 7 other expression profile studies were
obtained from the PrognoScan database (26). In the PrognoS-
can database, association of gene expression with survival of
patients was evaluated by the minimum P value approach.
Briefly, patients were first arranged by expression levels of a
given gene. They were then divided into high- and low-expres-
sion groups at all possible cutoff points, and the risk differences
of any 2 groups were estimated by the log-rank test. Finally, the
cutoff point that gave the most pronounced P value was
selected.

Results

EGFR/KRAS/ALK mutations and clinicopathologic
characteristics of lung adenocarcinomas subjected to
gene expression profiling

Among 226 stages I and II lung adenocarcinomas, EGFR and
KRAS mutations were mutually exclusively detected in 127
(56%) and 20 {9%) cases, respectively, and an EML4-ALK fusion
gene was expressed in 11 (4.9%) cases {Table 1). ZGFR or KRAS
mutations were not detected in any of the 11 cases with EML4--
ALK fusion expression; thus, the occurrence of ALK rearrange-

ments in a mutually exclusive manner with EGFR and KRAS
mutations in lung adenocarcinoma was confirmed. The inci-
dence and the fraction of EGFR-, KRAS-, and ALK-positive cases
in this study were consistent with those in previous studies (5-
7, 9, 13). Accordingly, the remaining 68 (30%) cases were
defined as "triple-negative adenocarcinomas” because of the
absence of EGFR, KRAS, and ALK mutations. Clinicopathologic
features of EGFR-positive adenocarcinomas and KRAS-positive
adenocarcinomas in this study are well consistent with those in
previous studies of Japanese populations (27, 28). Patients with
ALK-positive adenocarcinomas were younger and more likely
to be never-smokers, as previously indicated (4, 6-8). Triple-
negative adenocarcinomas showed similar clinicopathologic
features to those of KRAS-positive adenocarcinomas, that is, a
predominance of males, ever-smokers, and advanced stages,

Expression profile unique to ALK-positive lung
adenocarcinomas

All 226 cases were subjected to genome-wide expression
profiling using Affymetrix U133Plus2.0 arrays. One hundred
and seventy-four genes, evaluated with 190 probes (Supple-
mentary Table S1), were selected as those preferentially
expressed in either ALK-positive adenocarcinomas or triple-
negative adenocarcinomas under the criteria described in
Materials and Methods. In particular, 10 genes evaluated with
11 probes were markedly upregulated according to the criteria
of fold-differences more than 2.0 with P values less than 0.05
(Supplementary Table §2). It was noted that 2 probes for the
ALK gene were present among them, and 1 of them (probe ID -
208212_s_at) showed the highest fold-difference 0f8.7 between
ALK-positive/triple-negative adenocarcinomas and EGFR-pos-
itive/ KRAS-positive adenocarcinomas among the 190 probes.
This result indicated that there is a subset of adenocarcinomas
in which ALK was overexpressed. Therefore, an unsupervised

Table 1. Clinicopatholiogic characteristics of 228 lung adenocarcinomas subjected 1o expression profile
analysis
Mutation Expression profile

Variable All EGFR (-+} KRAS (-} ALK (-+) Triple (-} Group A Group B
No. of cases 226 127 20 11 68 36 32
Age

Mean 60 60 60 54 81 61 80

Range 30-76 35-72 46-75 30-68 46-76 46-71 47-76
Sex

Male 106 50 12 2 41 25 16

Female 121 77 8 9 27 1 16
Smoking habit

Never-smoker 115 67 10 7 31 10 21

Ever-smoker 111 60 10 4 37 26 11
pStage

1A 114 77 6 3 28 10 18

B 54 26 8 0 20 12 8

] 58 24 6 8 20 14 6
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Table 2. Genes upregulated in ALK-positive lung adenocarcinomas
Gene symbol® Gene name Probe ID Fold difference
ALK Anaplastic lymphoma receptor tyrosine kinase 208212_s_at 55.2
EST Transcribed locus 242964 _at 26.8
ALK Anaplastic lymphoma receptor tyrosine kinase 208211 _s_at 17.2
GRIN2A Glutamate receptor, ionotropic, N-methyl p-aspartate 2A 242286_at 13.0
GRIN2A Glutamate receptor, onotropic, N-methyl p-aspartate 2A 231384_at 124
MUCSAC 1/ MUCSB Mugcin 5AC, oligomeric mucus/gel-forming /// mucin 58, 222268 _x_at 8.2
oligomeric mucus/gel-forming
EST Transcribed locus 1570291_at 8.1
LOC100292909 Hypothetical protein LOC100292909 241535_at 77
BLID BH3-like motif containing, cell death inducer 1555675_at 7.4
LOC100130894 Hypothetical LOC100130894 1564158 _a_at 6.1
CLDN10 Claudin 10 1556687 _a_at 6.0
KRT16 Keratin 16 209800_at 5.9
PROM2 Prominin 2 1562378_s_at 5.6
GJBs Gap junction protein, beta 5, 31.1 kDa 206156_at 5.0
KIAAT644 KiAA1644 221901 _at 4.8
EPHB1 EPH receptor B1 210753_s_at 4.5
LRRC4 Leucine rich repeat containing 4 223552 _at 4.2
EST Transcribed locus 235373_at 3.4
tcag7.1188 Hypothetical LOC340340 1561254 _at 3.3
SBNO2 Strawberry notch homolog 2 (Drosophila) 204166_at 3.3
EST Transcribed locus 241083 _at 3.1
SLC25A37 Solute carrier family 25, member 37 222528_s_at 3.1
NDP Norrie disease (pseudoglioma) 206022 _at 3.1
EST Transcribed locus 243478_at 3.0
EST Transcribed locus 238136_at 2.9
RHOV ras homolog gene family, member V 241990_at 29
YIF1B Yip1 interacting factor homolog B (S. cerevisiae) 231211 _s_at 29
RPRM Reprimo, TP53 dependent G2 arrest mediator candidate 218370_at 25
SYT12 Synaptotagmin Xl 228072 _at 2.5
HES2 Hairy and enhancer of split 2 (Drosophila) 231928_at 24
CDH11 Cadherin 11, type 2, OB-cadherin (osteoblast) 239769 _at 2.2
IRAK3 Interleukin-1 receptor-associated kinase 3 220034 _at 2.1
“Genes with fold difference >2.0 and P < 0.05 between ALK-positive and ALK-negative adenocarcinomas are shown.

hierarchical clustering using these 190 probes was done on 11
ALK-positive adenocarcinomas and 68 triple-negative adeno-
carcinomas (Supplementary Figs. S1 and S$2). There were 3
distinct sets of genes/probes, as indicated by red, yellow, and
blue bars on the left of the heat map. Two probes for the ALK
gene were present in the gene/probe set with a yellow bar, and
11 cases with extremely high levels of ALK expression com-
prised a small subcluster in the right side of cluster 1. All the 11
cases corresponded to the ones with EML4-ALK fusion gene
expression.

The results strongly indicated that ALK-positive adenocar-
cinomas have distinct expression profiles in comparison with
ALK-negative adenocarcinomas, including not only triple-neg-
ative adenocarcinomas but also EGFR-positive and KRAS-
positive adenocarcinomas. Therefore, genes with fold-differ-
ences more than 2.0 and P values less than 0.05 in their
expression between ALK-positive adenocarcinomas and

ALK-negative adenocarcinomas were further selected from
the 190 probes. Thirty genes with 32 probes were then selected
(Table 2). The ALK gene showed the highest level of fold
difference in ALK-positive adenocarcinomas. Therefore, as
previously reported (29-31), ALK-positive adenocarcinomas
express high levels of ALK gene products, supporting that
upregulation of the ALK gene is a biclogical consequence of
ALK rearrangements in lung adenocarcinoma cells. Expression
profiling further revealed that various other genes are distinct-
ly upregulated in ALK-positive adenocarcinomas. In particular,
fold differences of GRIN24 (glutamate receptor, ionotropic, N-
methyl p-aspartate 2A) expression were more than 10, as with
ALK expression. Moreover, GRIN2A was branched most closely
to ALK in the heat map (Supplementary Fig. S2). Therefore,
high levels of GRIN24 expression can be a characteristic unique
to ALK-positive adenocarcinomas, in addition to upregulation
of the ALK gene itself. The levels of GRIN2A expression in ALK
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Sex

Relapse
ALK

<IDEPDCT

Figure 1. Unsupervised hierarchical clustering of 11 ALK-positive adenocarcinomas and 68 triple-negative adenocarcinomas. Triple-negative
adenocarcinomas were separated into 36 group A cases and 32 group B cases, and group A cases construct cluster 1 with 11 ALK-positive adenocarcinoma
cases. Clinical and genetic features are shown below the tree; sex (black, male; white, female); smoking status (black, ever-smoker; white, never-smoker);
pathologic stage (black, stage Il; gray, stage 1B; white, stage IA); relapse (black, evidence of relapse; white, no evidence of relapse); ALK (yellow,
ALK-fusion gene expression positive; white, negative). Three colored bars according to the main branches of probes/genes are shown on the left.
Positions of probes for ALK, GRIN2A, and DEPDC1 are shown on the right. ADC, adenocarcinoma.

positive adenocarcinomas were significantly higher than those
in ALK-negative adenocarcinomas by quantitative RT-PCR
analysis (Supplementary Fig. $3).

Triple-negative lung adenocarcinomas with poor
proguosis identified by gene expression profiling

By the unsupervised hierarchical clustering, 68 triple-nega-
tive adenocarcinomas were separated into 2 major groups, one
containing 36 cases and the other 32 cases, designated as
groups A and B, respectively (Fig. 1). Group A comprised cluster
1 with 11 ALK-positive adenocarcinomas. Group A cases were
dominant in males, ever-smokers, and advanced stages, where-
as group B cases were dominant in never-smokers and early
stages (Table 1), indicating that group A cases comprise an
aggressive type in triple-negative adenocarcinomas. Therefore,
we next compared RFS and 0S among the 5 groups of patients;
groups A and B, EGFR-positive cases, KRAS-positive cases. and
ALK-positive cases (Fig. 2). Among the 226 cases, 204 cases that
received complete resection and did not receive postoperative
chemotherapy and/or radiotherapy were subjected to survival

for both RFS and 0OS among the 5 groups (Fig. 2A and B). In
particular, group A cases showed significantly worse prognosis

EGFR-positive cases (# == 116) by the log-rank test. Such
differences were marginally significant between group A cases
and KRAS-positive cases (n = 19) and not significant between
group A cases and ALK-positive cases (n == 7), probably because
the numbers of KRAS-positive and ALK-positive cases were
smaller than those of group B and EGFR-positive cases.
Similar results were obtained from the analysis of 162
patients with stage I adenocarcinomas (Fig. 2C and D), indi-
cating the independency of these associations with staging,
Therefore, we next carried out multivariate analyses on RFS
and OS of these 5 groups (Table 3). In the analysis of 204 stages |
and II patients, RFS and OS of group A cases were significantly
worse than those of EGFR-positive and group B cases, and the
differences were independent of staging. HRs of ALK-positive
and KRAS-positive cases were also as high as ZGFR-positive
and group B cases, although only the difference in RFS was
statistically significant between group A cases and KRAS-
positive cases. This could be also due to the small numbers
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of KRAS-positive and ALK-positive cases. Accordingly, multi-
variate analyses of 162 stage I patients further showed signif-
icant differences in RFS and OS between group A cases and
EGFR-positive cases, and also between group A cases and
group B cases. Because numbers of KRAS-positive cases and
ALK-positive cases were small, we next compared RFS and 08
between group A patients and patients in all 4 other groups
combined ("Others” in Table 3). Differences in RFS as well as
those in OS were highly significant and independent of staging,
These results strongly indicated that group A patients com-
prise a distinct subclass of EGFR/KRAS/ALK-negative lung
adenocarcinomas, and the prognoses of group A patients were
the worst among the 5 groups of patients.

Clustering of lung adenocarcinomas with poor
prognosis by gene expression profiling

We next carried out unsupervised hierarchical clustering of
all the 226 adenocarcinoma cases, including 127 EGFR-positive
cases and 20 KRAS-positive cases, to investigate whether
expression profiling with a set of 174 genes with 190 probes
could extract group A cases as a unique subset among all
adenocarcinomas, and whether the profiling could be useful
for prognosis prediction of patients with any genotypes of
adenocarcinomas in general. As shown in Supplementary Fig,
S4, clustering patterns of all the 226 patients were very similar
to those of the 79 patients consisting of 11 ALK-positive cases
and 68 triple-negative cases. In particular, the 11 ALK-positive
cases comprised a small cluster in the right side of Cluster 1
(Cluster 1b), supporting that ALK-positive adenocarcinomas
show unique expressjon profiles among all adenocarcinomas.
Group A and group B cases also have a tendency to accumnulate
in Clusters la and Cluster 2, respectively. However, group A
cases often comprise clusters with the KRAS-positive cases,

whereas group B cases were distributed with the EGFR-positive
cases. Therefore, group A and group B triple-negative adeno-
carcinomas were not exclusive with the EGFR-positive and
KRAS-positive adenocarcinomas by expression profiling of
these 174 genes. Therefore, expression profiling with a set of
the 174 genes was concluded to be useful to distinguish ALK-
positive adenocarcinomas among all lung adenocarcinomas.

However, RFS of 119 patients in Cluster 1 was significantly
worse than RFS of 85 patients in Cluster 2 (HR = 3.73, P =
0.00016). When Cluster 1 was further divided into 2 subclasses
la and 1b of the right and left sides, respectively, Cluster la
containing most of group A patients showed the worst prog-
nosis among the 3 subclasses (Supplementary Fig. $4). There-
fore, the expression signature of these 174 genes was indicated
to be useful for prognostic prediction of adenocarcinoma
patients, in particular of triple-negative adenocarcinoma
patients.

Minimum set of genes characterizing triple-negative
lung adenocarcinomas with poor prognosis

"The above results implied that triple-negative adenocarci-
nomas can be classified into 2 distinct subgroups by expression
profiling and prognoses of these 2 groups are significantly
different from each other. Accordingly, expression of several
genes among the 174 genes was expected to be independently
associated with prognosis of triple-negative adenocarcinoma
patients. Therefore, we next selected genes whose expression
was associated with prognosis from the 174 genes evaluated by
the 190 probes. To evaluate the prognostic value of each probe
and to make a comparative study for association of gene
expression with prognosis in other cohorts possible, we took
a minimum P value approach for grouping the patients for
survival analysis because of the following reason. A database
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Table 3. Hazard ratios for relapse-free and overall survivals in lung adenocarcinomas
Univariate Multivariate
Survival Case (n) Variable HR (95% Cl) P HR (95% Cl) P
Relapse free Stage -1l (204) Age 1.08 (0.99-1.07) 0.12 1.04 (0.99~1.08) 0.092
Sex {male/female) 1.39 (0.82-2.38) a.22 1.00 (0.49-2.05) 0.99
Smoking habit (ever/never) 1.43 (0.84-2.44) 0.18 1.10 (0.54-2.24) 0.80
pStage (/) 1.86 (1.41-2.45) 1.3E-05 3.50 (1.93-6.34) 3.6E-05
Subgroup
Group A/ALK (+) 4.78 (0.63-35.99) 0.13 6.01 (0.76-47.82) 0.09
Group A/KRAS (+) 2.43 (0.96-6.17) 0.062 2.85 (1.10-7.35) 0.031
Group AV/EGFR (+) 3.58 (1.93-6.64) 5.3E-05 2.76 (1.44-5.29) 0.0022
Group A/Group B 458 (1.69~12.42) 0.0028 4.10 {1.50-11.24) 0.0061
Group A/Others 3.56 (2.00-6.34) 1.6E-05 3.04 (1.68-5.53) 2.5E-04
Stage | (162) Age 1.01 (0.96-1.06) 0.69 1.00 (0.95~1.05) 0.97
Sex (male/female) 0.99 (0.50-1.96) 0.98 0.83 (0.33-2.07) 0.69
Smoking habit (ever/never) 1.06 (0.54-2.08) 0.87 0.97 (0.39-2.45) 0.85
Subgroup
Group A/ALK (+ - - —_ —
Group A/KRAS (+) 2.31 (0.73-7.28) 0.15 2.36 (0.73-7.62) 0.15
Group AVEGFR (+) 4.33 (2.00-9.35) 2.0E-04 451 (2.05-9.91) 1.7E-04
Group A/Group B 536 (1.49-19.24) 0.010 5.52 {1.50-20.37) 0.010
Group A/Others 4.18 (2.03-8.60) 1.0E-04 4.32 (2.06-9.09) 1.1E-04
Overalt Stage -l 204) Age 1.03 (0.98-1.08) 0.33 1.03 {0.98-1.09) 0.21
Sex (male/female) 1.69 (0.82-3.48) 0.16 0.89 (0.33-2.41) 0.82
Smoking habit (ever/never) 1.91 (0.92-3.97) 0.084 1.46 (0.54-3.92) 0.45
pStage (I1/1) 2.07 (1.45-2.97) 7.2E-05 3.93 (1.83-8.44) 4.6E-04
Subgroup
Group A/ALK (+) 2.95 (0.38-22.78) 0.30 3.50 (0.41-29.85) 0.25
Group A/KRAS (-+) 3.12 (0.88-11.09) 0.079 3.31 {0.91-12.08) 0.069
Group AVEGFR {(++) 4.59 (2.06-10.23) 2.0E-04 3.35 {1.44-7.81) 0.005
Group A/Group B 6.83 (1.53-30.54) 0.012 5.68 (1.24-25.95) 0.025
Group A/Others 4,50 (2.17-9.36) 5.7E-05 3.61(1.68-7.78) 0.0010
Stage | (162) Age 0.99 (0.93-1.06) 0.73 0.98 (0.91-1.04) 0.45
Sex (male/female) 1.15 (0.43-3.08) 0.79 0.77 (0.20-3.00) 0.70
Smoking habit (ever/never) 1.47 (0.55-3.91) 0.45 1.26 (0.32-4.89) 0.74
Subgroup
Group A/ALK {-+) — - - -
Group A/KRAS (+) 5.79 (0.71-47.3) 0.10 61 (0.67~46.84) 0.11
Group A/EGFR (+) 5.83 (2.04-16.71) 0.0010 6. 06 (2.08-17.71) 9.8E-04
Group A/Group B 9.13 (1.12-74.34) 0.038 9.32 (1.10-78.61) 0.040
Group A/Others 6.30 (2.34-16.99) 2.8E-04 6.47 (2.33-17.98) 3.4E-04

named PrognoScan was recently developed by coauthors of
this study (26). In the PrognoScan database, minimum Pvalues
for the association of gene expression with prognosis of all
probes in a platform are available for a number of cohorts that
have been published. Therefore, it was possible to validate the
present findings using data from various other cohorts by the
same criteria. According to the method described previously
(26), corrected minimum P values were calculated for each
probe to control the error rate for the evaluation of the
association with RFS and OS. Expression of 11 genes evaluated
with 12 probes (2 probes for the DEPDC! gene) showed

significant associations with both RFS and OS in 62 triple-
negative adenocarcinomas and also in 46 stage I triple-negative
adenocarcinomas (Table 4). Among the 11 genes, expression of
10 genes was positively correlated with poor prognosis, where-
as that of the remaining 1 gene, KIF19, expression was nega-
tively correlated with poor prognosis.

We first selected 174 genes as being preferentially
expressed in either ALK-positive adenocarcinomas or tri-
ple-negative adenocarcinomas by the criteria of "probes
whose expression levels in any adenocarcinomas with EGFR
or KRAS mutations were lower than the mean expression
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Table 4. List of genes whose expression is associated with relapse free survival and overall survival of patients with lung adenocarcinoma

NCC CAN/ HLM MSK Um Nagoya Duke Seoul
DF
TN, Stage I-li TN, Stage | All Stage -1l All Stage 1 Stage Stage |- Stage Stage Stage Stage Stage
(=1 h = =il - -1 -
Dataset RFS 08 RFS 0os RFS 0s RFS os os 08 0s os 0s RFS RFS
n =62 n= 62 n =46 n=46 n=204 n=204 n=162 n=162 n=82 n=79 n=104 n=178 n=117 n=111 n=138
Gene Probe ID P HR P HR P HR P HR P HR P HR P HR P HR P HR P HR P HR P HRP HR P HRP HR
symbol {for NCC)

DEPDCT 222958 s at 0.00 23 0.00 3.0 000 3.0 002 27 000 21 000 1.8 0.00 2.0 0.00 2.1
- - -  ~— 00311 - -~ 000 16 0.04 1.0 001 09

DEPDC1 235545 _at 0.00 1.8 0.0t 23 0.00 24 0.04 26 0.00 1.4 000 16 000 1.3 000 2.2
FOSL2 218881_s_at 0.01 17 0.03 1.7 002 18 000 3.3 000 1.2 000 1.7 000 14 000 24 — — 000 1.7 — — 002 07 — — - -~ 00110
MChM4 222037 _at 000 1.8 0.00 30 0.01 20 004 26 000 14 000 18 000 15 000 21 — — — — — — — — 00017 — — — -
UBE2S 202779.s_at 0.00 3.0 0.02 160 0.01 2.8 0.02 168 000 1.6 002 14 000 16 000 24 — — ~— — 005 1.0 — — —  — - - = =
CD300A 217078 s_at 0.01 17 0.00 21 0.04 1.7 000 28 000 1.1 0.00 15 001 1.2 001 1.7 — - — — 000 156 — — — — -
SLITRK4 232636_at 002 17 003 1.7 000 29 000 25 0.01 1.1 000 14 004 1.1 000 20 — — — — — — — _— _— — - - - -
KRT16 209800_at 0.00 20 000 25 000 24 000 27 0.00 1.2 000 1.4 001 1.2 001 1.7 — — — ~ —  — — _— — . - - - =
SIGLECY 210569_s at 000 19 001 20 000 21 004 21 0.00 16 000 1.4 000 1.7 000 22 — — — — —  — — w0 — - — e e —
DIAPH3 232596_at 0.02 15 000 3.0 005 1.6 003 26 000 12 000 21 000 15 000 20 — — — — — — = — — - - - -
LOC152225 1562048_at  0.01 15 000 23 002 1.7 000 27 0.00 1.3 000 19 — — 000 18 — — — — — — — — — _ - = = -
KIF19 15563314 a_at 0.01 -1.5 0.05 -1.6 000 -3.0 000 -256 — ~ 003 -14 — — — — — — — — —  — —~ - 000 -14 — — — -

Abbreviations: NCC, National Cancer Center; TN, Triple-negative.
HRs (log2 ratio) with corrected P value < 0.05 are shown.
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level of a total of 54,675 probes.” Then, 11 of the 174 genes
were further selected as being associated with prognosis of
patients with triple-negative adenocarcinomas. Therefore,
higher expression of several genes among the 11 genes was
predicted to be associated with poorer prognosis, even when
all adenocarcinoma cases, including EGFR-positive, KRAS-
positive, and ALK-positive adenocarcinomas were analyzed
together. Furthermore, triple-negative adenocarcinomas
with poor prognosis would be separated into a high-risk
group classified with this procedure. For this reason, we next
analyzed all 204-adenocarcinoma cases. Among the 11 genes
with 12 probes, 9 genes with 10 probes showed significant
associations with both RFS and OS in all 204 adenocarci-
noma cases and also in 162 stage I adenocarcinoma cases.
LOCI152225 and KIFI9 were excluded because of no signif-
icant associations in stage I adenocarcinoma cases. As
predicted, higher expression of the 9 genes was correlated
with poorer prognosis in the analysis of RFS and 0S among
204 stages I .and II cases and also among 162 stage I cases.

The result strongly indicated that unsupervised hierarchical
clustering using this 10 probe set (9 genes) would separate the
patients into high-risk and Jow-risk groups for prognosis and
that all group A triple-negative adenocarcinoma patients with
poor prognosis would be classified into the high-risk group
(Fig. 3 and Supplementary Table $3). As expected, expression
profiling of these 9 genes successfully separated the 204

patients into high-risk and low-risk groups with significantly

well as 08 (HR
Furthermore, if 62 triple-negative cases only were separated
with these 9 genes, HRs for both RFS and 0S were much higher
than those with separation of all the 204 cases. All the relapsed
cases in group A were separated into the high-risk group in the
analyses of both cases (all the 204 cases and the 62 triple-
negative cases only), supporting that triple-negative adeno-
carcinomas cases with poor prognosis can be selected as a
high-risk group from all the adenocarcinoma cases by expres-
sion profiling of these 9 genes (Fig. 3). This profiling further
separated 162 stage I cases as well as 46 stage I triple-negative
adenocarcinoma cases into high-risk and low-risk groups with
significantly different RFS as well as OS (Supplementary Fig. S5
and Supplementary Table $3). Again, HRs for both RFS and 0§
were much higher in triple-negative adenocarcinoma cases
than in all adenocarcinoma cases. Accordingly, high levels of
expression in these 9 genes were concluded to bhe distinct
characteristics of triple-negative adenocarcinomas with poor
prognosis.

Validation of associations using independent expression
profiling data

To validate the present findings using the data of other
cohorts, we searched for expression profiling data with
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mutation data of the EGFR, KRAS, and ALK genes in various
databases. However, there has been no cohort in which expres-
sion profiles specifically in triple-negative adenocarcinomas
were analyzed. Therefore, unsupervised hierarchical clustering
using these 9 genes was dlone on a cohort of 117 Japanese lung
adenocarcinoma cases because expression profile data as well
as EGFR/KRAS mutation data were available only in this cohort
(32). This study included 57 adenocarcinoma cases without
EGFRand KRAS mutations. Although a different array platform
was used, the data for all the 9 genes were available for
clustering. These cases were separated into 2 groups of 33
cases and 24 cases (Fig. 3). OS of the 33 cases was significantly

P = 24E-02; Supplementary Table S3). As with our cohort, the
high-risk group showed a significantly higher HR of 2.73, even
when all the 117 cases were analyzed together. Although ALK
mutation data were not available for this cohort. the results
strongly supported that expression profiling of the 9 genes
would be highly informative for prediction of prognosis of lung
adenocarcinoma patients, in particular patients with EGFR-
and KRAS-negative adenocarcinomas.

Associations of DEPDCI expression with prognosis of
NSCLC patients

Associations of gene expression with prognosis in various
cancers are available from the PrognoScan database (22).
Therefore, associations of expression of these 9 genes with
prognosis of NSCLC patients were examined in 7 other
cohorts (Table 4). Notably, DEPDCI expression was posi-
tively associated with poor prognosis in 4 of the 7 cohorts;
MSK, Nagoya, Duke, and Seoul. The results strongly indi-
cated that DEPDCI expression can be a novel prognostic
marker for patients with NSCLC. Representative data show-
ing the association of DEPDCI expression with prognosis in
204 adenocarcinoma patients obtained from the minimum P
value approach are shown in Supplementary Fig. $6. Asso-
ciations of DEPDC! expression with RFS and OS were
validated by quantitative RT-PCR analysis of 204 stages [
and II cases and also of 162 stage I cases (Supplementary
Fig. $3).

FOSL2 expression was associated with prognosis in 3 of the 7
cohorts, whereas MCM4, CD3004, and UBE2S expression was
associated in 1 cohort, respectively (Table 4).

Discussion

In this study, we attempted to characterize ALK-positive
adenocarcinomas and triple-negative adenocarcinomas by
genome-wide expression profiling. For this purpose, we select-
ed a set of genes that are not transcriptionally activated in any
EGFR-positive and KRAS-positive adenocarcinomas, and
cobtained 2 pieces of unique evidence. One is that ALK-positive
adenocarcinomas show unique expression profiles in compar-
ison with any other types of adenocarcinomas. The other is that
there is a group of patients with extremely poor prognosis
among triple-negative adenocarcinomas. This group, herein
designated as group A, of patients showed much worse prog-
noses than patients with EGFR, KRAS, or ALK mutations and

also than the other group, group B, of patients with triple-
negative adenocarcinomas.

ALK-positive adenocarcinomas are sensitive to ALK TKIs
with an overall response rate of 55% (8). Therefore, for the
clinical application of ALK-targeted therapy, it is indispens-
able to develop a simple and reliable method for detection of
ALK rearrangements in lung adenocarcinomas. Here, we
showed that ALK expression is exclusively high only in
ALK-positive adenocarcinomas and that several other genes,
including GRIN24, are overexpressed together with ALK
specifically in ALK-positive adenocarcinomas. Therefore,
GRIN2A can be a biomarker for detection of ALK-positive
adenocarcinomas. GRIN24 encodes an N-methyl-n-aspartate
(NMDA) receptor, which is a neurotransmitter-gated ion
channel involved in regulation of synaptic function in the
central nervous system (33). It was noted that the GRIN24
gene was recently reported to be frequently mutated in
melanoma (34). Therefore, although the biological signifi-
cance of GRIN2A upregulation in ALK-positive adenocarci-
nomas remains unclear, GRIN24 expression may play some
important role in the phenotype unique to ALK-positive
adenocarcinomas, Expression profiles unique to ALK-posi-
tive adenocarcinomas, shown here, will be also informative
to improve clinical detection of ALK rearrangements.

Group A cases were discriminated by expression profiling
of 9 genes among stage I-II cases who received complete
surgical resection of tumors. Therefore, this gene set will be
applicable as biomarkers to select lung adenocarcinoma
patients who will benefit from adjuvant therapy after sur-
gery, in particular to select them among patients with triple-
negative adenocarcinomas. For this reason, combined analyses
of this expression profiling with mutational analyses of the
EGFR, KRAS, and ALK genes will be appropriate to pick out
triple-negative adenocarcinoma patients with poor prognosis
from all the adenocarcinoma patients. Molecular targeting
drugs against triple-negative adenocarcinomas are not available
at present; therefore, genes upregulated in group A cases will
also be applicable as targets for therapy. DEPDCI was previously
identified as being upregulated in bladder cancer and breast
cancer (35-37). Because DEPDCI expression was hardly detect-
able in any normal tissues except testis, it has been considered as
a cancer/testis antigen and also as a promising target of
therapeutic drugs (35, 36). This study showed that DEPDCI is
preferentially expressed in triple-negative adenocarcinomas
with poor prognosis. In the PrognoScan database, DEPDCI
expression is shown to be positively associated with poor
prognosis in bladder cancer, multiple myeloma, breast cancer,
glioma, and melanoma. Therefore, DEPDCI could be a novel
target for diagnosis as well as therapy in various cancers,
including lung adenocarcinoma.

Identification of genetic alterations that occur specifically
in group A cases will be also of great importance for the
development of target therapy for stages 1 and II lung
adenocarcinoma patients with poor outcomes. Group A
cases include males and ever-smokers as a majority (Table
1) therefore, group A cases were likely to carry several
genetic alterations induced by tobacco carcinogens leading
to poor outcomes. Identification of genetic alterations in

www.aacrjournals.org

Cancer Res; 72(1) January 1, 2012

Downloaded from cancerres.aacrjournals.org on March 20, 2012
Copyright © 2012 American Association for Cancer Research

109



110

Published OnlineFirst November 11, 2011; DOI:10.1158/0008-5472.CAN-11-1403

Okayama et al.

group A adenocarcinomas will further facilitate the devel-
opment of targeted therapies for lung adenocarcinomas with
poor prognosis.
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