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Ligands Trigger ALK Inhibitor Resistance

may be an important mechanism inducing resistance to
molecular targeted drugs in oncogene-activated lung can-
cer cells. These findings suggest that targeting of receptor
ligands may result in more successful therapy in lung
cancer.
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The recent advent of whole exon (exome)-capture technology,
coupled with second-generation sequencers, has made it possible
to readily detect genomic alterations that affect encoded proteins
in cancer cells. Such target resequencing of the cancer genome,
however, fails to detect most clinically-relevant gene fusions,
given that such oncogenic fusion genes are often generated
through intron-to-intron ligation. To develop a resequencing plat-
form that simultaneously captures point mutations, insertions—
deletions (indels), and gene fusions in the cancer genome, we
chose ¢DNA as the input for target capture and extensive rese-
quencing, and we describe the versatility of such a cDNA-capture
system. As a test case, we constructed a custom target-capture sys-
tem for 913 cancer-related genes, and we purified cDNA fragments
for the target gene set from five cell lines of CML. Our target gene
set included Abelson murine leukemia viral oncogene homolog 1
(ABL1), but it did not include breakpoint cluster region (BCR); how-
ever, the sequence output faithfully detected reads spanning the
fusion points of these two genes in all cell lines, confirming the
ability of cDNA capture to detect gene fusions. Furthermore, com-
putational analysis of the sequence dataset successfully identified
non-synonymous mutations and indels, including those of tumor
protein p53 (7P53). Our data might thus support the feasibility of a
cDNA-capture system coupled with massively parallel sequencing
as a simple platform for the detection of a variety of anomalies
in protein-coding genes among hundreds of cancer specimens.
{Cancer Sci 2012; 103: 131-135)

C ancer is thought to result from various alterations of the
genome, including point mutationsi insertions—deletions
(indels), and genomic rearrangements.( ) Whereas compre-
hensive sequencing of the cancer genome, or ‘‘cancer genome
resequencing’’, is a promising approach to the identification of
such anomalies, and to provide a basis for the development of
effective treatment strategies for cancer, determination of the
nucleotide sequence of the entire human genome with conven-
tional Sanger sequencers remains a highly demanding task.
However, the recent advent of massively parallel sequencing
systems, or second-generation sequencers, has rendered such
projects manageable in private laboratories® and triggered the
formation of large-scale consortia, such as The Cancer Genome
Atlas and International Cancer Genome Consortium,® to under-
take cancer genome resequencing for hundreds of specimens.
Cancer genome resequencing with massively parallel sequencers
has already provided a wealth of information on genome-wide
mutation status for melanoma,” acute myeloid leukemia,®
hepatocellular carcinoma,( and other cancers.

Even with the current massively parallel sequencers, however,
the determination and compilation of the full genome sequence
for a given sample might still take almost 1 month. Comparison
of the cancer genome among many specimens thus remains
time-consuming and labor intensive. Anomalies in protein-cod-
ing genes likely play a major role in carcinogenesis. Given that
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exonic regions occupy only ~1.3% of the human genome,
sequencing such targeted regions would be expected to mark-
edly facilitate the discovery of proteins that are activated or
inactivated specifically in cancer cells. Indeed, target-capture
strategies, coupled with massively parallel sequencers, have
revealed important %zenetic changes in cancer,”’ as well as in
hereditary disorders.™

One important drawback of such target-capture approaches,
however, is their inability to detect gene fusions. Most cancer-
associated gene fusion events occur within introns (resulting in
exon-to-exon ligation in the corresponding mRNA), and exon
capture does not reveal breakage and ligation of intronic
regions. Recurrent gene fusions were once thought to be rare in
epithelial tumors compared with hematologic malignancies and
sarcomas;  ~ however, our recent discovery of the echinoderm
microtubule associated protein like-4 (EMLA4)-anaplastic lym-
phoma kinase (ALK) fusion gene in lung cancer and the dis-
covery by others of rearrangements in loci for the v-ets avian
erythroblastosis virus E26 oncogene homolog (ETS) family of
transcription factors in prostate cancer have led to a revision of
this notion.*"'? It would thus be desirable to develop a rese-
quencing platform that is able to capture, within a reasonable
timeframe, all gene fusions, point mutations, and indels in the
cancer genome. In pursuit of this goal, we have now examined
the efficacy of high-throughput sequencing of captured cDNA
for the identification of such cancer genome anomalies.

Materials and Methods

Cell lines. Cell lines established from the blast crisis stage of
CML, including MEG-01s, KCL-22-SR, K562, NCO2, and
KU812,%3 were obtained from the Japanese Collection of
Research Bioresources (Osaka, Japan) and were maintained in
RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS (Invitrogen). Total RNA was isolated
from each cell line with the use of an RNeasy mini kit (Qiagen,
Valencia, CA, USA) and was subjected to cDNA synthesis with
an oligo(dT) primer.

Gene expression profiling. The cDNA prepared from total
poly(A)-RNA of KCL-22-SR cells was subjected to hybridiza-
tion with the HGU95Av2 microarraal (Affymetrix, Santa Clara,
CA, USA), as described previously.?> The expression intensity
of each test gene on the array was normalized by the 50th per-
centile value.

cDNA-capture methods. RNA probes of 120 bases were
designed to cover (with a 60-base overlap) cDNA of 913 human
protein-coding genes (Table S1), and were synthesized by
Agilent Technologies (Santa Clara, CA, USA). During the
design of the probes, the Repeat Masker dataset (http://www.
repeatmasker.org) was used to remove probes corresponding to’

4To whom correspondence should be addressed. E-mail: hmano@jichi.ac.jp
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repetitive sequences in the human genome. Hybridization of
DNA fragments to the RNA probes was performed according
to the protocols recommended for the SureSelect Target
Enrichment system (Agilent). We also used the SureSelect
Human X Chromosome Demo kit (Agilent) to examine purifica-
tion efficiency. Purified DNA fragments were then subjected to
sequencing with a Genome Analyzer IIx (GAIIx; Illumina, San
Diego, CA, USA) for 76 bases from both ends by the paired-end
sequencing system.

Computational pipeline. Raw read data were quality filtered
on the basis of the presence of the Illumina adaptor sequences
and a Q-value of 220. The resulting read sequences were then
subjected to an in-house computational pipeline to identify vari-
ous mutations (Fig. S1). In brief, read sequences were matched
with the Bowtie algorithm"*® to the cDNA sequences of the 913
genes used to construct our custom-made SureSelect system.
The matched reads were then examined for the presence of non-
synonymous mutations and single nucleotide polymorphisms
(SNP) deposited in dbSNP (build 132, http://www.ncbi.nlm.nih.
gov/projects/SNP/index.html). The remaining reads were further
matched to the cDNA sequences with Burrows-Wheeler Aligner
(BWA) and Basic Local Alignment Search Tool (BLAST
algorithms to search for indels and multiple mutations.®”*
Candidates for non-synonymous mutations were identified only
when 220% of reads correspond to the mutations at positions
with 250 coverage.

For the selection of reads corresponding to possible fusion
c¢DNA, nucleotide sequences of 20 bp were obtained from both
ends of each read and were separately matched to RefSe
mRNA  (http://www.ncbi.nlm.nih.gov), KnownGeneMrna,"°
and the human genome sequence (GRCh37, http://www.ncbi.nlm.
nih.gov/projects/genome/assembly/grc/human/data/?build=37).
Reads were considered to be derived from fusion genes if the
ends of a given read matched to different genes within the
913-gene group, or one end matched to a single gene within
the 913-gene group and the other end matched to a sequence in
RefSeq, KnownGeneMrna, or the human genome sequence that
did not correspond to the 913 genes. Candidates for fusion genes
were identified only when four or more reads were mapped to
possible fusion points.

RT-PCR. To confirm the presence of an alternatively-spliced
mixed-lineage leukemia (MLL) mRNA, we subjected oligo(dT)-
primed cDNA of KU812 cells to PCR with the combination of
the F-1 primer (5-ACCTCGTGGGAGACCTAGAAGTGG-3")
and the R primer (5-AGTCATTGGAAGCTTGTCTGCCTG-3"),
or with the combination of the F-2 primer (5-CCTGTGGGTA-
GGGTTTCCAAAGAG-3') and the R primer.

Results

Efficiency of ¢cDNA-capture sequencing. Paired-end sequenc-
ing of target-captured cDNA was briefly described in a previous
study;®® however, how the efficiency of target purification with
c¢DNA compares with that with genomic DNA remains unclear.
We therefore attempted to optimize the conditions for cDNA
purification with the SureSelect system. Oligo(dT)-primed
c¢DNA of KCL-22-SR cells were fragmented to a mean size of
500 or 200 bp and then subjected to purification with the use of
the SureSelect Human X Chromosome Demo kit, which is
designed to capture genomic sequences derived from the human
X chromosome. Genomic DNA of KCL-22-SR cells was simi-
larly processed and hybridized with the X Chromosome Demo
kit. The purified fragments at either 4 or 8 pM were then
sequenced by the GAIIx system.

The X chromosome-mapped ¢cDNA reads occupied 62.1%,
81.6%, 62.4%, and 82.2% of quality filter-passed reads for the
experiments with 4 pM of 500-bp fragments, 4 pM of 200-bp
fragments, 8 pM of 500-bp fragments, and 8 pM of 200-bp frag-
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ments, respectively (Fig. 1). Thus, these results suggested that
the shorter cDNA fragments were captured more efficiently than
the longer ones. Furthermore, the purification efficiency for
genomic DNA fragments was not higher than that for cDNA,
irrespective of DNA concentration and fragmentation size
(Fig. 1), supporting the feasibility of cDNA-capture approaches.

The ability to detect breakpoint cluster region (BCR)-Abelson
murine leukemia viral oncogene homolog 1 (ABLI) fusion reads
was reduced for the cDNA sheared to ~200 bp compared with
that for those of ~500 bp (see below). The former cDNA
detected 83.7% or 76% of the fusion reads detected by the latter
cDNA at input concentrations of 4 and 8 pM, respectively. This
result is in line with our computational bootstrap trial
(n = 10 000) showing that the number of randomly-fragmented,
200-bp reads encompassing the BCR-ABLI fusion point is ~2.5
times higher than that of 500-bp reads (data not shown). How-
ever, given that the total number of high-quality reads was much
higher in the data for the 200-bp ¢cDNA than in those for the
500-bp ¢cDNA (Fig. 1), we chose to use 8 pM of cDNA with a
mean size of 200 bp for further experiments.

Custom ¢DNA-capture system. We also tested whether exten-
sive sequencing of cDNA generated from total poly(A)-RNA
(unselected cDNA) might serve to identify gene fusions, point
mutations, and indels. For this purpose, unselected cDNA were
prepared from KCL22-SR cells, and subjected to GAlIx sequenc-
ing, yielding 34.1 million reads, which mapped to 36 128 RefSeq
entries (data not shown). The distribution of read number per
transcript in the data is shown in Figure 2a. Among the 36 128
entries, only 200 (0.55%) accounted for ~20% of total reads, and
4.55% accounted for ~50% of reads. Thus, as expected, rese-
quencing data for unselected cDNA consist mostly of reads cor-
responding to a limited number of highly-abundant transcripts.

Read number (10%)
0 8

1g X chromosaome/

Q=20
cDNA-500 B2.1%
oDNA-200 81.6%

CONA-500 B2.4%
cEMA-200" 82.2%
Genome-500 56,1%
Genoma-500~ 55.9%
Genome-200 75.2%

B Rawreads B Q=20
B8 X chromosome mapped

Fig. 1. Comparison of capture efficiency between cDNA and genomic
DNA. Genomic DNA or ¢cDNA of KCL-22-SR cells was fragmented to a
mean size of 200 or 500 bp, and then subjected to purification with
the SureSelect Human X Chromosome Demo kit, followed by GAlix

‘sequencing at a concentration of 4 or 8 pM (the latter indicated by an

asterisk). Numbers of raw reads, reads with a Q-value of 220 (Q = 20),
and reads mapped to the human X chromosome are shown for each
experiment. Percentage of X chromosome-mapped reads among the
reads with a Q-value of >20 is shown on the right.
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Fig. 2. Capture of a selected set of cDNA. (a) Read
number for each gene was calculated from the
sequencing data for the unselected ¢cDNA of KCL-
22-5R cells. Genes were sorted according to their
read number. A small number of genes accounted
for most of the sequence reads. (b) Functional
annotation for the encoded proteins of our target
¢DNA (n = 913). (c) Read number per nucleotide for
each captured ¢DNA in KCL-22-SR cells is compared
with the expression intensity (arbitrary units) of
the same ¢DNA examined with an HGU95Av2
microarray. Pearson’s correlation coefficient (r) for
the comparison is also demonstrated.

We therefore attempted to construct a custom SureSelect sys-
tem to capture cDNA for cancer-related genes. For this purpose,
we selected 913 genes that yielded 56 892 hybridization probes
corresponding to ~3.77 Mbp of total capture capacity. The tar-
get genes encoded human protein kinases (all members in the
human genome), transcription regulators, phosphatases, and
other proteins (Fig. 2b; Table S1).

“To compare the information provided by the sequence data
from unselected and captured cDNA, we purified target cDNA
from KCL-22-SR cells with the use of our custom SureSelect
system, and determined their nucleotide sequences with GAIIx.
A comparable amount of filter-passed reads (39.2 million) to
that of unselected cDNA were thus obtained. We found that
88% of the captured cDNA were mapped to the target genes in
our SureSelect system, while only 6.6% of the unselected cDNA
were mapped to the 913 targets (data not shown). The read num-
ber obtained for each gene in the captured cDNA dataset is
shown in Figure S2, with the distribution being markedly differ-
_ ent from that obtained by sequencing of the unselected cDNA
(Fig. 2a). As expected, the read number per nucleotide in each
c¢DNA for the captured dataset was highly correlated to the
expression intensity of the same gene quantified with the
HGU95Av2 GeneChip expression array (Pearson’s correlation
coefficient = 0.770, P < 2.2 x 107%%) (Fig. 2¢).

We further isolated target cDNA from other CML cell lines,
including K562, KU812, MEG-01s, and NCO2, and the purified
cDNA fragments were subjected to GAIIx sequencing. As in the
case for KCL-22-SR, 86-88% of the obtained reads were suc-
cessfully mapped to the target cDNA in each cell line (Table S2).

Screening of fusion ¢DNA. Our target set of 913 genes did not
include BCR, but it did contain ABLI. Thus, if we were able to
isolate sequence reads encompassing the fusion point of BCR~
ABLI, ¢cDNA-capture approaches for a given gene set would
likely be able to detect gene fusions to unknown partners. In
fact, we detected 45 sequence reads for KCL-22-SR cells that
covered the BCR-ABLI fusion point (Fig. 3a). Likewise, the
sequence datasets for K562, KU812, MEG-01s, and NCO2 cells

Ueno et al.

contained 53, 8, 11, and 10 such fusion reads, respectively (data
not shown). Furthermore, our sequence data faithfully recapitu-
lated two variants of BCR-ABLI ¢DNA in these cell lines; a
fusion variant between exon 13 of BCR and exon 2 of ABLI
was detected in KCL-22-SR, MEG-01s, and NCO2 cells,
whereas a fusion variant between exon 14 of BCR and exon 2 of
ABLI was detected in K562 and KU812 cells.*"?

In addition to BCR-ABLI, we identified 72 independent can-
didates for fusion cDNA (including fusions to non-coding RNA)
from the CML cell lines. Surprisingly, however, the screening
of fusion genes among the unselected cDNA of KCL-22-SR
with our rather non-stringent threshold (=4 reads mapped to a
candidate fusion point) failed to isolate BCR-ABLI cDNA. We
could not even detect any fusion candidates (involving one of
our target genes in either or both ends of fusion events) from this
dataset, while a total of nine candidates (including BCR-ABLI)
were isolated from the captured cDNA of the same cell line.

Our Bowtie mapping of both ends of each read to human
mRNA or genome databases (Fig. S1) resulted in the detection
of not only BCR-ABLI fusions, but also a large number of alter-
natively-spliced messages. From the captured cDNA of KCL-
22-SR, for instance, we could detect 79 alternatively-spliced
transcripts for 72 independent genes (data not shown). In con-
trast, from the unselected cDNA of the same cell line, only three
independent, alternatively-spliced transcripts were identified
among three genes within the 913 targets.

One such example of alternatively-spliced message was MLL
(ensemble accession no.: ENST00000389506) in KU812, MEG-
01s, and K562 cells. In addition to a set of reads that completely
matched exon 3 of MLL, we obtained reads that lacked an inter-
nal 2193-bp sequence in exon 3 (Fig. 3b). Such in-frame trunca-
tion would be expected to generate an MLL protein lacking
amino acids 276-1006 of the wild-type protein. To confirm the
presence of such transcripts, we performed RT-PCR analysis
with total RNA from KU812 cells, and PCR primers designed as
in Figure 3b. The combination of the F-1 and R primers would
be expected to yield both the wild-type (2536 bp) and truncated
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(343 bp) products, whereas that of the F-2 and R primers would
yield only the wild-type product of 339 bp. Gel electrophoresis
of the RT-PCR products confirmed the presence of the truncated
mRNA (Fig. 3¢). Given that the donor and acceptor sites for this
alternative splicing harbor the consensus sequences for mRNA
splicing (Fig. 3b), some CML cells likely make use of such
cryptic splicing sites after MLL transcription.

Other variants. From the captured cDNA for KCL-22-SR,
NCO2, MEG-01s, K562, and KU812 cells, we detected 156, 18,
28, 23, and 21 non-synonymous mutations among the 913 target
genes, respectively. An analysis of the unselected cDNA from
KCL-22-SR, however, identified only 19 mutations within the
target genes, 16 of which were discovered in the captured cDNA
as well. Comparison of the read sequences from the unselected
KCL-22-SR cDNA to all RefSeq exonic sequences discovered a
total of 597 non-synonymous mutations.

Furthermore, 19, eight, four, 11, and two indels were detected
with the captured cDNA of KCL-22-SR, NCO2, MEG-0ls,
K562, and KU812, respectively. Most of the detected indels
were only 1 bp in length, whereas the others were either 2 or
3 bp (Fig. S3). Detailed analysis of these nucleotide changes
will be described elsewhere (Toshihide Ueno and Yoshihiro
Yamashita, personal communication).

One of the most frequent genetic changes in the blast crisis of
CML is point mutation or loss (or both) of 7P53. @Y Indeed, our
sequence data for this gene revealed non-synonymous point
mutations in NCO2 and KU812 cells, a 1-bp insertion in K562
cells, a 1-bp deletion in KCL-22-SR cells, and a 3-bp deletion in
MEG-01s cells (Fig. 4; Fig. S4; Table S3), all of which were
confirmed by Sanger sequencing (data not shown). In NCO2
cells, for instance, 100% of TP53 reads harbored a G-to-C sub-
stitution at nucleotide position 993 of TP53 mRNA (GenBank
accession no.: NM_000546), resulting in a glycine-to-arginine
amino acid change (Fig. 4a). The data were also indicative of
loss of heterozygosity for TP53 in NCO2 cells. Similarly, 75%
or 78% of TP53 reads contained a C insertion or a CAC deletion
in K562 (Fig. 4b) or MEG-01s (Fig. S4) cells, respectively.

Discussion

We have shown that a cDNA-~capture system, coupled with mas-
sively parallel sequencing, is a feasible and relatively simple
approach to the simultaneous detection of point mutations,
indels, and gene fusions in target cDNA. There are, however,

134

Fig. 3. Detection of gene fusions and alternative
mRNA splicing in CML cells. (a) Our computational
pipeline yielded 45 reads for KCL-22-SR cells
that encompassed the fusion point of breakpoint
cluster region (BCR)-Abelson murine leukemia viral
oncogene homolog 1 (ABLT) cDNA, some of which
are shown aligned. Reads in the sense or antisense
strand are designated in black and blue letters,
respectively, and the BCR and ABL7 portions of
the sequences are shaded differentially. (b) Some of
the reads that mapped to exon 3 of mixed-lineage
leukemia (MLL) skipped a 2193-bp region within
this exon. Nucleotide sequences of the cryptic
splicing sites are shown, as are the positions of PCR
primers used to confirm the alternative splicing.
() Gel electrophoresis of the RT-PCR products
obtained with total RNA isolated from KU812 cells
and with either the F-1 and R primer pair or the F-2
and R primer pair. A 1-kb ladder of DNA size
markers was also included.
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Fig. 4. Anomalies in TP53 in CML cell lines. (a) Read sequences for
NCO2 cells are shown aligned with the reference nucleotide and
predicted amino acid sequences (red letters) for TP53, revealing a G-
to-C substitution in all the reads. Sense or antisense strands are
denoted in black and blue letters, respectively. (b) Alignment of the
read sequences for K562 cells with the cDNA sequence of TP53 as in
(a), revealing a C insertion.

both advantages and disadvantages of this technique compared
with the conventional exon-capture system for genomic DNA.

The ability to detect gene fusions, in addition to other muta-
tions with a single sequencing reaction, is one of the most
important benefits of the cDNA-capture approach. Furthermore,
the efficiency of exon capture with genomic DNA is dependent
on the sequence context of each exon. The mean exon size for
the human genome is only <200 bp, and the efficiency of exon
punﬁcatlon 1s markedly affected by GC content and sequence
complexity.®? In contrast, even exons with a high GC content
might be well isolated by the cDNA-capture system if adjacent
exons have a normal GC content and are efficiently targeted by
hybridization ?robes

Levin et al.®® conducted deep sequencing of captured cDNA
for K562 cells, and identified five candidates for fusion genes in
addition to BCR-ABLI. However, we could not detect any of
the five candidates through our analysis with K562, probably
because our 913 target genes did not contain those involved in
the gene fusions in their report, other than nascent polypeptide-
associated complex alpha subunit (NACA). While Levin et al.
discovered primase, DNA, polypeptide 1 (PRIMI)-NACA fusion
transcripts, the low expression level of PRIM]—NACA m K562
(only 2.5% of that of BCR-ABLI in their dataset)®® might
account for the failure in our analysis.

doi: 10.1111/5.1349-7006.2011.02105.
© 2011 Japanese Cancer Association



However, for experiments based on capture of genomic DNA,
sequencing a paired normal specimen allows the efficient sub-
traction of rare SNP not present in the current databases from
the dataset of cancer tissue. This is not always the case, how-
ever, for the cDNA-capture approach, given that gene expres-
sion profiles differ markedly among samples (even among those
obtained from the same individual). Genes with sequence altera-
tions in the cancer specimen might not be expressed in a given
normal specimen, and it is not possible to readily determine
whether such alterations are germ-line polymorphisms, while
algorithms to predict the effect on protein functions for a given
amino acid change are currently available® and synonymous-
to-non-synonymous ratio of nucleotide alterations for a given
gene/dataset might provide clues as to how such changes are
selected in tumor cells.¢

In addition, the cDNA-capture system cannot obtain a suffi-
cient number of reads for genes expressed at a low level, and the
overall sensitivity of cDNA capture is dependent on the total
read number provided by sequencers. We are able to run only
two samples per flow cell of the GAIIx system, whereas up to
eight samples can be run in a single flow cell for whole exome
sequencing of human genomic DNA.

Despite such limitations, our study shows that cDNA capture
is an efficient process, and extensive sequencing of such purified
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Introduction

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase
that was discovered in anaplastic large-cell lymphoma (ALCL) in
the form of a fusion protein, NPM-ALK [1,2]. The formation of a
fusion protein with a partner through chromosomal translocations
is the most common mechanism of ALK overexpression and ALK
kinase domain activation. Recent promising results of clinical trials
with an ALK inhibitor, crizotinib, have changed the significance
of ALK fusions in lung cancer [3,4,5,6], inflammatory myofibro-
blastic tumors (IMTs) [7], and ALCL [8]. ALK fusions are no
longer mere research targets or diagnostic markers and are now
directly linked to the therapeutic benefit of patients.

In lung cancer, 3 fusion partners of ALK have been reported—
EML4, TFG, and KIF5B—although the presence of TFG-ALK in
lung cancer has not yet been proven with histopathological
evidence [9,10,11]. In addition to lung cancer, ALK has further
been found to generate fusions in ALCL (fused to NPM, TPM3,
TPM4, ATIC, TFG, CLTC, MSN, MYHY, or ALOI17)
[1,2,12,13,14,15,16,17,18,19], IMT (TPM3, TPM4, CLTC,
CARS, RANBP2, ATIC, or SEC3IA) [19,20,21,22,23,24],
ALK-positive large B-cell lymphoma (CLTC, NPM, SEC3IA,

@ PLoS ONE | www.plosone.org

or SQSTMI) [25,26,27,28], and renal cancer (VCL, TPM3 or
EML4) (Table 1) [29,30]. In addition to TFG-ALK in lung cancer,
some ALK fusions have been reported without histopathological
evidence: TPM4-ALK in esophageal squamous cell carcinoma
[31,32] and EMIL4-ALK in colon and breast carcinomas [33].
Ant-ALK immunohistochemistry played an important role in
identifying these ALK fusion partners. Several ALK fusions exhibit
a characteristic staining pattern in anti-ALK immunohistochemistry
because the subcellular localization of ALK fusion proteins depends

-on the fusion partner. For example, NPM-ALK, which is the most

common fusion in ALK-positive ALCL (85%), exhibits a nuclear
and cytoplasmic staining pattern because the heterodimer of NPM
and NPM-ALK localizes in the nucleus and the homodimer of
NPM-ALK in the cytoplasm; CLTC-ALK exhibits a cytoplasmic
granular pattern because it localizes in the small vesicles. If a tumor
exhibits an unrecognized anti-ALK staining pattern, the patient
may have a novel fusion partner. In addition to the difference in
subcellular localization, the difference in staining intensity is a key to
identifying novel partners. EML4-ALK is hardly stained by
conventional anti-ALK immunchistochemistry [11,34]. To over-
come this limitation, we developed the intercalated antibody-
enhanced polymer (AEP) method, which moderately increases
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Table 1. ALK fusion partners.

KLC1-ALK in Lung Cancer

Partner Locus

Reported year

1999 PM3 1p23 +
2000 ATIC 2q35 +
2001 CLic 17q23 +
2002 ALO17 17q25.3 +
2003 RANBP2 2q13

2006 SEC31A 441

2009 KIF58

10p11:22

2011 PPFIBP1 12p11

Present study KLC1

14g32.1

ALK+ALCL

ALK+LBCL IMT NSCLC RCC

+

NSCLC, non-smali cell lung carcinoma; RCC, renal cell carcinoma.
doi:10.1371/journal.pone.0031323.t001

sensitivity in the immunohistochemical detection system, and
EMIL4-ALK was consistently stained with this method [11]. This
indicated that a tumor that is positively immunostained for ALK
only by a sensitive immunohistochemistry method but not by
conventional methods may harbor a novel ALK fusion. Based on
this hypothesis, we successfully identified PPFIBP1-ALK in 2 IMT
cases that were positive in anti-ALK immunohistochemistry only
when stained by the iAEP method [35].

Anti-ALK immunohistochemistry may thus be useful to detect
candidate tumors for a novel ALK fusion. However, to identify the
fusion partner, other molecular techniques are usually required
such as 5'-rapid amplification of cDNA ends (5'-RACE) or inverse
reverse-transcription polymerase chain reaction (RT-PCR). To the
best of our knowledge, no novel oncogenic fusions have been
discovered using formalin-fixed paraffin-embedded (FFPE) tissues
only because nucleic acids extracted from FFPE tissues are
severely degraded during the fixation process. In the present study,
we developed a 5'-RACE method optimized for ALK fusion
partner detection that was applicable to FFPE tissues and
identified a novel fusion, kinesin light chain 1 (KLC1)-ALK, in
lung cancer by using only an FFPE tissue.

Methods

Materials

A FFPE tissue block of pulmonary adenocarcinoma in situ,
nonmucinous (formerly called bronchioloalveolar carcinoma) {36],
which was excised from a 47-year-old female patient was used [37].
This carcinoma was negative for EML4-ALK and KIF5B-ALK,
although the presence of ALK rearrangement was confirmed by anti-
ALK AEP immunohistochemistry and a split fluorescence in situ
hybridization (FISH) assay for ALK (hereafter referred to as the
unknown ALK fusion-positive case) (Figure 1) [37]. Two FFPE tissue
blocks of ALK-positive tumor cases were also employed, for which

@ PLoS ONE | www.plosone.org

*Histopathological evidence is lacking. Abbreviations: ALCL, anaplastic large cell lymphoma; LBCL, large B-cell lymphoma; IMT, inflammatory myofibroblastic tumor;

the presence of EMI4-ALK or KIF5B-ALK had already been
confirmed. Total RNA was extracted from each FFPE tissue with the
use of the RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE
(Applied Biosystems Japan, Tokyo, Japan). The ages of the 3 FFPE
blocks used (time from FFPE tissue production to RNA extraction)
were 65, 40, and 51 months for the unknown ALK fusion-positive
case, EMI4-ALK, and KIF5B-ALK, respectively. Written informed
consent was obtained from each patient. The study was approved by
the institutional review board of the Shizuoka Cancer Center
(approval ID 22-J132-22-1) and the Japanese Foundation for Gancer
Research (approval ID 2010-1011).

Modified 5'-RACE for ALK fusions applicable to FFPE
tissues

5-RACE was performed with the SMARTer RACE cDNA
Amplification Kit (Clontech) according to the manufacturer’s
instruction with minor modifications. In brief, instead of the
primers included in the kit, ALK-3242R (5'-CTCAGCTTG-
TACTCAGGGC-3") was used for cDNA synthesis. The cDNA
was subjected to 5'-RACE PCR using PrimeSTAR HS DNA
Polymerase (T'aKaRa) and the following primers: Universal
Primer A Mix of the kit and ALK-3206R (5’-ATGGCTTG-
CAGCTCCTGGTGCTT-3"). The PCR condition consisted of
5 cycles at 94°C for 30 s and 72°C for 3 min; 5 cycles at 94°C for
30 s, 70°C for 30 s, and 72°C for 3 min; and 30 cycles at 94°C for
30 s, 68°C for 30 s, and 72°C for 3 min.

FISH

FISH analysis of fusion genes was performed with DNA probes
for KLC1 and ALK. Unstained sections (4-um thick) were
subjected to hybridization with an ALK-split probe set (Dako,
Tokyo, Japan) or with bacterial artificial chromosome (BAC)
clone-derived probes for ALK (RP11-984121 and RP11-62B19)
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KLC1-ALK in Lung Cancer

Figure 1. ALK-rearranged lung adenocarcinoma without EML4A-ALK and KIF5B-ALK. Panel A shows the results of anti-ALK
immunohistochemistry with the IAEP method on pulmonary adenocarcinoma in situ, nonmucinous. The staining pattern was diffusely cytoplasmic.
The basal side of tumor cells was more strongly stained, indicating an uneven subcellular localization of KLC1-ALK protein. FISH analyses revealed
that this case was positive in the split assay for ALK (Panel B: individual 5'- and 3'-signals are observed) and negative in EML4-ALK and KIF5B-ALK
fusion assays (Panel C: EML4, red; ALK, green; Panel D: KIF58, green; ALK, red).

doi:10.1371/journal.pone.0031323.g001

and KLC1 (RP11-186F6). Hybridized slides were then stained
with DAPI and examined using a BX51 fluorescence microscope

(Olympus, Tokyo, Japan).

Synthesis of the putative cDNA of KLCT-ALK

Two independent PCRs were performed using cDNA synthesized
from a tumor tissue expressing KIF5B-ALK with the following
primer sets: KLC1-Nhel-M (5'-GCGCTAGCGAATGTATGAC-
AACATGTCCAC-3") and KLCI-bpR (5'-GTGCTTCCGGCGG-
TACACATCTACAGAACCAAACTGC-3"), and ALK-bpF (5'-G-
GGAGTTTGGTTCTGTAGATGTGTACCGCCGGAAGC-3")
and ALK-EcoRI (5'-GATAGAATTCTCAGGGCCCAGGCT-3').
Then, the second PCR was performed using a 1/100 dilution of a
mixture of the first PCR products as a template with the KL.C1-Nhel-
M and ALK-EcoRI primers (Figure 2).

Transformation assay for KLCT-ALK

Analysis of the transforming activity of kinase fusions was
performed as described previously [9,38,39]. A pMXS-based
expression plasmid for each fusion was used to generate
recombinant ecotropic retroviruses [40], which were then used
individually to infect mouse 3T3 fibroblasts. The formation of
transformed foci was evaluated after culturing the cells for 4 days.
The same set of 3T'3 cells was injected subcutaneously into nu/nu
mice, and tumor formation was examined after 14 days. The
animal experiments were approved by the animal ethics
committee of Jichi Medical University (approval ID 1135).

Results

Identification of KLCT-ALK as a novel ALK fusion gene
Our modified 5'-RACE faithfully isolated cDNA fragments for
EMIL4-ALK or KIF5B-ALK from known ALK- positive tumors

@ PLoS ONE | www.plosone.org

(Supplementary Figure SIA and B). We then attempted to isolate
cDNA fragments encompassing the fusion points from the
unknown ALK fusion-positive case. Nucleotide sequencing of
such 5'-RACE products revealed that 2 of 10 clones contained the
3'-terminus of exon 9 of KLCI (ENST00000348520) fused to the
first nucleotide of exon 20 of ALK (ENST00000389048), indicating
the presence of a novel fusion between KLCI and ALK. As this
rearrangement constituted an in-frame fusion between the 2 genes,
the full-length KLCI-ALK cDNA probably produces a protein of
984 amino acids containing an amino-terminal two-thirds of
KLC1 and an intracellular region of ALK (Figure 3A). RT-PCR-
mediated isolation of a fusion point successfully confirmed the in-
frame fusion between the 2 messages (Figure 3A and B). Further,
to confirm the genomic rearrangement responsible for the fusion,
a fusion FISH assay was performed (Figure 3C). These results were
consistent with the presence of (2;14)(p23;932.3), leading to the
generation of KLCI-ALK.

Transforming potential of KLCT-ALK

The putative full-length cDNA of KLCI-ALK was synthesized
from the frozen tissue with KIF5B-ALK fusion expression
(Figure 2, Supplementary Figure S2), and was used to generate
a recombinant retrovirus expressing the fusion protein with an
amino-terminal FLAG epitope tag. Infection of 3T3 cells with the
virus expressing KLC1-ALK readily produced multiple trans-
formed foci in culture and subcutaneous tumors in a nude mouse
tumorigenicity assay (Figure 4), confirming the potent transform-
ing ability of KLC1-ALK.

Discussion

Here, by analyzing the FFPE tissues only, we successfully
discovered a novel ALK fusion, KLC1-ALK. While snap-frozen
materials sampled from biopsied or surgically removed specimens
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Figure 2. Synthesis of the putative KLC1-ALK full-length cDNA. Two first-round PCRs were performed separately using cDNA synthesized

" from a tumor tissue expressing KIFSB-ALK with the following primer sets: KLC1-Nhel-M and KLC1-bpR, and ALK-bpF and ALK-EcoR! KLC1-bpR and
ALK-bpF had sequences downstream of the ALK break point (exon 20) and upstream of the KLC1 break point (exon 9) as adopter sequences,
respectively. Then, the second PCR was performed using a 1/100 dilution of the mixture of the first PCR products as a template with primers KLC1-
Nhel-M and ALK-EcoRl. The first PCR products were annealed, extended with each other, and then amplified with the primers.

doi:10.1371/journal.pone.0031323.g002

can be used for various types of molecular analyses, they are not
routinely sampled in most clinical settings. In contrast, FFPE
specimens are usually produced, and histopathology diagnostic
archives are an extremely large resource of FFPE tissues in
ordinary diagnostic pathology laboratories. However, DNA and
RNA extracted from FFPE tissues are severely degraded during
formalin fixation and are usually not suitable for assays that need
long: DNA/RNA of high quality. Recent technical advances have
allowed some analyses for known point mutations and known
fusion genes, but it is still difficult to identify an unrecognized gene
aberration using only an FFPE tissue.

In most ALK fusions, the break point of ALK is located within
intron 19, and the fusion point in mRNA is typically the first
nucleotide of exon 20. Therefore, if the primers for 5'-RACE are
placed immediately downstream of the first nucleotide of ALK
exon 20, such 5'-RACE may successfully isolate PCR products
containing the partner gene sequence even using FFPE tissues.
Based on this hypothesis, we established a 5'-RACE system for
ALK fusions optimized for FFPE tissues. With this system, we
identified a novel ALK fusion, KLCI-ALK. To the best of our
knowledge, this is the first novel oncogenic fusion identified using
only an FFPE tissue.

Caution, however, is needed. In some rare cases with ALK
fusion, the break point of ALK fusion mRINA may not be at the 5'-
end of exon 20. For example, in variant 4 of EML4-ALK, exon 14
of EML4 is fused to an unknown sequence of 11 bp, which in turn
is connected to nucleotide 50 of ALK exon 20 (El4;in-

@ PLoS ONE | www.plosone.org

s11;del49A20) [38]. Our 5-RACE system would not work on
such a case because the reverse primer ALK-3206R corresponds
to nucleotides 12—34 of ALK exon 20. Therefore, if our modified
5'-RACE fails to isolate fusion cDNAs from cases with a
confirmed ALK rearrangement, other primer settings may be
attempted.

Kinesin is a heterotetramer of 2 kinesin heavy chains and 2
kinesin light chains, and it moves on the microtubules towards
their plus ends carrying various cargos. The heavy chains harbor
the motor activity, whereas the light chains play roles in cargo
binding and in modulating the activity and subcellular localization
of the heavy chains. KLC1 binds to the kinesin heavy chains with
an N-terminal domain and to various cargos via the tetratricopep-
tide repeat domains [41,42]. Of the 3 histopathologically
confirmed ALK fusion partners in lung cancer, EML4 colocalizes
with microtubules and may contribute to the stabilization of
microtubules [43], KIF5B moves on the microtubules as a kinesin
heavy chain {44], and KL.C1 binds to kinesin heavy chains as a
kinesin light chain. Therefore, it is interesting that all the 3 ALK
fusions in lung cancer are likely to colocalize with microtubules.

The most frequent ALK fusion in lung cancer is EML4-ALK
(4-7%) [9,38], and the second is KIF5B-ALK (0.5%) {11]. One
case with TFG-ALK is reported [10]. KLC1-ALK may be rare
but exists in lung adenocarcinoma, and the patients with this
fusion are highly likely to benefit from ALK inhibitor therapy as
do patients with other ALK fusions. The incidence may be low,
but the significance of this fusion is very high from the perspective
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Figure 3. Identification of KLC1-ALK. Panel A shows the schematic structure of KLC1, ALK, and KLC1-ALK proteins and the <cDNA sequence
around the fusion point. Dark blue, orange, and red parts represent coiled-coil, transmembrane, and kinase domains, respectively. The break point
exons and the number of amino acids are indicated. KLC1-ALK-specific RT-PCR using RNA extracted from the FFPE tissue of the unknown ALK fusion-
positive case amplified a fragment of the expected product size (140 bp, Panel B) with the consistent fusion sequence (Panel A). A fusion FISH assay
for KLCT-ALK revealed a fusion signal (yellow) in multiple tumor cells (Panel C). M, marker (100-bp ladder); S, sample (the unknown ALK fusion-positive

case); N, no template control.
doi:10.1371/journal.pone.0031323.g003

of a tailor-made therapeutic option for the patient. Another
important point is that KLC1-ALK was found in adenocarcinoma
in situ, nonmucinous (formerly called bronchioloalveolar carcino-
ma, BAC). BAC is recognized to rarely harbor ALK fusions,
although a small number of BAC cases has been examined for
ALK fusion compared with invasive adenocarcinoma. It would be

Mock KLC1-ALK

E

ML4-ALK
&

373

Nude mice

Tumors/injections 0/8 8/8 4/4

Figure 4. Transforming potential of KLC1-ALK. Upper panels:
Mouse 3T3 fibroblasts were infected with retroviruses encoding KLC1-
ALK or EML4-ALK or with the corresponding empty virus (Mock). The
cells were photographed after 4 days of culture. Scale bar, 1 mm. Lower
panels: Nude mice were injected subcutaneously with the correspond-
ing 3T3 cells, and tumor formation was examined after 14 days. The
number of tumors formed per injections is indicated at the bottom.
doi:10.1371/journal.pone.0031323.g004

@ PLoS ONE | www.plosone.org

interesting from a pathobiological perspective to examine a large-
scale cohort of BAC and other premalignant conditions for ALK
fusion.

There are 3 methods for the detection of ALK fusions: RT-
PCR, ALK split FISH, and high-sensitivity anti-ALK immuno-
histochemistry. For RT-PCR, the 5’ partner gene must be known.
Our findings in this study identified one more partner gene that
should be targeted in ALK-fusion detection using RT-PCR in lung
cancer. The other 2 methods can detect all ALK fusions regardless
of fusion partner and, therefore, are suitable for ALK-fusion
screening. In other words, these 2 methods cannot identify the
fusion partner and need to be succeeded by partner-specific RT-
PCR and/or fusion FISH for this purpose. If it is revealed that the
partner gene in the tested case is unknown, a novel partner gene is
highly likely to be discovered, as was shown in the present study.
In fact, using high-sensitivity anti-ALK immunohistochemistry
(IAEP method) as screening, we have identified several novel ALK
fusions in various types of cancers including lung adenocarcinoma
[11], lymphoma [28], sarcoma [35], and renal cell carcinoma
[30].

Many efficient tools have been established for the detection of
ALK fusion-positive cases using FFPE tissues, including anti-ALK
immunohistochemistry and FISH. Our findings will further
expand the potential value of archival FFPE tissues and provide
further biological and clinical insights into ALK-positive cancers in
the forthcoming era of ALK inhibitor therapy.
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Supporting Information

Figure S1 5'-RACE products using FFPE tissues. Our
modified 5-RACE faithfully isolated cDNA fragments for EML4-
ALK (A) or KIF5B-ALK (B) from known ALK- positive tumors.

(TIF)
Figure §2 Putative cDNA sequence of KLC1-ALK. The

putative full-length cDNA of KLCI-ALK was synthesized from the
frozen tissue with KIF5B-ALK fusion expression.

(PDF)
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RET, ROSl and ALK fusions in
lung cancer

Kengo Takeuchi2, Manabu Soda?, Yuki Togashil:2,

Ritsuro Suzuki?, Seiji Sakatal, Satoko Hatano!, Reimi Asakal?,
Wakako Hamanaka?, Hironori Ninomiya?, Hirofumi Uehara3,
Young Lim Choi®, Yukitoshi Satoh>7, Sakae Okumura®,

Ken Nakagawa®, Hiroyuki Mano>® & Yuichi Ishikawa?

Through an integrated molecular- and histopathology-based
screening system, we performed a screening for fusions of
anaplastic lymphoma kinase (ALK) and c-ros oncogene 1,
receptor tyrosine kinase (ROS1) in 1,529 lung cancers and
identified 44 ALK-fusion—positive and 13 ROS 1-fusion—positive
adenocarcinomas, including for unidentified fusion partners
for ROS1. In addition, we discovered previously unidentified
kinase fusions that may be promising for molecular-targeted
therapy, kinesin family member 5B (KIF5B)-ret proto-oncogene
(RET) and coiled-coil domain containing 6 (CCDC6)-RET,

in 14 adenocarcinomas. A multivariate analysis of 1,116
adenocarcinomas containing these 71 kinase-fusion-positive
adenocarcinomas identified four independent factors that are
indicators of poor prognosis: age >50 years, male sex, high
pathological stage and negative kinase-fusion status.

Echinoderm microtubule associated protein like 4 (EML4)-ALK was the
first targetable fusion oncokinase to be identified in non-small cell
lung cancer (NSCLC). This fusion is found in approximately 4-6%
of lung adenocarcinomas®3. ROS1 is another receptor tyrosine kinase
that forms fusions in NSCLC*. Solute carrier family 34 (sodium
phosphate), member 2 (SLC34A2)-ROS1 and CD74 molecule, major
histocompatibility complex, class II invariant chain (CD74)-ROS1
were identified in 1 out of 41 NSCLC cell lines and 1 out of 150 lung
cancer samples, respectively*. However, the oncogenic ability of these
ROS1 fusion proteins and the incidence of ROS1 fusions in lung
cancers are still unclear.

We screened for known and unknown kinase fusions in lung
cancers using a histopathology-based system with tissue microar-
rays of 1,528 surgically removed tissues (Supplementary Methods
and Supplementary Appendix). Immunohistochemistry of anti-
bodies to ALK using the intercalated antibody-enhanced polymer
method?®35~7 detected 45 tumors with ALK kinase domain expression
(Supplementary Fig. 1). In 44 adenocarcinomas, multiplex RT-PCR>3

nature

medicine

identified 41 EML4-ALK-positive and 3 KIF5B-ALK-positive adeno-
carcinomas, including a previously unidentified KIF5B-ALK fusion
variant, K17;A20 (Supplementary Table 1). Further, we used fluores-
cence in situ hybridization (FISH) for split and fusion assays to confirm
the presence of ALK fusions>>3. The FISH results for the ALK split
assay, the EML4-ALK fusion assay and the KIF5B-ALK fusion assay in
the 44 adenocarcinomas were all consistent with the presence of the
corresponding fusion gene (Supplementary Figs. 2 and 3). The remain-
ing tumor that was positive for antibodies to ALK as determined by
immunohistochemistry (a large-cell neuroendocrine carcinoma) was
negative in the FISH assays and expressed wild-type ALK. ALK fusions
existed in 3.0% (44 out of 1,485) of the NSCLCs and 3.9% (44 out of
1,121) of the adenocarcinomas. We included 20 previously reported
ALK-fusion-positive and 304 ALK-fusion-negative tumors, all
of which were screened with multiplex RT-PCR. Because specimens of
these 324 patients were collected consecutively during the period of
tissue collection, they served as positive and negative controls, respec-
tively!~39. The immunohistochemistry results using the intercalated
antibody-enhanced polymer method were complete matches in the
20 fusion-positive and the 304 fusion-negative tumors.

We used split FISH assays for the screening for ROSI gene rearrange-
ment (Fig. 1). In 11 of the 13 ROS1 split FISH-positive tumors (Fig. 1a),
5’ rapid amplification of complementary DNA ends (5’ RACE) identi-
fied two known and three unknown fusion partners for ROS1: TPM3,
SDC4,SLC34A2, CD74 and EZR (Fig. 1b and Supplementary Table 1);
RT-PCR confirmed this finding (Fig. 1c). In a 5-RACE-negative
tumor (ROS#12) (again, where split FISH is used to detect candi-
date fusion genes of interest by the presence of rearrangements
and RACE is used for the identification of fusion partners), each
fusion-specific RT-PCR (using a common reverse primer) amplified
the same band, which contained an LRIG3 sequence. This tumor
was proven fusion-positive in RT-PCR specific to LRIG3-ROS1,
an unidentified fusion. Fusion FISH results confirmed that all 12 cases
harbored the corresponding fusion (Fig. 1a). All fusion FISH assays
for these six ROS1 fusions were negative for the tumor ROS#13
(the frozen material had been consumed), indicating an unknown
fusion partner for ROSI. ROSI split FISH screening failed for nine
NSCLCs, including five adenocarcinomas. We identified ROS1 fusions
in 0.9% (13 out of 1,476) of the NSCLCs and 1.2% (13 out of 1,116) of
the adenocarcinomas.

We performed KIF5B split FISH to discover new fusion kinases,
as we previously identified KIF5B-ALK fusions in lung cancer?,
As such, we hypothesized that KIF5B might be rearranged in lung
cancer. In 24 KIF5B split FISH-positive tumors, 3" RACE identi-
fied an in-frame fusion between KIF5B exon 23 and RET exon 12
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Figure 1 Identification of ROS1 fusions.
(a) ROS1I split (left) and fusion (right) FISH
assay data (scale bars, 20 um). In the

split assay, multiple tumor cells harbored
individual 3’ side signals (green), indicating
the presence of a ROS1 rearrangement. In
the fusion assay, a fusion signal (yellow)
was observed in the representative tumor
cell of each subject, which is consistent
with the presence of 1(1;6)(q21.2;q22) for
TPM3-ROS1, t(6;20)(q22;q12) for SDC4-
ROS1, t{4;6)(q15.2;q22) for SLC34A2-
ROS1, t(5;6)(g32;q22) for CD74-R0S1,
inv(6)(q22q25.3) for EZR-ROS1 or
1(6;12)(q22;q14.1) for LRIG3-ROS1.

(b) The break points of ROS1 are exons 32,
34 and 35. All of the break points allow the
resulting fusion to harbor the kinase domain
of ROS1 (red), and the exon 32 break point
allows the resulting fusion to harbor the
transmembrane domain of ROS1 (orange).
In the fusion partners, dark biue and orange

BRIEF COMMUNICATIONS

SLC34A2-ROST

EZR-ROS1

LRIG3-ROST

represent coiled-coil and transmembrane
domains, respectively. Coiled-coil domains may
contribute to homodimelization, but only TPM3

ROST

and EZR contained these domains. In contrast to ALK and RET fusions, the role of the fusion partner’s coiled-coil domain is unknown in ROS1 fusions.
e, exon. (¢) Resuits for fusion-specific RT-PCR for tumors ROS#1 (lane 1, TPM3-R0S1, T8;R35, predicted product size of 119 bp), ROS#3 (lane 2,
SDC4-R0S1, $2;R32, 596 bp), ROS#6 (lane 3, SLC34A2-R0S1, S13del2046;R32 and S13del2046;R34, 544 bp and 235 bp, respectively), ROS#8
(lane 4, CD74-R0OS1, C6;R34, 230 bp), ROS#10 (lane 5, EZR-ROS1, E10;R34, 527 bp), and ROS#12 (lane 6, LRIG3-R0OS1, L16;R35, 218 bp).

M and N represent the size marker (100-bp ladder) and the non-template control, respectively. (d) The transforming potential of the ROS1 fusion.
Mouse 3T3 fibroblasts infected with a retrovirus encoding SDC4-R0OS1 derived from tumor ROS#4 formed multiple foci (scale bar, 1 mm). All of the
four nude mice injected with the corresponding 3T3 cells developed a subcutaneous tumor (right).

(tumor RET#11). RET split FISH on the tissue arrays identified 22
fusion-positive tumors in 1,528 lung cancers (Fig. 2a), from which
a multiplex RT-PCR system that captures all possible KIF5B-RET
fusions detected 12 fusion-positive tumors: eight tumors with the
fusion of KIF5B exon 15 and RET exon 12 (K15;R12) and one tumor
each with the K16;R12, K22;R12,K23;R12 and K24;R11 fusions (Fig. 2b
and Supplementary Table 1). The KIF5B-RET fusion FISH results
were consistent with the presence of inv(10)(p11.22q11.2) in all 12
of these tumors (Fig. 2a).

In a routine histopathological diagnosis, we encountered an adeno-
carcinoma that showed a mucinous cribriform pattern (Fig. 2¢) that
was previously reported as a histopathological marker for the presence
of EML4-ALK (Supplementary Fig. 4)°>-!1. Notably, this adenocarci-
noma (tumor RET#14) was negative for ALK fusion and was positive
for CCDC6-RET, as determined by FISH and inverse RT-PCR; the lat-
ter fusion gene was first described in thyroid cancer!?. RT-PCR iden-
tified another tumor positive for the CCDC6-RET fusion (RET#13)
in the remaining 10 tumors. The 14 RET-positive tumors (out of the
total 1,528 tumors tested, with one additional tumor (RET#14) found
through routine pathology diagnostic service) were also positive in
the revised multiplex RT-PCR that captured EML4-ALK, KIF5B-
ALK, KIF5B-RET and CCDC6-RET simultaneously (Fig. 2d). The
RET kinase domain expression using real-time RT-PCR was weak or
undetectable for the remaining nine tumors determined to be positive
in the RET split FISH screening. Perhaps the genomic rearrangement
occurred downstream of the RET break points. RET split FISH screen-
ing failed in three NSCLCs, including two adenocarcinomas. RET#14
was the index case found in routine pathology diagnostic service but
not in the 1,528 cohort. RET fusions existed in 0.9% (13 out of 1,482)
of the NSCLCs and 1.2% (13 out of 1,119) of the adenocarcinomas.
The 14 RET fusion-positive subjects did not receive vandetanib.

We concluded that the rearrangements described above are somatic
without using any matched normal tissues. Our histopathology-based
screening method preserves the samples’ histological architecture.
This allows observers to confirm that internal non-tumor cells, for
example, epithelial cells, inflammatory cells or fibroblasts, are nega-
tive in a test of interest.

All 71 kinase-fusion-positive (44 ALK, 13 ROS1 and 14 RET fusions)
lung cancers were exclusively adenocarcinomas (6% of all adenocarcino-
mas in the present study), were positive for antibodies to TTF1, which
is regarded as a marker for lung adenocarcinoma, as determined by
immunohistochemistry (excluding two ALK-positive tumors) and were
negative for EGFR and KRAS mutations. Thirteen of the 44 ALK-positive
tumors (30%) were weakly positive for p63 expression (were weakly
positive for a squamous cell carcinoma marker, p63) (Supplementary
Table 1). Thirty-three tumors showed a mucinous cribriform pattern .
in at least 5% of their area; 22 tumors had this pattern in >25% of their
area (Fig. 2¢, Supplementary Table 1 and Supplementary Fig. 4). The
frequency of mucinous cribriform carcinoma was significantly higher
in the kinase-fusion-positive group of tumors than in the 77 fusion-
negative adenocarcinomas (22 out of 71 compared to 7 out of 77, respec-
tively; P = 0.00088). Notably, we observed this pattern preferentially in
EML4-ALK~positive tumors (70%, 29 out of 41); all three CD74-ROS1~
positive tumors also showed this pattern. Recognizing this pattern in
routine pathology diagnoses led to the identification of the CCDC6-RET
fusion (tumor RET#14). In organs other than the lung, secretory breast
carcinoma, which is characterized by a cribriform pattern with abun-
dant secretory material, harbors the ets variant 6 (ETV6)-neurotrophic
tyrosine kinase, receptor, type 3 (NTRK3) fusion (ref. 13). We identified
an ALK-fusion-positive renal cell carcinoma that showed a mucinous
cribriform pattern’. This pattern may be linked to the presence of par-
ticular kinase fusions!?, and this possibility warrants further study.
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Figure 2 Discovery of RET fusions. (a) RET split
(left) and fusion (right) FISH assay data (scale
bars, 20 um). In the split assay, multiple tumor”
cells harbored individual 3’ side signals (green),
indicating the presence of RET rearrangement.
In the fusion assay, a fusion signal (yeliow)

was observed in the representative tumor cell

of subject RET#2, which is consistent with the
presence of inv(10)(p11.22q11.2). (b) The
break points of RET are exons 11 and 12. Both
of the break points allow the resulting fusion

to harbor the kinase domain of RET {red), and
the exon 11 break point allows the resulting
fusion to harbor the transmembrane domain of
RET (orange). In the fusion partners, dark blue
represents a coiled-coil domain, which probably
contributes to the homodimelization of the
fusion. Only the longer isoforms of RET and the
RET fusions are shown. (¢) Subject RET#14
showed the representative histopathology of
mucinous cribriform carcinoma (scale bar,

100 um). (d) The resuits for fusion-specific
RT-PCR for subjects ALK#10 (lane 1, EML4-ALK,
E13;A20, predicted product size of 432 bp),
ALK#16 (lane 2, EML4-ALK, E20;A20, 1185 bp),

ET#

d M:1 27374 516°7:8:9101112131415N

KIF5B-RET

pelilon L3y GGy

ALK#26 (lane 3, EML4-ALK, E6;A20, 913 bp), ALK#38 (lane 4, EML4-ALK, E14;ins11del49A20, 546 bp), ALK#39 (lane 5, EML4-ALK, E2;A20,
454 bp), ALK#40 (lane 6, EML4-ALK, E13;ins69A20, 501 bp), ALK#41 (lane 7, EML4-ALK, E14;del14A20, 570 bp), ALK#42 (lane 8, KIF5B-ALK,
K17;A20, 1,483 bp), ALK#44 (lane 9, KIF5B-ALK, K24;A20, 814 bp), RET#6 (lane 10, KIF5B-RET, K15;R12, 1,104 bp), RET#9 (lane 11, KIF5B-
RET, K16;R12, 1,293 bp), RET#10 (lane 12, KIF5B-RET, K22;R12, 420 bp), RET#11 (lane 13, KIF5B-RET, K23;R12, 525 bp), RET#12 (lane 14,
KIF5B-RET, K24;R11, 999 bp) and RET#13 (lane 15, CCDC6-RET, C1;R12, 352 bp). M and N represent the size marker (100-bp ladder) and
non-template control, respectively. (e) The transforming potential of the KIF5B-RET fusion. Mouse 3T3 fibroblasts infected with a retrovirus encoding
K15;R12L derived from tumor RET#7 fomed multiple foci (scale bar, 1 mm). All of the four nude mice injected with the corresponding 373 cells

developed a subcutaneous tumor (right).

Supplementary Tables 1-4 summarize the clinicopathological fea-
tures of the subjects. Briefly, young age, low smoking index and small
tumor size characterized the kinase-fusion-positive group of subjects
(Supplementary Table 2). A multivariate analysis of the adeno-
carcinomas revealed four independent factors that were indicators
of poor prognosis: age 250 years, male sex, high pathological stage
and negative kinase-fusion status (Supplementary Table 3). There
was no significant difference in overall survival between the kinase-
positive and epidermal growth factor receptor (EGFR)-mutant groups
(P = 0.32). Supplementary Table 4 shows the clinicopathological
features of the subjects stratified by each fusion.

The transforming ability of CCDC6-RET and all of the ALK fusions,
excluding K17;A20, was shown previously!~3812, 3T3 cells infected with
a virus expressing K17;A20, tropomyosin 3 (TPM3)-ROS1, syndecan 4
(SDC4)-ROS1, SLC34A2-ROS1, CD74-ROS1, ezrin (EZR)-ROSI,
leucine-rich repeats and immunoglobulin-like domains 3 (LRIG3)
(transcript variant 2)-ROS1 or KIF5B-RET (with both the longer
(RETS51) and shorter (RET9) RET isoforms) led to multiple transformed
foci formation in culture and in subcutaneous tumors in a nude mouse
tumorigenicity assay (Figs. 1d, 2e and Supplementary Fig. 5).

To test whether vandetanib, an inhibitor of vascular endothelial
growth factor receptor (VEGFR-2), VEGFR-3, EGFR and RET!,
might be effective for the treatment of RET-fusion—positive tumors,
we induced Flag-tagged EML4-ALK (E13;A20) or KIF5B-RET
(K15;R12L and K15;R12S) in Ba/F3 cells, which are dependent on
interleukin-3 (IL-3) for growth. All transfected cells, including those
without any kinase fusion, proliferated in the presence of IL-3, but
only cells expressing E13;A20 or K15;R12L grew in the absence of IL-3
(Supplementary Fig. 6a). In the absence of IL-3, vandetanib inhibited
the proliferation of cells expressing K15;R12L (Supplementary Fig. 6c)

but not the proliferation of cells expressing E13;A20 (Supplementary
Fig. 6d). Crizotinib was not effective in inhibiting the proliferation of
Ba/F3 cells expressing K15;R12L (Supplementary Fig. 7).

In 1985, a 3T3 assay identified RET as a rearranged transforming
gene!>. RET fusions have been identified exclusively in papillary
thyroid carcinoma and are more frequently observed in radiation-
associated thyroid cancers (for example, in survivors of the Chernobyl
accident!$, atomic bomb survivors!’ and post-radiation therapy
patients!®). Therefore, a retrospective comparison of RET fusions in
individuals with lung cancer with and without a history of radiation
exposure warrants further study. If a positive association is found
between RET fusion and radiation exposure in these studies, it might
be desirable for individuals with internal or therapeutic exposure to
irradiation (for example, those individuals involved in the Fukushima
accident) to be monitored prospectively for lung cancer as well as
thyroid cancer.

In Japan, more than 40% of lung adenocarcinomas in younger
individuals harbor EGFR mutations!?. In this study, 16% (17 out of
107) of younger individuals (<50 years of age) with adenocarcinoma
harbored a kinase fusion. Collectively, as long as molecular target
diagnoses are properly performed, >50% of the individuals with
lung adenocarcinoma in this generation may benefit from treatment
with corresponding kinase inhibitors. Integrated pathology-based
screening techniques can also be used for the selection of individuals
to receive this treatment?. The results of our study will facilitate the
development of a molecular classification of lung adenocarcinomas
that is closely related to both the pathogenesis and the treatment
of disease. This study was approved by the Institutional Review
Board of the Cancer Institute Hospital, and all subjects provided
informed consent.
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METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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Identification of Anaplastic Lymphoma Kinase Fusions in
Renal Cancer
Large-Scale Immunohistochemical Screening by the Intercalated Antibody-Enhanced Polymer Method

Emiko Sugawara, MD"%; Yuki Togashi, MS"3; Naoto Kuroda, MD?; Seiji Sakata, MD, PhD'; Satoko Hatano, BS"3;
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Hiroyuki Mano, MD, PhD®7; Yuichi Ishikawa, MD, PhD?; and Kengo Takeuchi, MD, PhD"®

INTRODUCTION

Renal cancer is one of the major cancers. The incidence and mortality of cases are estimated at 273,518 and 116,368 in
the world; 14,963 and 6957 in Japan; and 56,678 and 13,711 in the United States.! The 5-year survival rate of patients
with localized disease is relatively good: 65% to 93% and 47% to 77% for stages 1 and 2, respectively.” For advanced renal
cancers (34%-80% and 2%-20% 5-year survival rates in stages 3 and 4, respectively),” several molecular-targeted drugs
have been recently approved by the US Food and Drug Administration. These drugs, which include sunitinib, sorafenib,
temsirolimus, everolimus, bevacizumab, pazopanib, and axitinib, are promising. However, none of them targets a key
molecule that is specific to the cancer, or is associated with “oncogene addiction” of renal cancer, namely, the dependence
on one or a few oncogenes for maintenance of the malignant phenotype and cell survival.

Anaplastic lymphoma kinase (ALK) fusion is a potential vulnerability, an “Achilles’ heel”, of many types of human
cancer, including lymphoma,®* sarcoma,” and carcinoma.®” Experimentally, lung adenocarcinomas developed in EML4-
ALK (fusion of ALK with echinoderm microtubule—associated protein like 4) transgenic mice were successfully treated
with an ALK inhibitor.® The ALK inhibitor crizotinib has recently been used in patients with lung cancer, inflammatory
myofibroblastic tumors (IMTs), or anaplastic large cell lymphomas (ALCLs), which harbor various ALK fusions. The

compound showed an 81% response rate in ALK-positive lung cancers defined by at least 2 diagnostic methods,'® and a
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intercalated Antibody-Enhanced Polymer (JAEP) method

Antigen
Enzyme
Primary antibody

“Secondary” antibody

intercalated antibody

{. SAB method Polymer method

S8

4 Biotin
4 Streptavidin

Figure 1. Schematic of intercalated antibody-enhanced polymer (IAEP) method is shown. The labeled streptavidin biotin (LSAB)
and polymer methods are common conventional immunohistochemistry methods. In the iIAEP method, a step of “intercalated
antibody” is added between those of the primary antibody and polymer reagent. Thus, the IAEP method has an additional step
compared with the polymer method, but the same number of steps as the LSAB method. There are generally 2 ways to raise the
sensitivity of immunohistochemistry. The first is to raise the sensitivity of the antigen-antibody reaction, by increasing the con-
centration of the primary antibody, using a more sensitive antibody, antigen-retrieval technique, and so forth. The second is to
raise the sensitivity of the detection system for the antigen-antibody immune complex. These 2 techniques may appear to gener-
ate the same result; however, in principle, they are totally different. The staining results are more likely to differ, especially when
the antigen density is very low, such as for EML4-ALK (fusion of echinoderm microtubule-associated protein like 4 with anaplas-
tic lymphoma kinase) or PPFIBPI-ALK (fusion of PTPRF interacting protein binding protein 1 with ALK).®2* In such a setting, the
latter technique is more advantageous. The staining intensity depends on the density of enzyme in the antigen site. However sen-
sitive a primary antibody is, the antigen-antibody complex cannot exceed the number of antigens. In contrast, it is easy to
increase the enzyme density per antigen-antibody complex with use of the latter technique, which includes the IAEP method.

strong response in IMT for several months."! Two
patients with ALCL who were receiving crizotinib
achieved complete remission.'? These findings indicate
that ALK fusion addiction is one of the most promising
targets in cancer therapy.

To ensure that such molecular-targeted therapy is
effective and less toxic, accurate screening methods to
detect ALK fusions are crucial. However, although immu-
nohistochemistry has been a gold standard for the detec-
tion of ALK fusions in ALCL and IMT, >4 conventional
anti-ALK immunohistochemistry is not sensitive enough
to detect EML4-ALK, which was first described in lung
cancer in 2007.%7 To overcome this, we developed a sen-
sitive immunohistochemical tool, the intercalated anti-
body-enhanced polymer (IAEP) method (Fig. 1)."
Combined with a conventional anti-ALK mouse mono-
clonal antibody 5A4, the iAEP method efficiently and
consistently detected EML4-ALK in paraffin-embedded

sections. In various studies on ALK-positive lung cancer,

2

anti-ALK immunohistochemistry by IAEP or essentially
equivalent methods was used to examine surgically
resected specimens,’®'>"? transbronchial lung biopsy
specimens,”” and endobronchial ultrasound-guided trans-
bronchial needle aspiration specimens.'”*"**  More
importantly, some of the patients screened by anti-ALK
iAEP immunohistochemical analysis received crizotinib
therapy and showed a good response.®'7** Novel ALK
fusions, including v6 and v7 of EML4-ALK,'? kinesin
family member 5B (KIF5B)-ALK,'®> sequestosome 1
(SQSTMl)—ALK,23 and PTPRE interacting protein,
binding protein 1 (PPFIBP1)-ALK?* have been identified
using anti-ALK iAEP immunohistochemical analysis.
Thus, anti-ALK iAEP immunohistochemistry constitutes
a powerful tool for clinical and also research purposes.
The development of anti-ALK antibodies has facili-
tated the investigation of many types and cases of cancer,
including lung cancer.”>? Since 1994, ALK-positive
tumors have been identified exclusively in lymphoma
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(ALCL and ALK-positive large B-cell Iymphomazs) and
sarcoma (IMT,’ rhalbdomyosarcoma,26 and neuroblas-
toma®®). It was not uncil 2007 that the presence of an
ALK fusion was described in lung cancer.® This seems to
be mainly because EMI4-ALK is barely detectable by
conventional anti-ALK immunohistochemistry. Consid-
ering in reverse, in cases of a tumor that is positive by anti-
ALK iAEP immunohistochemistry, but negative by con-
ventional anti-ALK immunohistochemistry, the tumor
may have a novel ALK fusion partner, or express wild-
type ALK at a modest level. Indeed, in “ALK-negative”
IMT cases defined by conventional ALK immunohisto-
chemistry, PPFIBP1-ALK was identified through reassess-
ALK fusions, using and-ALK JAEP
immunobhistochemistry.?* This prompted us to reevaluate
other types of solid cancers for ALK fusions. Here, we
describe the identification of TPM3-ALK (fusion of tro-
pomyosin 3 and ALK) and EML4-ALK in renal cancer,
by anti-ALK iAEP immunchistochemistry.

ment for

MATERIALS AND METHODS

Materials

We examined 355 renal tumor tissues from patients who
had received surgery in the Cancer Institute Hospital, Jap-
anese Foundation for Cancer Research, Tokyo, between
1994 and 2010. Renal tumors included 255 clear cell
renal cell carcinomas (RCCs), 32 papillary RCCs, 34
chromophobe RCCs, 6 collecting duct carcinomas, 10
unclassified RCCs, 6 sarcomatoid RCCs, and 12 other
tumors (4 oncocytomas, 3 angiomyolipomas, 1 solitary fi-
brous tumor, 2 spindle cell sarcomas, 1 desmoplastic sar-
coma, and 1 anaplastic carcinoma). Surgically removed
tumor specimens were routinely fixed in 20% neutralized
formalin and embedded in paraffin for conventional his-
topathological Immunohistochemical
screenings were performed using tissue microarrays. For
the 2 cases positive for anti-ALK immunohistochemistry,
total RNA was extracted from the corresponding snap-
frozen specimen, and purified with the use of an RNeasy
Mini kit (Qiagen, Tokyo, Japan). Informed consent was
obtained from the patients. The study was approved by
the institutional review board of the Japanese Foundation
for Cancer Research.

examination.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue was sliced at a

thickness of 4 um, and the sections were placed on silane-

coated slides. For antigen retrieval, the slides were heated
for 45 minutes at 102°C in antigen retrieval solution

(Nichirei Bioscience, Tokyo). For conventional immuno-
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staining, the slides were incubated at room temperature
with primary antibodies: ALK (5A4), vimentin, epithelial
membrane antigen (EMA), cytokeratin 7, AE1/AE3,
CAMS5.2, 34BE12, o-methylacyl-coenzymeA racemase
(AMACR), clusters of differentiation 10 (CD10), tran-
scription termination factor 1 (TTF1), renal cell carci-
noma marker (RCC Ma), paired box 2 (PAX2), and
paired box 8 (PAX8) for 30 minutes. The immune com-
plexes were then detected with polymer reagent (Histofine
Simple Stain MAX PO; Nichirei Bioscience, Tokyo,
Japan). For the sensitive detection of ALK fusion proteins,
the ALK Detection Kit (Nichirei Bioscience), which is
based on the iAEP method, was used.

Isolation of ALK Fusions

To obtain complementary DNA (cDNA) fragments cor-
responding to a novel ALK fusion gene, we used a 5 rapid
amplification of cDNA ends (5'-RACE) method with the
SMARTer RACE ¢DNA Amplification Kit (Clontech,
Takara Bio Inc., Shiga, Japan). We followed the manufac-
turer’s instructions, with a minor modification: the
ALK2458R primer (5'-GTAGTTGGGGTTGTAGTC
GGTCATGATGGT-3') was used as the gene-specific
reverse primer. From the deoxythymidine oligomer—
primed cDNA obtained from RNA from case 1, a 385~
base pair (bp) ¢cDNA fragment containing the fusion
point was specifically amplified with the primers TPM3-
705F  (5-AGAGACCCGTGCTGAGTTTGCTG-3')
and ALK3078RR (5-ATCCAGTTCGTCCTGTTCA
GAGC-3'). From case 2, a 454-bp cDNA fragment con-
taining the fusion point was specifically amplified with
the primers EML4-72F (5-GTCAGCTCTTGAGT
CACGAGTT-3') and ALK3078RR. Polymerase chain
reaction (PCR) analysis of genomic DNA for TPM3-
ALK n case 1 was carried out with a pair of primers flank-
ing the putative fusion point: TPM3-705F (5'-AGA
GACCCGTGCTGAGTTTGCTG-3') and Fusion-RT-
AS (5'-TCTTGCCAGCAAAGCAGTAGTTGG-3). For
genomic PCR analysis of EML4-ALK in case 2, we used
primers EMIL4-107F (5'-ATGAAATCACTGTGCTAA
AGGCGGCT-3/) and Fusion-RT-AS (5'-TCTTGCCA
GCAAAGCAGTAGTTGG-3).

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) analysis of gene
fusion was carried out with DNA probes for ALK, TPM3,
EML4, and transcription factor E3 (TFE3). Unstained
sections (4 pm thick) were subjected to hybridization with
an ALK-split probe set (Dako, Tokyo, Japan), TFE3-split
probe set (Kreatech, Amsterdam, The Netherlands), or
bacterial artificial chromosome (BAC) clone-derived

3



