ALK/3T3 nodules from the lungs (Fig. 48) and again demon-
strating the high efficacy of the ALK inhibitor.

Discussion

We have shown here that the EML4-A LK fusion kinase plays an
essential role in lung twumorigenesis. Hundreds of adenocarci-
noma nodules developed simultaneously within a few weeks
after birth in all independent lines of EML4-ALK transgenic
mice examined. Given that the promoter fragment of SPC
becomes active only at a late stage of gestation (21), a short
period of EML4-ALK expression appears to be sufficient for full
transformation. Although we did not examine TP53 and RBI for
possible abnormalities in the adenocarcinoma nodules of the
transgenic mice, with both of these genes being frequently
inactivated in human lung cancers (22), it is likely that only one
{or at most a few) additional genetic event is required to generate
cancer in EMLA4-ALK-expressing alveolar epithelial cells.

The expression level of EMLA-ALK protein in the adenocarci-
noma nodules of the transgenic mice was low. Given that the
abundance of EML4-ALK mRNA in these nodules was found 1o be
greater than that in human EML4-ALK-positive NSCLC specimens
(data not shown), the expression of EML4-A LK protein appears to
be suppressed in the mouse lung epithelial cells, possibly through
translational or posttranslational mechanisms. The development of
adenocarcinoma even at this low level of protein expression further
reinforces the transforming activity of EML4-ALK.

Given the rapid development of NSCLC induced by EMLA-
ALK, the tumor cells are likely dependent for growth on the
tyrosine Kinase activity of the fusion protein. Such “oncogene
addiction” (23) provides a potential target for the development
of treatment strategies. We therefore tested whether inhibition
of the enzymatic activity of EML4-ALK might reduce the tumor
burden in the transgenic mice. The ALK inhibitor examined
proved to be a promising candidate for the treatment of EMLA4-
ALK-positive tumors. Furthermore, given the high sensitivity of
the tumors in the transgenic mice to the ALK inhibitor, these
animals provide a model system with which to examine the in
vivo activity of other compounds or reagents targeted to ALK,

Many of the large tumors in the lungs of the transgenic mice
changed to bullae or cysts after treatment with the ALK
inhibitor, as revealed both by CT scanning (Fig. $34 and Movie
53 and Movie S5) and by pathology examination (Fig. S38). Such
a change was not described for treatment of activated EGFR-
positive NSCLC in mouse models or humans with EGFR
inhibitors (5, 6). A rapid induction of cell death by the ALK
inhibitor in the transgenic mice may have triggered a collapse of
the tumor burden within each nodule, thereby giving rise to
bullae or cysts. Indeed, pathology examination revealed that a
large tumor in 1 transgenic mouse (no. 250) became filled with
necrotic tissue after treatment (Fig. S3C). However, the bullae
cysts and necrotic tissue were still surrounded by remaining
cancer cells (Fig. 83 B and C). Similarly, the lining tissue of some
bullac cysts in the treated mice appeared to have a high density
in CT scans (Fig. S34), suggesting that peripheral cancer cells
may survive in the nodules. Furthermore, small foci of cancer
cells could be identified in the lungs of transgenic mice in the
treatment cohort (Fig. 3C). Together, these various observations
indicate that the current treatment protocol with the ALK
inhibitor did not entirely eliminate tumor cells from the trans-
genic mice. Indeed, in a separate experiment transgenic mice
treated with the 2,4-pyrimidinediamine for 25 days were exam-
ined 3 months after cessation of drug administration. Tumors of
various sizes regrew in these mice (Fig. S4), indicative of the
presence of surviving EML4-ALK-positive cancer cells in the
animals after 25 days of drug treatment. Given that we have not
tried other protocols or compounds, it remains unknown
whether a total cure might be achieved by treatment for a longer
period or with a higher dose of the same inhibitor or with a more
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potent compound. It is also possible that inhibition of additional
signaling pathways, such as those mediated by phosphoinositide
3-kinase, mammalian target of rapamycin, or other protein
tyrosine kinases (5, 24), may be required for a complete cure.

Despite the rapid growth of multiple tumors in the lungs of the
transgenic mice, we failed to detect distant metastasis of such
cancer cells in animals killed for analysis or in those that died
within the total observation period of 6 months. However, we
conclude that the tumors that developed in these mice had
malignant characteristics on the basis of the following observa-
tions: (i) Histological analysis indicated that most tumors were
noninvasive papillary adenocarcinomas, with some of them
further showing obvious fibrosis and destruction of alveolar
structures (Fig. 2B), a marker of invasion in human lung
adenocarcinoma. (i) Subcutaneous transplantation of tumor
nodules that developed in the transgenic mice into the shoulder
of nu/nu mice resulted in the growth of tumors at 6 of 8 injection
sites in the recipient animals (Fig. S54). (i) Tumors that
developed in the transgenic mice were shown to keep growing for
at least 62 days in in vitro culture (Fig. S58).

It is likely that expression of EML4-ALK (and probably other
accompanying genetic changes) alone is not sufficient to render
the cancer cells metastatic. It remains to be determined whether
additional abnormalities in other oncogenes or tumor suppressor
genes, such as KRAS or LKRI (25, 26), may lead to the
generation of metastatic tumors in EML4-ALK transgenic mice.

Our present results have reinforced the importance of EMLA4-
ALK in the pathogenesis of NSCLC in humans and have
provided experimental support for the treatment of such intrac-
table tumors with ALK inhibitors. Given that variants of EML4-
ALK other than the variants 1 and 2 described in our original
study (12) are now being identified (20, 27-29), it will be
important to characterize all possible isoforms of EML4-ALK in
humans to identify precisely the subgroup of patients who are
candidates for future treatment with ALK inhibitors. Further to
this goal, it will also be important to clarify the genetic changes
that accompany the EML4-ALK fusion event as well as the
downstream targets of EML4-ALK action in human NSCLC.

Materials and Methods

Generation of Transgenic Mice. A cDNA fragment encoding FLAG epitope-
tagged EMLA-ALK variant 1 (12) was ligated to the SPC promoter as well as to
splicing and polyadenylation signals (Fig. 1A). The expression cassette was
injected into pronuclear-stage embryos of C57BL/6) mice (PhoenixBic), and
the copy number of the transgene was examined by Southern blot analysis
with DNA from the tail of founder animals. All animal procedures were
performed with the approval of the sclentific committee far animal experi-
ments of Jlichi Medical University.

For detection of mRNAs derived from EML4-ALK and the glyceraldehyde-
3-phosphate dehydrogenase gene (GAPDH), 1otal RNA was isolated from the
organs of transgenic mice with the use of an RNeasy Mini kit (Qiagen) and was
subjected to reverse transcription with SuperScript 11l reverse transcriptase
(Invitrogen) and an oligo(dT) primer. Both reverse transcription and subse-
quent PCR analysis for each gene were performed as described previously (12).

For analysis of EML4-ALK protein in mice, organ homogenates were pre-
pared with an Nonidet P-a0 lysis buffer and subjected to immunoprecipitation
with mouse monoclonal antibodies to FLAG (Millipore). The resulting precip-
itates were then subjected to immunoblot analysis with the same antibodies
and a SuperSignal chemiluminescence kit (Pierce Biotechnology).

Pathology Examination. For immunchistochemical staining of EMLA-ALK in
EMLA-ALK/ITS cells, paraffin-embedded sections were depleted of paraffin
with xylene, rehydrated with a graded series of ethanol solutions, and stained
with mouse monocional antibodies 1o ALK (ALK1; Dako) at a dilution of 1:20
and with an EnVision+DAB system (Dako), The sections were subjected to
heat-induced antigen retrieval with Target Retrieval Solution, pH 9.0 (Dako),
before exposure to the antibodies, For detection of EML4-ALK in transgenic
mice, cryostat sections were fixed with 4% paraformaldehyde in 0.1 M sodium
phosphate buffer (pH 7.4) for 10 min, treated with Target Retrieval Solution,
pH 9.0, and immunaostained with the monoclonal antibodies 1o ALK and the
EnVision+DAB system.
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Treatment with ALK Inhibitor. For the exp based oni.v. i
of EMLA-ALK/3T3 cells, the cells (2 x 105) were injected into the tail vein of
4-week-old nulnu mice (Clea Japan). An inhibitor specific for the tyrosine
kinase activity of ALK [example 3-39 in the patent application: Garcia-
Echeverria C, et al, inventors; Novartis AG, Novartis Pharma GmbH, IRM LLC,
applicants (24 Feb 2005). 2.4-Pyrimidinediamines useful in the treatment of

lastic di and ininfl yand i disorders, PCTWO
10050!6394] was synthesized by Astellas Pharma and was orally
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Oncogenic mutations of ALK kinase in neuroblastoma

Yuyan Chen'*?**, Junko Takita'***, Young Lim Choi**, Motohiro Kato'?, Miki Ohira®, Masashi Sanada®*¢,
Lili Wang™** Manabu Soda*, Akira Kikuchi’, Takashi Igarashi', Akira Nakagawara Yasuhlde Hayashi®,

Hiroyuki Mano*s & Seishi ()gawra’*"‘i

Neuroblastoma in advanced stages is one of the most intractable
paediatric cancers, even with recent therapeutic advances'.
Neuroblastoma harbours a variety of genetic changes, including a
high frequency of MYCN amplification, loss of heterozygosity at
1p36 and 11q, and gain of genetic material from 17q, all of which
have been implicated in the pathogenesis of neuroblastoma™*.
However, the scarcity of reliable molecular targets has hampered
the development of effective therapeutic agents targeting neuro-
blastoma. Here we show that the anaplastic lymphoma kinase
(ALK), originally identified as u fusion kinase in a subtype of
non-Hodgkin's lymphoma (NPM-ALK)** and more recently in
adenocarcinoma of lung (EMM—ALK}"" isalsoa I'mquent target
of genetic alteration in ad Acc g to our
genome-wide scans of genetic lmun.l in 215 primary neuroblas-
toma samples using high-density single-nucleotide polymorphism
genotyping microarrays''"', the ALK locus, centromeric to the
MYCN locus, was identified as a recurrent target of copy b

clinical stage, where non-hyperploid cases were significantly assoc-
iated with stage 4 disease (P=4.13 X 1075, trend test) (Supple-
mentary Fig. 3 and Supplementary Table 3). 17q gains, frequently
in multiple copies (3= copy number <5), were a hallmark of the
neuroblastoma genome* and were found in most neuroblastoma
cases. Copy number gains tended to spare chromosomes 3, 4, 10,
14 and 19 (Supplementary Figs 2 and 3). Notably, these chromo-
somes often had copy number losses including 1p (22.8%), 3p
(8.8%), 4p (5.1%), 6q (7.0%), 10q (9.8%), 11q (19.5%), 14q
(3.7%), 19p (7.4%) and 19q (5.1%), implicating the pathogenic role
of ‘relative’ gene dosages.

After excluding known copy number variations, we identified a
total of 28 loci undergoing high-grade amplifications (copy number
=5) (Supplementary Table 4). These lesions fell into relatively small
genomic segments, having a mean size ol 361 kb, which accelerated the
identification of gene targels in these regions (Supplementary Table 4

gain and gene amplification. Furthermore, DNA sequencing of
ALK revealed eight novel missense mutations in 13 out of 215
(6.1%) fresh tumours and 8 out of 24 (33%) neuroblastoma-derived
cell lines, All but one mutation in the primary samples (12 out of 13)
were I'ound in ahgu 3—4 of the disease and were harboured in the

i ted ki were hosphorylated and
displayed mu'eued ki activity ¢ 4 with the wild- -type
kinase. They were able to transform NIHS3T3 fibroblasts as shown
by their colony formation ability in soft agar and their capacity to
form tumours in nude mice. Furthermore, we demonstrate that
downregulation of ALK through RNA interference pro-

and Suppl y Fig. 4). The candidate gene largets included TERT
(5p15.33), HDAC3 (5q31.3), IGF2 (11pl5.1), MYEOV (11q13.3),
FGF7(15q21.1) and CDH13(16923.3), However, many of them were
not recurrent but found only in a single case. Although the recurrent
lesions were mostly explained by the amplification of MYCN at 2p24,
as found in 50 out of 215 (23%) of the primary cases, we identified
another peak of recurrent amplification at 2p23 (Fig, 1a), which con-
sisted of amplicons in five primary cases and in one neuroblastoma-
derived cell line, NB-1 (Supplementary Fig, 5), This peak was located
at the centromeric margin of the common copy number gains in
chromosome 2p, which was created by copy number gains in 109

liferation of neuroblastoma cells harbouring munlﬂl ALK We
anticipate that our ﬂndu:p will provide new insights into the
pathogenesis of ad bl and that ALK-specific
kinase inhibi might i its clinical outcome.

To identify oncogenic lesions in neuroblastoma, we performed a
genome-wide analysis of primary tumour samples obtained from 215
neuroblastoma patients using high-density single-nucleotide poly-
morphism (SNP) arrays (Affymetrix GeneChip 250K Nspl) (Supple-
mentary Table 1), Twenty-four neuroblastoma-derived cell lines were
also analysed (Supplementary Table 2). Interrogating over 250,000
SNP sites, this platform permits the identification of copy number
changes at an average resolution of less than 12 kilobases (kb)'™",

Analysis of this large number of samples, consisting of varying
disease stages, pcrmitl:d us to obtain a comprehensive registry of
genomic lesions in neuroblastoma (Supplementary Figs | and 2). A
gain of chromosomes, often triploid or hyperploid (defined by mean
copy number of >2.5), was a pred ant feature of neurobl
genomes in the lower stages. Ploidy sencrally correlated with the

'Dmam-rum of Padutrics, *Cell Therapy and Transp ion Madicine. *Cancer

ples mostly from non-hyperploid stage 4 cases. The minimum
overlapping amplification was defined by the amplicons found in
the NB-1 cell line (Supplementary Fig. 5) and cantained a single gene,
the anaplastic lymphoma kinase (ALK), which has previously been
reported to be overexpressed in neuroblastoma cases'. Although five
of the six samples showing ALK amplification also had MYCN amp-
lification, one primary case (NT056) lacked a MYCN peak and the
amplification was confined to the ALK-containing locus. In inter-
phase fuorescent in situ hybridization (FISH) analysis of NB-1,
MYCN and ALK loci were amplified in separate amplicons (Fig. 1b),
indicating that the 2p23 amplicons containing ALK were unlikely to
represent merely ‘passenger’ events of MYCN amplification but act-
ively contributed to the pathogenesis of neuroblastoma,

Because an oncogene can be activated by gene amplification and/
or mutation, to search for possible mutations we performed DNA
heteroduplex formation analysis' and genomic DNA sequencing for
the exons 20 to 28 of ALK, which encompass the jux brane and
kinase domains (Supplementary Table 5). In total, we identified eight
nucleotide changes in 21 neuroblastoma samples, 13 out of 215
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High-grade amplifications are shown by light-red horizontal lines, whereas
simple gains are shown by dark-red lines. Two common peaks of copy
number gains and amplifications in the MYCN and ALK loci are indicated by
urraws. The cytobands in 2p are shown at the bottom. b, Interphase FISH
analysis of NB-1 showing high-grade amplification of MYCN (red) and ALK
loci (green). The amplified MYCN locus appears as a single large signal.

on the 2p arm.
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(6.1%) primary samples and 8 out of 24 (33%) cell lines, which
resulted in seven types of amino acid substitutions at five different
positions (Table | and Supplementary Fig. 6). They were not found in
cither the genomic DNA collected from 50 healthy volunteers or in
the SNP databases at the time of preparing this manuscript. In fact,
somatic origins of missense changes were confirmed in 9 out of 13
primary cases, for which DNA was obtained from the peripheral
blood or the tumour-free bone marrow i (Supplementary
Fig. 6). On the other hand, T10871 (ACC>ATC), found in case
NT126, had a germline origin and thus it could not be determined
whether the T10871 change was a rare non-functional polymorphism
or represented a pathogenic germline mutation. For other changes
found in three primary cases (NT128, NT217 and NT218) and cell
lines, normal DNA was not available but they were likely to represent
oncogenic mutations because they were identical 1o common so-
matic changes (F1174L or R1275Q) or shown to have oncogenic
potential in functional assays (K1062M).

Most mutations occurred within the kinase domain (20 out of 22
or 91%), which clearly showed two hotspots at F1174 and
RIIT5 (Fig. 1c). A neuroblastoma-derived cell line, SINB-2, had a

ALK mut of R1275Q, which was probably due 10
umputmal disomy of < 2 (Suppl y Fig. 7a).
Another case (NT074) harboured two different mutations, FI174L
and R1275Q, but it remains to be determined whether both are on the
same allele. ALK mutations within the kinase domain occurred at
amino acid positions that are highly conserved across species and
during molecular evolution (Supplementary Figs 8 and 9). According
1o the conserved structure of other insulin receptor kinases we pre-
dicted that F1174 is located at the end of the Cxl helix, whereas the
other two are on the two P-sheets: before the catalytic loop (B6,

e Dhnibuhnn of the eight ALK jons fotind In'21 bl F1245) and within the activation loop (B9, R1275) (Supplementary
positions of the d amino acids are indicated by black Flgr 7b, ¢)'", Thus, conformational changes due to amino acd sub-
[pnnmy samples) and red (cell lines) heads. The numb st at these positions might be responsible for the aberrant
at ench site is shown at the top of the arrowhends. TM, b activity of the mutant kinases.
Table 1| ALK mutations/amplifications in bi pl
Sample Age Stags MYCN® Clinical / 3 Orign of mutations
{manths} putcome amgplifications
NT126 9% 4 Dead T1087 ACC>ATC Germ line
NTZ18 g8 1 = Alive F1174L TIC>TTG ND
NTO74 34 3 + Dead F1174L TIC>TTA Somatic
R1275Q CGA=CAA
NT160 12 4 t Dead F1174L TIC>TTA Somatic
NT217 24 4 } Dead F11741 TTIC>TTA ND
NT190 48 4 * Alive F1174aL TICTTA Somatic
NTO&0 183 3 Alive F1174C TTE>TGC Somatic
NT162 28 4 + Dead Fl17ay TIC>GT1C Somatic
NT195 24 4 + Alive F1245L TIC>TTG Somatic
NTO5S 6 El - Alive R1275Q CGA>CAA Samatic
NT128 8 4 - Dead R1275Q CGA=CAA WD
NT164 54 4 + Dead R1275Q CGA>CAA Somatic
NT200 133 4 - Dead R1275Q CGASCAA Somatic
SCMC-NSY - - + - K1062M AAG=ATG ND
SINB-4+ - - + F1174L TTC>TTA 1¥]
LAN-1t + F1174L TTC>TTA ND
SCMC-N2t ’ + F1174L TTC>TTA ND
SK-N-5HT - - - - F1174L TTC>TTA ND
SiNB-2"t - - ' - R1275Q CGA=CAA ND
LAM-St - - + R1275Q CGA=-CAA ND
TGWt + R1275Q CGA=CAA ND
NT204 12 1 + Alive Amplification
NTOS6 11 3 - Dead Amplification -
NTO71 36 3 + Alive Amplification -
NT185 15 4 + Dead Amplification . -
NT169 7 4 ¥ Dead Ampiification - s
NB-1 . : . - Amplification * =

ND, not determined

*Presance { +) or sbsence (=) of MYTN amphification in FISH snalysis Al coses where there wis 50 absence of MYCN amplificetion (=) were slio chacked for potsible MYCN mutatons by

saguencing of all MYCN exons. but no MYCN mutations ware identified
# Col fines.
1 Homaoarygous mutation
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ALK mutation highly corrclated with MYCN amplification
{P=1.55 x 10", Fisher's exact test; Supplementary Table 6) where
14 owt of 21 mutations coexisted with MYCN amplification.
Regardless of the status of MYCN amplification, 12 of the 13 muta-
tions were found in patients with advanced stage neuroblastoma
(Table 1). However, whereas MYCN amplification and stage 4 were
significant risk factors for poor survival, the mutation/amplification
status of ALK was not likely to have a major impact on survival
(Supplementary Fig. 10 and Supplementary Table 7), although the
statistical power of the current analysis was largely limited in order to
detect a marginal hazard.

To evaluate the impact of ALK mutations on kinase activity, we
generated Flag-tagged constructs of ALK and its mutants, F1174L
and K1062M, which were stably expressed in NIH3T3 cells, and
examined their phosphorylation status and in vitro kinase activity,
The ALK mutants stably expressed in NIH3T3 cells were phosphary-
lated according to western blot analysis using an antibody specific for
phosphorylated ALK (anti-pY1604) and a PY20 blot after anti-Flag
immunoprecipitation of the mutant ki (Fig. 2a), wh the
wild-type kinase was not phosphorylated. The immunoprecipitated
ALK mutants also showed increased tyrosine kinase activity in vitro
when compared with wild-type ALK. This was shown using both
a universal substrate for tyrosine kinase (poly-GluTyr) and the
synthetic YFF peptide'®, which was denived from a sequence of the

P = 0.027*
P =007
e —

: ] o
é"
R i e 7

Figure 2 | Kinase activity of ALK ts and their d signalling.
a, Stably expressed ALK and its mutants (F1174L and K1062M) were
immunoprecipitated with an anti-Flag antibody and subjected to western
blot analysis with anti-pY1604 (upper panel) or FY20 (middle panel). An
anti-ALK blot of precipitated kinases is also displayed (bottom panel). b, in
vitro kinase assay for wild-type ALK kinase and its mutants using the
ynthetic YFF peptide as a sub where kinase activity is expressed as
relative values to that for wild-type kinase based on the densities in the auto-
radiogram. ¢, Kinase activity was also assayed for the poly-GluTyr peptide.
Significantly different measurements are indicated by asterisks with P
values. Bars show mean { *5.d.] in three independent experiments.
d, Western blot analyses of NIHYTS cells expressing wild-type and mutant
ALK for phosphorylated forms of AKT (pAKT), ERK (pERK1/2) and STAT3
(pSTAT3). The total amount of each molecule is also displayed (AKT, ERK1/
2, and STAT3) together with an anti-ALK blot (ALK),
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activation loop of ALK (Fig. 2b, ¢). In accordance with these findings,
downstream molecules of ALK signalling including AKT, STAT3 and
ERK" were activated in cells expressing ALK, as shown by
their increased phosphorylation (Fig. 2d).

Next, we investigated the oncogenic polential of these mulants.
NIH3T3 cells stably expressing mutant kinases showed increased
colony formation in soft agar compared with the wild-type protein
(Fig. 3a and Supplementary Fig. 11}, The tumorigenicity of these
ALK mutants was further assayed by injecting 1.0 % 107 NIH3T3 cells
into nude mice. The NIHAT3 cells transfected with the ALK mutants
showed focus-forming capacity and developed subcutaneous
tumours (6 out of 6 inoculations) 21 days after oculation, whereas
the mock and wild-type ALK-transfected cells did not (0 out of 6
inoculations) (Fig. 3b, ¢). Finally, we examined the effect of ALK
inhibition on the proliferation of neuroblastoma-derived cell lines.
RNA interference [(RNAi)-mediated ALK knockdown resulted in
reduced cell proliferation of SK-N-5H cells harbouring the F1174L
mutation, but the effects were less clear in wild-type ALK-expressing
LAN-2 cells (Fig. 34, ¢). Of particular interest is a recent report that 5
out of 17 neuroblastoma-derived cell lines, including SK-N-SH and
NB-1, frequently showed high sensitivity to the specific ALK inhib-
itor TAEG84 (ref. 19).

ces
K1082M EMLA-ALK i

WT {/5) F1174L (6/6)

Figure 3 | Oncogenic role of ALK mutations. a. Colony assays for NIH3T3
cells stably expressing wild-type as well ns mutant ALK (F1174L and
of colonies in tripli i

K1062M). The 2 1 ¥ I are
plotted and standard deviation is indicated. Results showing statistically
significant diff as compared with i using wild-type ALK

are indicated by asterisks with P values. b, ¢, NIH3T3 cells were transfected
with wild-type and mutant ALK (F1174L, K1062M and EML4-ALK) and
subjected to a focus forming assay (b) as well s un in vivo tumorigenicity
assay in mude mice (€). d, Effect of RNAi-mediated ALK knockdown on cell
proliferation in bl cell lines expressing either the F1174L
mutant (SK-N-SH) or wild-type ALK (LAN-2). Cell growth was measured
using the Cell Counting Kit-8 after knockdown experiments using ALK-
specific siRNAs (siRNA ALK), control siRNAs (siIRNA luc), or mock
experiments, where absorbance was measured in triplicate and averaged for
each assay. To draw growth curves, the mean = s.d. of the averaged
absorbance in three independent knockdown experiments is plotted.

e, Successiul knockdown of ALK protein was confirmed by anti-ALK blots
{ALK) using Coomassie brilliant blue G-250 (CBB) staining as loading
controls. NC, control siRNA; siRNA, ALK siRNA.
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Through the g wide analysis of genetic lesions in
toma, we identified novel o ALK mutations in advanced
neuroblastoma. Combined with the cases having a high-grade amp-
lification of the ALK gene, aberrant ALK signalling was likely to be
involved in 119 (16 out of 151) of the advanced neuroblastora
cases. Because ALK kinase has been shown to be deregulated only
in the form of a fision kinase in human cancers, including lymphoma
and lung cancer, the identification of oncogenic mutations in ALK
not only increases our understanding of the molecular pathogenesis
of advanced neuroblastoma, but also adds a new paradigm to the
concept of "ALK-positive human cancers’ in that the mutated ALK
kinases themselves might participate in human cancers. Our results
again highlight the power of genome-wide studies to clarify the gen-
etic lesions in human cancers™ ™, Given that ALK mutations are
prt'&l':ntllllymvuhulmldvmud neuroblastoma cases having a
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METHODS
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Colorectal carcinoma (CRC) remains the major cause of cancer death
in humans. Although chromosomal structural anomaly is presumed
to play an important role in the carcinogenesis of CRC, chromosomal
copy number alterations (CNA) and loss of heterozygosity (LOH)
have not yet been analyzed extensively at high resolution in CRC.

Here we aim to idemlry recummt CNA and LOH in human CRC with
the use of single nucleotide pc hi g microarrays, and
to reveal their relevance to diﬂkal outcorne Surgicahy resected CRC
specimens and paired normal mucosa were obtained from a consecutive
series of 94 patients with CRC, and both of them were subjected to
genotyping with Affymetrix Mapping 50K arrays. CNA and LOH were
inferred computationally on every single nucleotide polymorphism site
by integrating the array data for paired specimens. Our large dataset
reveals recurrent CNA in CRC at chromosomes 7, 8, 13, 18, and 20,
and recurrent LOH at chromosomes 1p, 4q, 5q. 8p, 11q, 14q, 15q,
17p. 18, and 22. Frequent uniparental disomy was also identified in
chromosomes 8p, 17p, and 18q. Very common CNA and LOH were
present at narrow loci of <1 Mbp containing only a few genes. In
addition, we revealed a number of novel CNA and LOH that were
linked statistically to the prognosis of the patients. The precise and
large-scale measurement of CNA and LOH in the CRC genome is
efficient for pinpointing prognosis-related genome regions as well
as providing a list of unknown genes that are likely to be involved
in CRC development. (Cancer Sci 2008; 99: 1835-1840)

Culumcla] carcinoma (CRC) remains the fourth most prevalent
cancer and the second highest cause of cancer death in the
USA." The life expectancy of individuals with CRC is mainly
dependent on the clinical stage when CRC is detected, and the
current chemotherapeutic regimens can only marginally improve
the prognosis of advanced cases.”” To achieve better outcomes
for such individuals, it would be desirable to identify and target
cellular molecules involved in the carcinogenesis of CRC.

A variety of genetic alterations take place, in a defined order,
during the development of CRC.” In addition 10 nucleotide
sequence mutations and epigenetic abnormalities of genes,
structural changes of chromosomes and chromosomal instability
(CIN) are known to play a major role in the carcinogenesis of
CRC."™ Gene amplification may induce oncogenic activity in a
subset of ogenes, such as MYC, MYCN, ERBB2, and
CCNDI. In contrast, deletion or truncation of tumor-suppressor
genes may confer inactivation of their function. These chromo-
somal copy number alterations (CNA) can be as large as numer-
ical anomaly of entire chromosomes, or as small as segmental
amplification or deletion of <10 kb,

Further, loss of heterozygosity (LOH) of the genome is frequently
present in cancer cells, where one allele of a chromosome is

doi: 10.1111/,1349-7006.2008.00881.x
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deleted (chromosome copy number of one) or the remaining
allele is further duplicated (chromosome copy number of two).
referred to as uniparental disomy (UPD). It has been hypothesized
that such regions likely harbor mutated or epigenetically silenced
tumor-suppressor genes. However, recent evidence indicates that
these regions may also carry activated oncogenes, as demon-
strated for mutated JAK2 in myeloproliferative disorders.”

In addition to the conventional array-based comparative
genomic hybridization (CGH) technigue,” microarrays developed
originally for single nucleotide po]ymorghlsm (SNP) typing are
now being applied to CIN investigation.”'” The main advantage
of the latter system over the former is that it readily screens CIN
at very high resolution in an allele-specific manner. The SNP
arrays are thus able to screen for both CNA and LOH throughout
the genome.

A few studies have been conducted recently for the SNP
array-based CIN analysis of CRC,"""~" but the interpretation of
such data may be hampered by the small number of clinical
specimens and the lack of paired normal samples for the analysis
(especially in the cases of LOH examination).

Here we have collected CRC and paired normal specimens
from a total of 94 individuals with CRC, and hybridized each
DNA to Affymetrix Mapping 50K Xba 240 microarrays
(Affymetrix, Santa Clara, CA, USA), which are able to examine
CNA and LOH at a mean resolution of 47.2 kb. Application of
bioinformatics to these large datasets has identified a number of
novel prognosis-related regions in the CRC genome.

Materials and Methods

Preparation of genomic DNA. Primary tumors and paired colonic
mucosal specimens (as normal controls) were surgically
resected and frozen from a total of 94 individuals with sporadic
CRC (from January 2002 to March 2003 at Jichi Medical
University Hospital). The clinical characteristics of these study
subjects are summarized in Suppl. Table S1. Informed consent
was obtained from each subject according to the protocols
approved by the ethics committees of Jichi Medical University.
Genomic DNA was extracted from the samples with the use
of the QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA)
according to manufacturer's instructions. The microsatellite
instability (MSI) status of each tumor was determined on the
basis of the analysis of nine microsatellite repeat loci as
described previously."®

"To whom correspondence should be addressed. E-mail: bmano@jichi.ac.jp
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Hybridization with SNP-typing arrays. Each DNA sample (250 ng)
was digested with Xbal, ligated to Adaptor-Xba (Affymetrix),
amplified by polymerase chain reaction (PCR), and subjected to
hybridization with Mapping 50K Xba 240 arrays (Affymetrix).
SNP genotyping calls were generated using GDAS software
version 3.0 (Affymetrix) with a confidence score threshold of
0.05. Chromosome copy number and allele-specific copy number
at each SNP site were calculated from the hybridization signal
intensity for both CRC and paired normal mucosa specimens
with the use of CNAG software (http:/www.genome.umin.jp).*
Only the CNAG data for autosomes were analyzed in the
present study. Genotype-call data and original CEL files are
available at the Gene Expression Omnibus website (http://www.
ncbi.nlm.nih.gov/geo) under the accession number GSE11417,
and CNAG output data are available upon request. We
considered chromosome copy number changes or LOH data
reliable only when contiguous SNP probes presented the
same data.

Quantitative real-time PCR. RNA was isolated from the samples
with the use of an RNeasy Mini column (Qiagen) and was used
o synthesize ¢cDNA with PowerScript reverse transcriptase
(Clontech, Palo Alto, CA, USA). Portions of genomic DNA or
c¢DNA were subjected to PCR with the QuantiTect SYBR Green
PCR Kit (Qiagen). The amplification protocol comprised
incubations at 94°C for 15 s, 60°C for 30 s, and 72°C for 60 s.
Incorporation of the SYBR Green dye into the PCR products
was monitored in real time with the ABI PRISM 7700 sequence
detection system (Applied Biosystems, Foster City, CA, USA),
thereby allowing determination of the threshold cycle (C,) at
which exponential amplification of products begins. To quantitate
the genomic DNA, the C, values for genomic DNA cormresponding
to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene and the target regions were used to calculate the abundance
of target regions relative to that of GAPDH DNA. The primer
sequences used for PCR were: 5-AGGACATTTGTAATCAGTAT-
CTGTG-3' and 5-AGGGCAGTCAATAAGCTAAGGAA-3’ for
period homolog 3 (PER3); 5-CTCAACTTCCTTGAGCACC
TCCTG-3" and 5-TACCTTGGACAGCTTGCTCTGTTG-3' for
invasion inhibitory protein 45 ([IP45); 5-ACTGGTGCTCTC-
ACTGTCCAAAAC-3" and 5-CGCAGAGTAGACATCCTGGG
TAAA-3 for FAT tumor suppressor homolog (FAT); 5-AGCGAA
TGGAAGTTAAATTTTGG-3" and 5-TGCATCTGTCCTAACTC
ACTCCT-3’ for breast cancer cell 2 (BRCC2); 5'-AGAGACTGT
ATTGCAGGGTGAAGA-3Y and 5-CTTTCCATTATATGTCCCG
ACTCC-3’ for v-maf musculoaponeurotic fibrosarcoma oncogene
homolog K (MAFK); 3-CTACTCTCTTGCCAGCATTTTCAC-3"
and 5-ACCTAAGCCTTATCCACACCTCAC-3" for protein
tyrosine phosphatase, non-receptor type | (PTPNI); §'-
GCTCATAGCCCTGCCTTCCT-3" and 5'-GGTCCCCAAAA
CGCACACTC-3 for CSMDI; and 5-CTGACCTGCCGTCTAG
AAAAACCT-3 and 5-CAGGAAATGAGCTTGACAAAGTGG-3
for GAPDH.

Similarly, the relative quantity of ¢cDNA was calculated using
the C, value of PCR for each cDNA and that for the GAPDH
c¢DNA. The primer sequences for reverse transcription (RT)-
PCR were: 5'-CGGTTTTCTCACAACACATTAGCA-3" and
5-ACTGGAAGGTGGGAAATCAATAGG-3" for PER3 cDNA;
5-CTGGAACTCAGGCAGCAGACAAG-3" and S5-GACTC-
CTGGGGGAGAACAGCATT-3' for /IP45 cDNA; 5-GTGAG-
TAATCCGCGCTGTTCTTT-3" and 5-CAGTAGTTGGGACACT-
GGAAATGG-3" for FAT cDNA; 5'-GACAGATTTCGCCCAT-
TATTCAGG-3’ and 5-TGTTTCTCTGCACAATTTGAACCA-
3" for BRCC2 ¢DNA; 5"-GCCATATACCACTCTCCCTTCCAC-
3" and 5-TGGAGTGTGCCTTGATTTCATACA-3' for CSMDI;
and 5-GTCAGTGGTGGACCTGACCT-3 and 5-TGAGCTT-
GACAAAGTGGTCG-3" for GAPDH ¢cDNA. The primer sets
for MAFK and PTPNI ¢DNA were the same ones used for
genomic amplification of the corresponding genes.
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Fig. 1. Chromosomal copy number alterations and loss of

heterozygaosity (LOH) in the colorectal carcinoma genome. (a) The study
subjects (n=94) were subjected to a hierarchical clustering analysis
based on the inferred copy number for all autasomal single nucleotide
polymarphism (SNP) sites. Copy number is color coded according to the
indicated scheme at the bottom. SNP sites are ordered by their physical
position from top to bottom, and the borders between chromosomes
are indicated by small bars at the left. (b) Chromosome copy number
(left panel) and LOH likelihood score (right panel) are demonstrated
for patient |D#002 in a chromosome view in a symmetrical manner.
Copy number value s color coded as in (a), and LOH likelihood score Is
colored according to the scheme indicated at the bottom. Chromosome
numbers are shown at the center. The allele-specific copy number data
for the 3p region (indicated by a blue circle) is demonstrated in the
inset as pink and green lines. Below the cytoband figure, the positions
of SNP sites with a hetero- or discordant-call are indicated by green or
pink bars, respectively.

Statistical analysis. Hierarchical clustering of the dataset and
Student’s t-test were carried out using GeneSpring 7.0 software
(Agilent Technologies, Santa Clara, CA, USA), and survival
analyses were camed out with SAS software (version 8.0.2: SAS
Inc., Cary, NC, US) and the ‘Survival’ package in R version 2.6.0
(htip://www.R-projectorg.). The g-values for the false discovery
rate were calculated directly from the ordered P-values above
using the ‘Q-value' software (http://genomics.princeton.edu/
storeylab/qvalue/) developed by Storey er al.''® with parameters
defined by Jones er al.'"”

Results

Frequent CAN. Genomic DNA was extracted from both CRC
specimens and normal mucosa obtained from the same study
subjects (n=94). Both data were integrated into the CNAG
software to infer chromosome copy number at every SNP site
for each CRC sample. Incorporation of the data for paired normal
mucosa markedly increased the accuracy of the calculation;
the mean probe-signal intensity at diploid chromosomes in
CRC was inferred from the data of control samples (where the
majority of the chromosomes were expected to be diploid).
Chromosome copy number data at each SNP probe site
(n =57 290 for all autosomal SNP) was thus calculated for all
CRC specimens, and a hierarchical clustering analysis for the
study subjects was conducted based on the overall CNA profile.
As shown in Figure la and Suppl. Fig. S1, approximately
one-quarter of the subjects (the right side branch in the figure)
had stable chromosomes, but the remaining samples had
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Table 1. Frequent regions of chromosomal copy number alterations or loss of heterozygosity (LOH) in colorectal carcinoma patients

Change Chromaosome Nucleotide position Mapped RefSeq gene GenBank accession no.
Gain (chromosome copy no. 25 in 215 subjects)
6 16,176,003-16,176,549 None
8 70,887,465-71,089,425 SLCOSAT NM_030958.1
20 31,768,314-31,919,527 PXMP4 NM_007238.4
ZNF341 NM_032819.3
CHMP4B NM_1768123
Decrease (chromosome copy no. <1 in 235 subjects)
18 60,114,744-61,522,755 None
18 64,600,350-65,380,261 cCpCro2s NM_024781.1
DOKE NM_152721.2
18 67,791,010-68,366,009 CBLNZ NM_182511.2
Homozygous deletion (common in two subjects)
3 60,393,402-60,490,818 FHIT NM_002012.1
20 14,796,659-15,040,864 C200rf133 NM_080676.5
LOH (common in 255 subjects)
5 108,765,615-112,484,272 APC NM_D00038.3
17 5,265,130-8,883,455 TPS3 NM_000546.3
XAFT NM_017523.2
pvi2 NM_004422 2
17 11,076,427-12,490,201 Others

frequent CNA of various sizes. For instance, gross amplification
was found commonly in chromosomes 7, 8q, 13, and 20,
whereas large deletions of chromosomes were identified in 8p
and 18.

Further, in-depth analysis of the dataset identified amplifica-
tions of various magnitudes at various frequencies. For instance,
a high-grade amplification of the genome (copy number of five
or greater) was found at three different loci in the genome of
215 subjects (Table 1), the size of which ranged from 547 to
201 961 bp. Surprisingly, amplification of one of these loci at
chromosome 8q was found among as many as 25 patients (the
most common, highly amplified region in our dataset). As
expected, low-grade amplifications of the genome were found
more commonly: a region of 2.7 Mbp at chromosome 20q was,
for example, amplified to four or more copies in more than 30
subjects, and this grade of amplification was also identified at
many loci throughout the genome. For instance, genome regions
with a copy number of four or greater in 210% of the patients
were mapped to choromosmes 7p, 8q, 13, 20q, and others, com-
prising a total of 1921 SNP sites (3.4% of all sites).

Similarly, a decrease in chromosome copy number (n<1)
was also frequently identified throughout the genome: three
distinct loci had such decreases in 235 subjects (Table 1). Further,
a less-frequent decrease (found in 210% of patients) was mapped
to chromosomes 1p, 5q, 8p, 14q, 17p, and others, comprising
3899 SNP sites in total (6.8% of all sites).

In our dataset, common homozygous deletions were unex-
pectedly rare. Only two loci demonstrated a chromosome copy
number of zero in two individuals (Table 1). Interestingly, one
such loci on chromosome 3 is known to be a common fragile
region containing the fragile histidine triad gene (FHIT, GenBank
accession no. NM_002012.1), a putative tumor suppressor.”'®
The other homozygous deletion site at chromosome 20 spans
244 206 bp containing only one unknown gene, C20orfl33
(GenBank accession no. NM_080676.5).

Frequent LOH. With the SNP-typing array platform. we can
carry out SNP genotyping by comparing the signal intensity
between two alleles, which reflects the DNA amount of each
allele. In the present study, with a moving window for 21
contiguous SNP, allele-specific copy number decreases were
examined to identify LOH regions. Three most common LOH
loci (found in 55 cases) were thus mapped to chromosomes
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5 and 17 (Table 1). Other frequent LOH (found in 220% of
patients) were identified on chromosomes 1p, 4q, 5q, 8p, llq,
14q. 15q, 17p, 18, and 22. Less-frequent LOH were seen in two
large loci (chromosomes 10 and 16), which contain a tumor
necrosis factor receptor superfamily member (FAS, GenBank
accession no, NM_000043.3) and ataxin-2 binding protein 1
(A2BP1, GenBank accession no. NM_018723.2).

Genome regions with UPD may contain tumor-suppressor
genes (where both alleles carry a mutated, inactivated tumor-
suppressor gene) or oncogenes (where cancer cells have two
copies of a mutated and activated oncogene). CRC may have
UPD at specific loci as demonstrated by Andersen er al."” In
our dataset, we readily identified UPD regions that were charac-
terized by a chromosome copy number of two and an LOH
likelihood score of 250 defined by the CNAG software. In the
data for patient ID# 002, for instance, a very high LOH likeli-
hood score was inferred on chromosomes 3p and 15q (right
panel of Fig. 1b). Although the latter region of the genome had
a decreased copy number (left panel), the former was supposed
to be diploid, indicating the presence of UPD. SNP array-based
analysis can measure in detail changes in copy number in an
allele-specific manner. With such analysis, as shown in the inset
in Figure 1b, one allele at 3p was indeed amplified to a copy
number of two (pink line), but the other allele was deleted
(green line) in the same region, thus confirming the presence of
UPD. Similar UPD was also identified on chromosomes 5q. 8p,
11, 14, 15, 17p, and 18q in our dataset.

Verification of the CNA data. The inferred copy number of
chromosomes was then verified by quantitative real-time
PCR. First, four genes (BRCC2, GenBank accession no.
NM_001001786.1; FAT, GenBank accession no. NM_005245.3;
1IP45, GenBank accession no. NM _021933.2; and PER3,
GenBank accession no. NM_016831.1) mapped to independent
loci with a frequent copy number loss were chosen to measure
DNA quantity. The amount of DNA of each gene relative to that
of GAPDH was examined in the patients with an inferred copy
number of two and those with a copy number of one. As shown
in the left panel of Figure 2a, the relative DNA amount of each
gene was decreased to 0.7-0.5 in the patients with the copy
number loss; 0.65 + 0.52 (mean + SD), 0.56 + 0.26, 0.65 + 0.22,
and 0.73 £ 0.33 for BRCC2, FAT, IIP45, and PER3, respectively.
The correlation coefficients between inferred copy number by
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Table 2. Prognosis-related regions of copy k Iterations (CNA) or loss of heterozygosity (LOH) in colorectal carcinoma patients
Change Chromosome Position Size (Mbp)  Pvalue  g-value Mapped RefSeq gene  GenBank accession no.
CNA 5 113,733,368-117,078,267 334 <0.001 0.095 SEMAGA and others  NM_20796.3 and others
5 121,427,436-122,773,632 135 <0.001 0.095 LOX and others NM_002317.3 and others
5 123,233,993-126,057,451 282 <0.0005  0.095 Others
5 142,509,574-142,681,049 0.17 <0.001 0.095 Others
5 160,137,590-160,786,796 0.65 <0.001 0.098 Others
5 162,659,919-162,863,325 0.20 <0.0005  0.095 CCNG1 and others NM_004060.3 and others
6 109,126,299-109,435,125 0.31 <0,0005 0095 SESN7 and others NM_014454.1 and others
10 110,674,541-111,338,259 0.66 <0.0005  0.095 None
18 51,345,876-52,332,836 0.99 <0.0005  0.095 TCF4 and others NM_003199.2 and others
18 53,401,262-55,536,937 2.14 <0.0005  0.095 RAX and others NM_013435.2 and others
LOH 16 4,858,366-6,679,934 1.82 <0.0001  0.046-0.224  UBNT and others NM_002705.4 and others
16 7,010,644-7,608,397 0.60 <0.0005  0.181 A28P1 NM_018723.2
(a)  Relative DNA amount Retative mANA amourt each mRNA to that of GAPDH (right panel of Fig. 2a). Similar
to the chromosome copy number, the mean mRNA level in the
X ¢ / i : samples with copy number loss was decreased compared 1o the
Coyno level in those without the loss: 0.47 =075, 0.80 =029,
, 0.97 = 0.64, and 0.54 + 0.69 for BRCC2, FAT, IIP45, and PER3,
2 respectively. However, a relatively large SD in each mRNA
1 amount indicates that transcriptional level was also influenced
b significantly by other factors such as epigenetic regulation and
W sAccz transcriptional factors.
R We also measured the DNA amount of two genes (MAFK,
" 0] nees GenBank accession no. NM_002360.3, and PTPN, GenBank
accession no, NM_002827.2) that showed various levels of copy
| PER3 number amplification in our dataset. As shown in the left panel

Fig. 2. Verification of copy number changes. (a) The DNA quantities of
PER3, I1P34, FAT, and BRCC2 (relative to that of GAPDH) were measured
by real-time polymerase chain reaction in the subjects with inferred
copy number two (n = 2) or one (n = 1). The mean + SD value for each
gene was normalized to the corresponding mean value for the group
with diploid chromosomes, and is shown in the left panel. The mRNA
amount for each gene (relative to that of GAPDH) was also quantitated
by real-time reverse transcription-polymerase chain reaction and is
shown in a similar way. (b) The relative DNA (left panel) or mRNA, (right
panel) of MAFK and PTPNT was calculated as in (a).

array hybridization and DNA quantification by PCR were 0.219,
0.383, 0.216, and 0.314, respectively.

For the same gene set, we also examined how copy number
changes affect mRNA level. Quantitative real-time reverse
transcription-PCR was used to quantify the relative amount of
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of Figure 2b, the calculated DNA amount of MAFK relative to
that of GAPDH by quantitative PCR paralleled the copy number
inferred from SNP arrays. Similarly, DNA quantity measured by
real-time PCR for PTPNI generally followed the inferred copy
number (n = 2-6). Again, the mRNA from each gene was quan-
tified by real-time reverse transcription-PCR, revealing that
amount of DNA significantly affects mRNA level (right panel).

Prognosis-related CNA and LOH. To directly search for CNA
and LOH linked to the survival of patients, we utilized Cox’s
proportional-hazard regression analysis® coupled with the
false-discovery rate correction on the copy number profile of all
autosomal SNP sites.

From the CNA dataset, several loci at chromosomes 5, 6. 10,
and 18 were proved to be significantly related to prognosis
(P <0001 and g<0.1) (Table 2). For all loci except one at
chromosome 10, chromosomal loss had a negative impact on the
outcome of the patients (Fig. 3a). One locus at chromosome 5
contains the cyclin G1 gene (CCNGI, GenBank accession no.
NM_004060), which belongs to the cyclin gene superfamily. In
contrast to the other cyclins, expression of CCNG/ is stable
throughout the cell cycle, and becomes activated in mouse cells
by exposure to ionizing radiation, which also induces cell cycle
arrest.?” Further, disruption of WT1 function is linked to the
downregulation of CCNGI expression.” These data together
indicate a pro-apoptotic role for CCNGI, and our discovery of a
relationship between loss of CCNGI and poor prognosis may
imply a function of CCNGI as a tumor suppressor in CRC.

In addition to CNA analysis, we further searched for prognosis-
related LOH with the following approach. There were many
recurrent LOH regions in our dataset at various frequencies.
We thus examined whether some of those recurrent alterations
(observed in five or more samples) were preferentially present in
the patients who died of CRC compared to those who survived
in our observation period. For these potentially outcome-related
genomic regions, prognosis was compared statistically between
the two subject groups by the log-rank test with the false-discovery
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Fig. 3. Prognosis-related copy number (CN) loss and loss of
heterozygosity (LOH). The survival of the subjects with or without copy
number loss of a locus at (a) chr 5 or (b) chr 16
was compared using Kaplan-Meler analysis. The Pvalue for each
comparison was calculated using the log rank test.

rate correction. We finally isolated two loci of LOH where
the presence of LOH was related to a short survival time
(P < 0.0005) (Table 2; Fig. 3b). One such prognosis-related
LOH locus contains the ubinuclein 1 gene (UBNI, GenBank
accession no. NM_016936). Because UBNI associates physi-
cally with AP/ and interferes with its DNA-binding activity,*
BN may also function to suppress tumor development.

Discussion

We have here calculated chromosome copy number as well as
LOH likelihood throughout the genome of 94 CRC specimens.
Together with the clinical information for the study subjects, we
identified many loci whose DNA quantity or LOH is associated
with the survival and various characteristics of CRC subjects.
Some of the RefSeq genes mapped on such loci are well-known
cancer-related genes. One frequent LOH was mapped 10 a
genomic region of approximately 235 kb only containing the
MCC gene, which had already been shown to be prone to somatic
mutations and deletions in CRC and other cancers.”** Over-
expression of MCC suppresses the G, to S transition of the cell
cycle, whereas such activity is lost for an MCC mutant identified
in CRC,%® supporting the tumor-suppressor activity of MCC.
In addition 1o the analysis presented in the present manu-
script, our large dataset can also be utilized to characterize other
aspects of CRC. CRC may be subdivided into microsatellite-stable
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Abstract EGFR are prevalent only among young women, nonsmokers, and

The genome of a subsel of non-small-cell lung cancers
(NSCLC) harbors a small inversion within chromosome 2 that
gives rise to a transforming fusion gene, EML4-ALK, which
encodes an activated protein tyrosine kinase. Although
breakpoints within EML4 have been identified in introns 13
and 20, giving rise to variants 1 and 2, respectively, of EMLY-
ALK, it has remained unclear whether other isoforms of the
fusion gene are present in NSCLC cells. We have now screened
NSCLC specimens for other in-frame fusion cDNAs that
contain both EML4 and ALK sequences. Two slightly different
fusion cDNAs in which exon 6 of EML4 was joined to exon 20 of
ALK were each identified in two individuals of the cohort.
Whereas one cDNA contained only exons 1 to 6 of EML4
(variant 3a), the other also contained an additional 33-bp
sequence derived from intron 6 of EML4 (variant 3bh), The
protein encoded by the latter ¢DNA thus contained an
insertion of 11 amino acids between the EML4 and ALK

of that ded by the former. Both variants 3a
nnd 3b of EML4-ALK exhibited marked transforming activity
in vitro as well as oncogenic activity in vive. A lung cancer cell
line expressing endogenous variant 3 of EML4-ALK underwent
cell death on exposure to a specific inhibitor of ALK catalytic
activity. These data increase the frequency of EML4-ALK-
positive NSCLC tumors and bolster the clinical relevance of
this oncogenic kinase. [Cancer Res 2008:68(13):4971-6]

Introduction

Lung cancer is the leading cause of cancer deaths in the United
States, with >160,000 individuals dying of this condition in 2006 (1).
The efficacy of conventional chemotherapeutic regimens with
regard to improving clinical outcome in lung cancer patients is
limited. Activating mutations within the epidermal growth factor
receptor gene (EGFR) have been identified in non-small-cell lung
cancer (NSCLC), the major subtype of lung cancer (2, 3), and
chemical inhibitors of the kinase activity of EGFR have been found
to be effective in the treatment of a subset of NSCLC patients
harboring such mutations. However, these somatic mutations of

Note: Supplementary data for this article are available at Cancer Research Onling
ihupﬂnmmumpumdwy}.
ki Mano, Division of Functional Genomics, Jichi

Medical Umnky. 331141 Yakushiji, Shimotsukeshi, Tochigi 429-0498, Japan. Phone:
81-285-58-744%: Fax: 81-285-44.7322 E-maik hmano@jichiac.jp.
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Asian populations (3, 4).

We recently identified a novel transforming fusion gene, FML4
(echinoderm mi iated protein-like 4)-ALK (ana-
plastic lymphoma kinase), in a clinical specimen of lung
adenocarcinoma from a 62-year-old male smoker (5). This fusion
gene was formed as the result of a small inversion within the short
arm of chromosome 2 that joined intron 13 of EML4 to intron 19 of
ALK (transcript ID ENST00000389048 in the Ensembl database®).
The EML4-ALK protein thus contained the amino-terminal half of
EMLA and the intracellular catalytic domain of ALK. Replacement
of the extracellular and transmembrane domains of ALK with
this region of EML4 results in constitutive dimerization of the
kinase domain of ALK and a consequent increase in its catalytic
activity (5).

Whereas this EML4-ALK fusion gene was detected in 3 of 75
individuals with NSCLC, we further identified another isoform of
EML4-ALK in two patients of the same cohort (5). In these two
individuals, intron 20 of EML4 was disrupted and joined to intron
19 of ALK, with the fusion protein thus consisting of the amino-
terminal two thirds of EMLA and the intracellular domain of ALK.
This larger version of EML4-ALK was referred to as variant 2, with
the original smaller version being termed variant 1. A total of 5
of the 75 (6.7%) patients in the cohort were thus positive for
EML4-ALK.

Given that detection of EML4-ALK cDNA by the PCR would be
expected to provide a highly sensitive means for diagnosis of
lung cancer, and given that inhibition of the catalytic activity of
EMIA-ALK may be an effective approach to treatment of this
disorder, we have examined whether other isoforms of EMLA-ALK
are associated with NSCLC. We now describe a third isoform of
EMLA4-ALK (variant 3) that is smaller than variants 1 and 2.

e

Materials and Methods

PCR. This study was approved by the ethics of Jichi Medical
University and The Cancer Institute of the Japanese Foundation for Cancer
Research. Total cDNA of NSCLC specimens was synthesized with Power-
Script reverse transcriptase (Clontech) and an oligo(dT) primer from total
RNA purified with the use of an RNeasy Mini RNA purification kit (Qiagen).
Reverse transcription-PCR (RT-PCR) to amplify the fusion point of
EML#ALK variant 3 mRNA was done with a QuantiTect SYBR Green kit
((iagen) and the primers 5-TACCAGTGCTGTCTCAATTGCAGG-3' and
5-TCTTGCCAGCAAAGCAGTAGTTGG-3. A full-length cDNA for EML#-ALK

* hittp:/ fwww ensemblorg/index html
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variant 3 was amplified from total cDNA of a NSCLC specimen (1D no. 2075)
with PrimeSTAR HS DNA polymerase (Takara Bio) and the primers
5-ACTCTGTCGGTCCGCTGAATGAAG-3 and 5-.CCACGGTCTTAGG-
GATCCCAAGG-3; PCR was done for 35 cycles of 98°C for 10 s and
68°C for 6 min. The fusion point of EML4-ALK in the genome was amplified
by PCR with genomic DNA of NSCLC specimens, PrimeSTAR HS
DNA p and the 5-GGCATAAAGATGTCATCATCAAC-
CMGGS’ and 5% AGCTTGCT‘CAGCITGTACTCAGGGf The nudeohde
sequences of the EML4-ALK variant 3a and 3b ¢DNAs have been dep

buffered formalin, embedded in paraffin, and sectioned at a thickness of
3 pm. The sections were placed on glass slides and processed with a

Histology FISH A y Kit (DakoCy ion) before hybridization with
the EML4 and ALK probes and tion with a fl ence mi I
(BX61, Olympus).

Transforming activity of EMI4-ALK varinnt 3. Analyses of the
function of EMLA-ALK variant 3 were done as described previously (5). In
b:ie!. the cDNA fur EM.M-ALI( variant 3a or 3b was fused with an

leotide

in DDBJ/EMBL/GenBank under accession nos. AB37436]1 and AB374362,
respectively.

Fluorescence in situ hybridization. Fluorescence in situ hybridization
(FISH) analysis of the fusion gene was done with amhmnl pazholog'_r
specimens and with bacterial artificial chre o
DNA corresponding to EML4 or ALK and their Ranking n-giwu as prubu
In brief, surgically removed lung cancer tissue was fixed in 20% neutral

ng the FLAG epitope tag and then inserted into the
retroviral expression plamud pMXS (6). The resulting plasmids as well as
similar pMXS-based expression plasmids for EMLA-ALK variant 1, variant
1 (K589M), or variant 2 were individually introduced into mouse 3T3
fibroblasts by the calcium phosphate method for a focus formation assay
and assay of tumorigenicity in nu/nu mice. The same set of EML4-ALK
proteins was expressed in HEK293 cells and assayed for kinase activity
in vitro with the YFF peptide (7).

£8
§8

AGGAL _Adjar...
43 e6b 7

e EML4 [ /8
arian
eba e13 €20
Variant 3a
ALK
v3 vi v2
c
MDGF ISARSTID SALESRVOOUEDEITVLEAALADVLRERLATSEDHVA &0
QFSPRAVIPMBCIT SAVEIAGKETLSSAAKSCTEXKRE 120
KPOGUREKKEES HERDOS PO I RASPEPQPSSOPLY ITHROTPESKRATPTES TERPS PARE 180
SHNSWENBDDERNELEKIPETPELIPEVIKTADKHEDVI INQAFHSTREKNSQVYRRENQ 240
ELGAMONELOS PEYKLAKLA TS T INTDY NPRYCPAGRTSS ISDLEEVPRENI TLIRGLGH 300
SGHMPHDPSPLOVAVETLPEVCSEQDELDFLMEALIISKFHHORIVRCIG &0
LPRP ILLELNAGGDLESFLAETRPRPEQPEASLAMLOLLHVARDIACGCQYLEENH 420
FIHRDIAARNCLL GP AKIGDF YRASYYRE 480
IFTSETDIWSFCVLLWEIPSLGYMPYPS PPENCPGPVYRIMTQ 540
ﬂmrumrntmu!cmmxmmnnm 600
PAAPPPLPTTASCKAARKPTAAEVEVRVFRGFAVEGGHVNMAFSOSR 560
prmmmnwmm IARKEPHERGNLGLEGSCTVPPN 720
VATGRLPGASLLLEPSSLTANMEEVPLFRLANFPCGNYNYGY QOUOCLPLEAATAPGAGHY 780
EDTILESKNSNNQPGP 796
D
1 222 981
EML4
1 \ 796
EML4-ALK v3b
1 ™~._1058 \\\‘_\ 1620
| ~.
ALK |

™

Figure 1. Identification of EML4-ALK variant 3. A, detection of fusion cDONAs linking exon 6 ol EML4 1o exon 20 of ALK by AT-PCR analysis, Two RT-PCR products
of 548 bp (corresponding to variant 3b) and 515 bp {corresponding to variant 3a) were detected by agarose gel electrophoresis with total RNA from two NSCLC
specimens (tumor ID nos. 2075 and 7969). Lane (-), no-template control; lane M, size markers (50-bp ladder). B, genomic organization of EML4. Intronic sequences
downstream of exons (&) 6, 13, and 20 of EML4 are fused to intron 19 of ALK to generate variants (v) 3, 1, and 2 of EML4-ALK, respectively. Exon-intron
boundary sequences as well as the size of exon 6b are indicated C, predicted amino acid sequence ol EML4-ALK variant 3b. Blue, green, and red, amino acids
corresponding to exans 1 to 6a of EML4, exon Bb o EML4, and ALK, respectively. Amino acid number is indicated on the right. D, fusion of an aming-terminal portion
of EML4 [which consisis of a basic region (Basic), HELP domain (H), and WO repeats) to the intraceliular region of ALK (containing the tyrosine kinase domain)
generates EML4-ALK variant 3b. Green, the region of the fusion protein encoded by exon 6b of EML4. TM, fransmembrane domain
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Figura 2. Chromosomal rearrangemant
responsible lor generation of EML4-ALK variant 3 N
A, schematic representation of the chromasomal \_
rearrangement underlying the ation of
EML4-ALK vanant 3. Exon Bb of EML4 is localed \\
188 bp downstream of exon Ba. In NSCLC | BN
specimen |D no. 7969, EMLY is disrupted at a
posibon - 7.1 kbp downstream ol exon 6b and s
ligated to a position 749 bp upstream of exon 20 of
ALK, giving rise 10 the EML4-ALK (variant 3) fusion
gene. Horizontal arrows, direction of transcription.
B, FISH analysis of a representative cancer cell in a
histologic section of lung adenocarcinoma (ID no
7960) with differentially labeled probes for EML4
(left) and ALK (center). Two fusion signals (arrows)
and a pair of green (comesponding to EML4) and
red (corresponding 1o ALK) signals are present in
the merged image (right)
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The cDNA for FLAG-tagged EMLA-ALK variant 3b was also inserted into
pMX-iresCDS for the expression of both EML4-ALK and mouse CDS (8), and
the resulting recombinant retroviruses wore used to infect mouse BA/F3
cells (9). CD8-positive cells were then purified with the use of a miniMACS
magnetic bead-based separation system (Miltenyi Biotec) and cultured
in the absence or presence of mouse interleukin-3 (IL-3; Sigma) or 2.4
pyrimidinediamine (Example 3-39, a specific inhibitor of ALK enzymatic
activity that was developed by Novartis® and synthesized by Astellas
Pharma).

Mouse 3T3 fbroblasts and NCI-H2228 lung cancer cells (both from
American Type Culture Collection) as well as 313 ecells expressing v-Ras
were plated in 9%6-well spheroid culture plates (Celltight Spheroid, Sumilon)
at a density of 1 % 10" per well. Cell growth was examined with the WST-1
Cell Proliferation Reagent (Clontech) after culture for 5 d with 24
pyrimidinediamine.

Luciferase reporter assays. The promoter fragments of Fos, Myc. and
Bel-x; genes were ligated to a luciferase ¢cDNA to generate pFL700 (10),
pHXLuc (11), and pBelxl-Luc (12) reporter plasmids, respectively, Luciferase
cDNA ligated to the DNA binding sequence for nuclear factor B (NF-<B) or
to the GAS sequence was obtained from Stratagene. HEK293 cells were
transfected with these vanous reporter plasmids together with the
expression plasmid for EML4-ALK variant 3b or the empty vector, as
described previously (13). The pGL4 plasmid (Promega) for expression of
Renilla luciferase was also included in each transfection mixture. After

culture of the cells for 2 d, luciferase activity in cell lysates was measured
with a Luciferase Assay system (Promega)

Results and Discussion

Detection of EML-ALK variant 3. The EML4-ALK variant | and
2 proteins are produced as a result of genomic rearrangements that

* Patent informatior: Garcta-Echeverria C, Kanazawa T, Kawahara E, Masuya K,
Matsuura N, Mn)r-h T et al, mwnlnn. Novartis AG, Novartis Pharma GmbH, [RM
LLC. appl 5. 24-F i ines useful in the treatment of neoplastic disease,

fl tory and 4 ders. PCT WO 2005016894, 2005 Feb 24.

system

lead to the juxtaposition of exons 13 and 20 of EML4, respectively,
to exon 20 of ALK, It is theoretically possible that exon 2, 6, 18, or
21 of EML4 also could undergo in-frame fusion to exon 20 of ALK.
We therefore examined whether transcripts of any such novel
EML4-ALK fusion genes are present in NSCLC cells by RT-PCR
analysis with primers that flank each putative fusion point (data
not shown). With the primer set for amplification of the EML4
(exon 6)-ALK (exon 20) fusion ¢DNA, we detected a pair of PCR
products in two individuals with lung adenocarcinoma (Fig. 14).
Although one of the patients (tumor ID no. 7969) had a smoking
index of 540, the other patient (tumor [D no, 2075) had never
smoked. Nucleotide sequencing of each PCR product from both
patients revealed that the smaller product of 515 bp corresponded
to a fusion cDNA linking exon 6 of EML4 to exon 20 of ALK,
whereas the larger product of 548 bp contained an additional
sequence of 33 bp that was located between these exons of EML4
and ALK and which mapped to intron 6 of EMLY (Fig. 1B8). The
larger cDNA would thus be expected to encode a fusion protein
with an insertion of 11 amino acids between the EML4 and ALK
sequences of the protein encoded by the smaller cDNA.

Although we did not detect human mRNAs or expressed

q e tags containing this cryptic exon of EML4 in the
nucleotide sequence databases, it is likely that this exon is
physiologic and functional because {a) the fusion cDNA containing
this exon was identified in two independent patients and in
amounts no less than those of the corresponding cDNA without it
(Fig. 14) (b) the intron-exon boundary sequence for this exon
conforms well to the AG-GU rule for mRNA splicing (Fig. 18); and
(c) EML4 cDNAs or expressed sequence tags containing this exon
were detected in the sequence databases for other species (for
instance, GenBank accession no. AK144604 corresponding to a
mouse EML4 cDNA). We thus refer to this cryptic exon as exon 6b
and to the original exon 6 as exon 6a (Fig. 18). The novel isoforms
of EML4-ALK transcripts containing exons 1 to 6a or | to 6b of
EML4 were also designated variants 3a and 3b, respectively.

www.aacrjournals.org
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To isolate a full-length ¢cDNA for EML4-ALK variant 3. we
performed RT-PCR with total cDNA of a positive specimen (1D
no. 2075) and with a sense strand primer targeted to the 5
untranslated region (UTR) of EML4 mRNA and an antisense strand
primer targeted to the 3 UTR of ALK mRNA. One-step PCR analysis
yielded ¢cDNA products for both EML4-ALK variants 3a and 3b
(Fig. 1C; Supplementary Fig. S1).

The EML4 protein contains an amino-terminal basic domain
followed by a hydrophobic echinoderm microtubule-associated
protein-like protein (HELP) domain and WD repeats (14). Given

that exons 1 to 6 of EML4 encode the basic domain, the proteins
encoded by the variant 3 cDNAs contain the entire basic domain of
EMLA directly linked to the catalytic domain of ALK (Fig. 10). The
fact that the basic domain was found to be essential for both the
self-dimerization and oncogenic activity of EML4-ALK (5)
suggested that the variant 3 isoforms likely also possess trans-
forming activity.

Chromosome rearrangement responsible for generation of
EML4-ALK variant 3. To show the pr e of a chror
rearrangement responsible for the generation of EML4-ALK variant

A
vi(KM)
C o
Tumors/injection
=) 0/8
vi 8a/8
v1(KM) o/8
v2 8/8
v3b 8/8

Kinase assay -4— YFF peptide

Anti-FLAG EML4-ALK

£
2 T
&
B l_—_
3' 20 _‘ Vecior
| W EMaALK b

] LR
§ =
s
2
§ 10

ol __mm

Fos Myc Bokx, NF-«B GAS

Figure 3. Translorming potential of EML4-ALK variants. A, focus formation assay. Mouse 3T3 fibroblasts were transfected with the empty expression plasmid ()] or
with plasmids for wild-type (v1) or KS89M mutant [v1{KM))] forms of variani 1, variant 2 (v2), variant 3a (v3a), or variant 3b (v3b) of FLAG-lagged EML4-ALK. The cells
were photographed after culture for 18d. Bar, 1 mm. B, in vitro kinase assay. HEK293 cells expressing Ihe various FLAG-tagged variants of EML4-ALK were lysed and
subjected to immunoprecipitation with antibodies to FLAG, and the ting p were yed for kinase activity with the synthetic YFF peptide (tap) or
subjected to immunoblol analysis with antibodies to FLAG (boffom). C, in vivo assay of tumorigenicity. 3T3 cells expressing the indicated EML4-ALK variants were
injected s.c. into nu/nu mice, and tumor formation was examined after 20 d. The number of tumors formed per eight injections is indicated on the nght. D, analysis of
EML4-ALK signaling with lucilerase-based reporter plasmids. HEK293 cells were fected with an axp p d for EML4-ALK variant 3b (or with the
empty vector) together with reporter plasmids containing the promoter fragment of Fos, Mye, or Bel-x, gene, ihe DNA binding sequence for NF-<B; or the GAS
sequence. Cells were cultured for 2 d, lysed, and assayed for luciferase activity, The activity of firefly luciferase was normalized by that of Renilia luciferase. Columns,
mean of three experiments; bars, SD.
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A (-) EML4-ALK v3b
50 2, 4-pyrimidinediamine (nmol/L)
Figure 4. Essential role of EML4-ALK kinase activity in B
malignant transtormation. A, lysates of HEK283 cells
expressing FLAG-tagged EML4-ALK variant 3b (v3b) were 10'0 BA/F3-CD8 4 BAF3-EML4-ALK v3b
divided into five equal portions, and sach portion was subjected (+)IL-3 i3
omwmmmmmmrm The 10F - B
hed with kinase buffer
[lOn'rml.ﬂ.HEPES-NaOH[pH?Q] 50 mmolL. NaCl, 5 mmolL
MgCls. 5 mmolL MnCly, 0.1 mmalL NayVO,) containing 0, 1, b
5, 10, or 50 nmollL of 2 4-pynmidinediamine and then
incubated for 30 min a! room temperature for assay of kinass 107
wi\ntymhchFthhmunmmm
of 2,4-pyrimidi The same amount of lysate i
duhmmdmhommmﬂu%m 10* q 2,4-pyrimidinediamine
ipitation and 1 as a negative control (-} 3 onmolL. —O—
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mlhemnoeoilLalinwﬂ.]mmmwu 5
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but without IL-3 (right), Cell number was counted at the et
indicated times. Points, mean of three separate exparimants;
bars, SD. C, mouse 3T2 fibroblasts expressing (or nat) v-Ras 102 T T T T T
or NCI-H2228 cells were cultured in a spheroid culture plate 0 1 2 3 4 5
for 2 d, alter which 2,4-pyrimidinediamine was added to the Time
culturé medium at a concantration of 0, 1, or 5 nmolL. The ()
calis were photographed after culture for an additional 5 d C
(left). Bar, lmm,canuninrmenmwu;rlmmm 2. 4-pyrimidinediamine
al the sama time with the use of the -1 assay (right). W 0 nmol/L
Columns, meaan ol three wells from a representative QMO |8 RAdV: Bt nmol/L
experment; bars, S0 = 2= 3T o8 B 5 nmollL
0.4
e | ) | §
— ] 202
‘_‘, "_ 0 —
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3, we attempted to amplify the fusion point between the two genes
from the genome of positive NSCLC cells. PCR with primers
targeted to regions flanking the putative fusion point yielded a
product of ~8 kbp with the genomic DNA of tumor ID no. 7969
(data not shown). Our failure to detect an unambiguous PCR
product with genomic DNA of tumor ID no. 2075 may indicate that
the breakpoint in intron 6 of EML4 in this specimen is too distant
from exon 6 to be readily amplified by PCR (intron 6 of EML4 is
>16 kbp). Nucleotide sequencing of the PCR product for tumor 1D
no. 7969 revealed that intron 6 of EML4 was disrupted at a position
— 7.1 kbp downstream of exon 6b and was joined to a point 749 bp
upstream of exon 20 of ALK (Fig 24).

We also confirmed the chromosome rearrangement involving
EML4 and ALK by FISH analysis of cells from tumor 1D no. 7969
(Fig. 28) and tumor ID no. 2075 (data not shown) with differentially
labeled probes for the two genes. Both genes map to the short arm
of chromosome 2 within a distance of —12 Mbp. The tumor cells
exhibited fusion signals (corresponding to EML4-ALK) in addition
to a pair of isolated green and red signals (corresponding to the
two genes on the normal chromosome 2). The chromosome
rearrangement involving the ALK locus was further verified with a
different set of fluorescent probes (Supplementary Fig. $2).

Transforming activity of EML4-ALK variant 3. To compare
the transforming potential of variants 1, 2, 3a, and 3b of EML4-ALK.

we introduced expression plasmids for each variant into mouse
313 fibroblasts for assay of focus formation. No transformed foci
were detected for cells transfected with the empty plasmid or with
a plasmid for a kinase-inactive mutant (K589M) of EMI4-ALK
variant 1 (5) in which Lys®* in the ATP binding site of the catalytic
domain is replaced with Met (Fig. 34 ). In contrast, variants 3a and
3b of EMLA-ALK each exhibited marked transforming activity that
was not less than that of variant 1 or 2. To examine directly the
tyrosine kinase activity of EML4-ALK variants, we subjected
HEK293 cells expressing each of these variants to an in vitro
kinase assay with a synthetic YFF peptide (7). Again, both variants
3a and 3b exhibited marked kinase activity that was not less than
that of variant 1 or 2 (Fig. 3B). Similarly, in a tumorigenicity assay
with nude mice, 3T3 cells expressing EML4-ALK variant 3b formed
large subcutaneous tumors at all injection sites (Fig. 3C).
Consistent with our previous observations (5), cells expressing
variant 1 or 2 of EML4-ALK also formed tumors.

To examine the intracellular signaling pathways activated by
EMIA-ALK. we linked the luciferase cDNA to the promoter
fragment of Fos, Myc, or Belx; gene (10-12); the DNA binding
sequence for NF-xB; or the GAS sequence [a target site of the
transcription factors signal transducers and activators of tran-
scription (STAT)-1 and STATS; ref 15]. The resulting constructs
were then introduced into HEK293 cells together with an
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expression plasmid for EML4-ALK variant 3b. EML4-ALK variant 3b
markedly activated the promoters of the Fos and Myc genes
(Fig. 3D), consistent with the transforming potential of EMLA-ALK.
In contrast, although STAT3 has been shown to be a downstream
target of the NPM-ALK fusion protein (16), EML4-ALK did not
activate the GAS sequence, suggesting that STAT3 is unlikely to be
a major target of EML4-ALK, as was shown in an EML4-ALK-
positive lung cancer cell line by a proteomics approach (17). The
distinct subcellular localizations of the two ALK fusion proteins
[EML4-ALK in the cytoplasm (5) and NPM-ALK in both the nucleus
and cytoplasm (18)] may account for this difference. Whereas
EMIL4-ALK did not activate the Bel-x; gene promoter, it induced a

three-di ional spheroid culture system (Fig. 4C; ref. 20).
Whereas 3T3 fibroblasts are unable to form such spheroids,
expression of v-Ras in these cells results in the formation of large
spheroids in culture. Whereas 2,4-pyrimidinediamine did not affect
the proliferation of 3T3 cells expressing v-Ras in this system, it
inhibited the growth of NCI-H2228 cells in a concentration-
dependent manner (Fig. 4C). These data thus indicate that EML4-
ALK is essential for the growth of cancer cells expressing this
oncokinase.

In conclusion, we have identified novel isoforms of EML4-ALK in
two patients with NSCLC. A chromosome inversion within 2p was
shown to connect intron 6 of EML4 to intron 19 of ALK and to be

small but significant increase in the activity of the NF-«B bindi
sequence (P = 1.86 x 10", Student’s ¢ test).

Several compounds have recently been identified as specific
inhibitors of the kinase activity of ALK and as potential drugs
for the treatment of lymphoma positive for NPM-ALK (19). We
examined the effects of one such inhibitor, 24-pyrimidinediamine,
on the transforming potential of EML4-ALK. We first determined
the effect of this inhibitor on the kinase activity of EML4-
ALK variant 3b immunoprecipitated from transfected cells. 2.4-
Pyrimidinediamine inhibited the kinase activity of EML4-ALK
in a concentration-dependent manner, with a concentration of
1 nmol/L reducing the kinase activity to <50% of the control value
(Fig. 44).

We also introduced EMLA4-ALK variant 3b and CD8 (or CD8
alone) into the [L-3-dependent | poietic cell line BA/F3 (9)
and then purified the resulting CDB-positjve cell populations. 2.4-
Pyrimidinediamine, even at a concentration of 20 nmol/L, did not
affect the IL-3-dependent growth of BA/F3 cells expressing only
CD8 (Fig. 4B), indicating that this agent does not inhibit mitogenic
signaling mediated by Janus kinase in BA/F3 cells. Expression of
EMIA-ALK rendered BA/F3 cells independent of IL-3 for growth,
but the cells expressing the fusion protein also rapidly underwent
cell death on exposure to 2,4-pyrimidinediamine (Fig. 48).

Finally, we examined the effect of 24-pyrimidinediamine on lung
cancer cells that express endogenous EML4-ALK variant 3. The
human lung cancer cell line NCI-H2228 expresses EML4-ALK
variants 3a and 3b (data not shown) and forms spheroids in a

-]

ponsible for the g ion of fusion cDNAs connecting exons 1
to 6a or exons 1 to 6b of EML4 to exon 20 of ALK. Given that fusion
¢DNAs with or without exon 6b of EML4 were each present in the
two patients, EML4-ALK variant 3a and 3b proteins are likely to be
coexpressed in NSCLC cells. Although RT-PCR analysis to detect
EMLA4-ALK may provide a highly sensitive means to detect lung
cancer, it is important that all variant forms of the fusion gene be
assayed with appropriately designed primer sets. Given that all
the identified variants possess prominent transforming activity,
the newly revealed increased incidence of EML4-ALK fusion in
NSCLC further increases the importance of the fusion gene as a
therapeutic target for this intractable disorder.
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MicroRNAs (miRNAs) are small noncoding RNAs of 20-24
nucleotides (nt) that negatively regulate the translation of target
mRNAs through incomplete base-pairing with their 3"-untrans-
lated regions.' Evidence indicates that miRNAs play an
important rale in the development of human cancers including
leukemias, with one of the most well-characterized examples
being association of miR-15a and miR-16a with chronic
lymphocytic leukemia. Almost half of chronic lymphocytic
leukemia patients harbor a chromosome deletion that encom-
passes 13q14, a region that includes the genes for miR-15a and
miR-16a, and the abundance of these miRNAs is reduced in
chronic lymphocytic leukemia cells with the chromosome
deletion.* Several other miRNAs, such as miR-155 and miR-
17-92, have also been implicated in the pathogenesis of
lymphoma.® It is therefore important that the entire miRNA
repertoire of clinical specimens be characterized and compared
among various hematologic malignancies.

Reliable assessment of the global expression profiles of
miRNAs, especially for the small amounts of clinical specimens
available, is not straightforward, however. Microarray-based
detection of miRNAs is prone to the generation of false-positive
data that may result from mishybridization of probes, although
improvements have recently been developed for this techno-
logy.* A large-scale cloning strategy would be an ideal approach
to reliable estimation of the expression level of miRNAs,
provided that a sufficient number of clones were to be analyzed.
However, conventional methods for isolation of miRNAs require
>10ug of total RNA, which is not always obtainable from
clinical specimens.

We recently developed a sensitive method, mRAP (micro
RNA amplification profiling)® that readily allows the isolation of
miRNA clones from <1 x 10* cells. To examine the miRNA
expression profiles for leukemias with mRAP, we first purified
CD34% cells from individuals (n=12) with de novo acute
myeloid leukemia, acute myeloid leukemia secondary to
myelodysplastic syndrome, acute lymphoid leukemia or biphe-
notypic acute leukemia (Table 1). Column affinity-chromato-
graphy 1o isolate CD34* cells yielded 10-50% of the input cells
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with a purity of >90% as judged by flow cytometry (data not
shown). As a normal control, we also purified a CD34™ cell
fraction from bone marrow mononuclear cells of a healthy
volunteer. Then mRAP procedure was applied to 1.1 x 10°-
1.0 % 10° of the purified CD34* cells from each individual in
order to obtain short RNA clones.

Sequencing and computer filtering’ of the mRAP amplicons
identified a total of 38858 qualified reads for the 13 study
subjects. BLAST analysis then isolated 32 867 reads that match
the human genome sequence (ncbi 36 assembly), among which
2054 reads were mapped to transfer RNA genes, 2720 to
ribosomal RNA genes and 9474 to repetitive sequences. From
the remaining sequences, we identified 7191 reads correspond-
ing to 143 independent known miRNAs (Supplementary
Table 1). We further searched for candidate sequences
corresponding to novel miRNAs whose surrounding genome
sequences (of ~100nt) potentially fold into a hairpin structure
with a single notch. In this analysis, we did not exclude miRNA
candidates that were not detected in the genomes of other

Table 1 Clinical characteristics of the study subjects
D Age Sex Sample Disease Karyotype
fno) (years) origin
3 64 M P8 ALL 46,XY,1S;22)
4 45 M BM AML (M) 46,Y,im16)
7 78 F BM MDS-derved AML 46,50
10 21 F P8 AML (MO 46,2012 15)
12 58 M BM  AML (M2) 48,XY
32 43 M BM  AML (M2) 46.XY.H8:21)
a3 M P8 AML (M1) 46, XY
44 71 M P8 MDS-derived AML 46, XY.1{8:21)
46 &1 M PB AML (M2) 46.XY
47 61 M BM AML (M3) 46,XY.115;17)
48 29 M PB BAL 46.XY
49 58 M P8 MOS-derived AML  46,XY

Abbreviations: ALL, acute myeloid leukemia; AML, acute lymphoid
leukemia; BAL, biphenotypic acute leukemia; MDS, myselodysplastic
syndrome; BM, bone marrow; F, femals; M, male; PB, peripheral
biood.



