expression of MET in the leukemic cells (Figure 5a). The
increased concentration of HGF might therefore confer
a growth advantage on ATL cells after they upregulate
the expression of MET. Given that the JAK-STAT
signaling pathway is activated in the leukemic cells of
patients with advanced ATL (Migone et al., 1995), it
may be relevant that binding sites for STAT1 or
STAT3 are present in the promoter regions of five
(including MET) of the six acute stage-specific genes
identified in the present study (Figure 4a). We did not
detect a significant difference in DNA content (in our
data set) for the MET locus between chronic and
acute stages of ATL. It is thus possible that JAK-STAT
signaling contributes to transcriptional activation
of MET.

Given that our data are derived from purified ATL
cells, they can be furthér used to characterize ATL in
various ways. For instance, we attempted to isolate
genes whose expression was linked to the presence of
hypercalcemia in the study patients (data not shown);
such genes included that for parathyroid hormone-like
hormone (GenBank accession no. BC005961), which
has been shown to be responsible for many instances of
humoral hypercalcemia in individuals with cancer
including ATL (Broadus ez al., 1988; Motokura et al.,
1988).

We have demonstrated the existence of an HGF-MET
paracrine loop specific to the acute stage of ATL.
Given that ligation of MET by HGF promoted the
proliferation of ATL cells, activation of the HGF-MET
signaling pathway is a candidate molecular mechanism
for stage progression in ATL. Furthermore, our
observation that this mitogenic effect was blocked by
antibodies to HGF provides potential new targets for
ATL therapy.

Materials and methods

Expression profiling

All clinical specimens were obtained with written informed
consent, and the study was approved by the ethics committees
of both Jichi Medical University and Nagasaki University. The
diagnosis of ATL in all cases was based on clinical features,
immunophenotypes of leukemic cells, and the monoclonal
integration of HTLV-1 proviral DNA into the genome of
leukemic cells (Shimoyama, 1991). MNCs isolated from PB
were labeled with magnetic bead-conjugated mouse mono-
clonal antibodies to CD4 (CD4 MicroBeads, Miltenyi Biotec,
Auburn, CA, USA). For PHA stimulation, purified CD4+
cells from healthy individuals were incubated for 48h in
Rosewell’s Park Memorial Institute media (RPMI) 1640
medium (Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS) and PHA-P (8 ug/ml) (Sigma, St
Louis, MO, USA).

Column fractionation of MNCs, RNA preparation, and
hybridization with HGU133A & B microarrays (Affymetrix,
Santa Clara, CA, USA) were performed as described pre-
viously (Choi et al., 2004). The mean expression intensity of
the internal positive control probe sets (http://www.affymetrix.
com/support/technical/mask_files.affx) was set to 500U in
each hybridization, and the fluorescence intensity of each test
gene was normalized accordingly. All HGUI33A & B
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microarray data are available at the Gene Expression Omnibus
web site (http://www.ncbi.nlm.nih.gov/geo) under the acces-
sion number GSE1466.

Student’s t-test with the Benjamini and Hochberg false
discovery rate option was performed with GeneSpring 7.0
software (Silicon Genetics). Effect size was defined as an
absolute difference in mean expression intensity between a
given pair of classes (Dhanasekaran et al., 2001). Education of
and prediction by our ANN were performed with Neural-
Works Professional II Plus v.5.3 software (NeuralWare,
Carnegie, PA, USA) as described previously (O’Neill and
Song, 2003).

Analysis of CNA

Genomic DNA was obtained from purified CD4+ ATL cells
(n=24) and from MNCs of patient ID6 with the use of a
QIAmp DNA Mini Kit (Qiagen, Valencia, CA, USA). Each
DNA sample (250ng) was digested with Hindlll, ligated to
Adaptor-Hind (Affymetrix), amplified by PCR, and subjected
to hybridization with Mapping 50K Hind 240 arrays
(Affymetrix). Chromosome copy number at each SNP site
was inferred from hybridization signal intensity on the arrays
with the use of CNAG software (http://www.genome.
umin.jp) (Nannya et al., 2005). For a normal reference, we
used array data of PB MNCs isolated from four healthy
volunteers. Assessment of copy number for all SNP sites is
demonstrated in Supplementary Table 6. The raw data of
Mapping 50K Hind 240 arrays is available upon request.
Statistical analysis of copy number was performed with
GeneSpring 7.0. Alterations in the amount of genomic DNA
were confirmed by quantitative real-time PCR with an
ABI PRISM 7700 sequence detection system (PE Applied
Biosystems, Foster City, CA, USA). The oligonucleotide
primers were 5-AGCATGTCCACAAATGGCCTTTGG-3’
and S5-CAGTTTTCCTGTCATGGGAAAGGG-3 for a
region of chromosome 6, and 5-CTGACCTGCCGTCTA
GAAAAACCT-3 and 5-CAGGAAATGAGCTTGACAA
AGTGG-3' for the glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) gene.

MET expression

ATL cells were stained with rabbit polyclonal antibodies to
MET (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or
with mouse monoclonal antibodies to CD3 and to CD4 (both
from BD Biosciences, San Diego, CA, USA) and were then
subjected to flow cytometry with a FACScan instrument (BD
Biosciences). The concentration of HGF in plasma was
determined with a Quantikine ELISA kit for human HGF
(R&D Systems, Minneapolis, MN, USA).

For quantitative RT-PCR analysis of MET expression,
portions of nonamplified cDNA were subjected to PCR with a
QuantiTect SYBR Green PCR kit (Qiagen). The oligonucleo-
tide primers for PCR were 5-GTCAGTGGTGGACCTG
ACCT-3' and 5-TGAGCTTGACAAAGTGGTCG-3' for
GAPDH cDNA, and 5-ACTTGTTGCAAGGGAGAAGAC
TCC-3' and 5-AGCGTTCACATGGACATAGTGCTC-3’
for MET cDNA.

KK-1 cell experiments

KK-1 cells were maintained in RPMI 1640 medium supple- .

mented with 10% FBS and recombinant human interleukin-2
(10ng/ml) (Sigma). For immunoblot analysis, cells were
cultured for 48h without FBS and interleukin-2 and then
incubated for 10min with recombinant human HGF (50 ng/
ml) (Sigma) either alone or together with rabbit polyclonal
antibodies to HGF (10 ug/ml) (Montesano et al., 1991). The
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cells were then lysed and subjected to immunoblot
analysis with mouse monoclonal antibodies to phosphotyr-
osine (4G10, Upstate Biotechnology, Charlottesville, VA,
USA) or with rabbit polyclonal antibodies to MET
(#05-237, Upstate Biotechnology) as described previously
(Yamashita es al, 2001). For assay of cell proliferation,
serum-deprived KK-1 cells were cultured for 24 h at a density
of 5% 10%/ml with HGF (50ng/ml) either alone or together
with antibodies to HGF (10 ug/ml) and were then mixed
with MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2 H-tetrazolium, inner salt]. Cell
proliferation was measured with a CellTiter 96 Aqueous One
Solution Cell Proliferation Assay (Promega, Madison, WI,
USA).
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Abstract

Colorectal cancer (CRC) is one of the leading causes of cancer death in humans. In order to identify novel cancer-promoting genes in
CRC, we here constructed a retroviral cDNA expression library from a CRC cell line RKO, and used it for a focus formation assay with
mouse 3T3 fibroblasts, leading to the identification of 42 independent cDNAs. One of such cDNAs turned out to encode purinergic
receptor P2Y, G-protein coupled, 2 (P2RY?2). The oncogenic potential of P2RY?2 was confirmed in vitro with the focus formation assay
as well as soft agar-growth assay, and also in vivo with a tumorigenicity assay in nude mice. While our P2RY2 cDNA encodes a protein
with two amino-acid substitutions compared to the reported one, we have confirmed that the wild-type P2RY?2 has a strong transforming
potential as well. These results indicate an unexpected role of P2RY?2 in the carcinogenesis of human cancers.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Purinergic receptor; Oncogene; Colorectal carcinoma; cDNA library; Retrovirus

Colorectal cancer (CRC) is a common malignancy
accounting for ~10% of all cancer deaths in United States
[1]. In 1990, Feason and Vogelstein postulated a “multistep
process” model for the development of CRC [2]. They
demonstrated that germline and/or somatic gene mutations
are required for malignant transformation of colonic epi-
thelial cells, and that it 1s the accumulation of multigenetic
mutattons rather than their sequence that determines the
biological behavior of the tumor. Although vast efforts
have been used to isolate candidates for such oncogenes
involved in CRC, we still have few therapeutic targets to
treat this intractable disorder.
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0498, Japan. Fax: +81 285 44 7322.
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The focus formation assay with 3T3 or RATI fibro-
blasts has been extensively used to screen for transforming
genes in various carcinomas [3]. In such screening, genomic
DNA is isolated from cancer specimens and used to trans-
fect 3T3 fibroblasts to obtain transformed cell foci. It
should be noted, however, that, since expression of any
genes in these experiments is driven by their own promot-
ers/fenhancers, oncogenes in CRC can exert their effects in
3T3 cells only when the promoter/enhancer regions of such
genes are active in fibroblasts, which is not always
guaranteed.

To ensure the sufficient expression of cDNAs in 3T3
cells, their transcription should be regulated by an exoge-
nous promoter fragment. We have therefore constructed
a retroviral cDNA expression library from a CRC cell line,
which was used to infect 3T3 cells. In the preparation of
c¢DNA library, we further took advantage of the SMART
polymerase chain reaction (PCR) system (Clontech, Palo
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Alto, CA), which preferentially amplifies full-length
c¢DNAs. A focus formation assay with the library resulted
in an identification of a transforming purinergic receptor
P2Y, G-protein coupled, 2 (P2RY2) cDNA.

Materials and methods

Cell lines and culture. RKO, NIH 3T3, and BOSC23 packaging cell
lines [4] were obtained from American Type Culture Collection, and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)-F12
(Invitrogen, Carisbad, CA) supplemented with 10% fetal bovine serum
(Invitrogen) and 2 mM L-glutamine.

Construction of retroviral cDNA expression library. Total RNA was
extracted from RKO cells with the use of an RNeasy Mini column and
RNase-free DNase (both from Qiagen, Valencia, CA), and a retrovirus
library was constructed as described previously [5,6] Briefly, the first-
strand ¢cDNA was synthesized by PowerScript reverse transcriptase,
SMART IIA oligonucleotide, and CDS primer IIA (all from Clontech).
Full-length cDNAs were then amplified for 15 cycles with 5 PCR primer
IIA according to the instructions of the SMART PCR ¢DNA synthesis kit
(Clontech) except a substitution of LA Tag polymerase (Takara Bio,
Shiga, Japan) for Advantage 2 DNA polymerase provided with the kit.
Resultant cDNAs were blunt-ended by T4 DNA polymerase and ligated
to the BstXI adaptor (Invitrogen). Unbound adaptors were removed
through the cDNA size fractionation column (Invitrogen), and the cDNAs
were finally ligated to the pMXS retroviral plasmid (a kind gift of Dr. T.
Kitamura at Institute of Medical Science, University of Tokyo) {7]. The
pMXS-cDNA plasmids were introduced into ElectroMax DHIOB cells
(Invitrogen) with electroporation. A ¢cDNA to encode wild-type P2RY2
was generated based on our P2RY2 cDNA with the use of QuickChange
Multi Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA).

Focus formation assay. BOSC23 cells (1.8 x 10%) were seeded into a 6-
cm culture dish, cultured for 24 h, and then transfected with 2 ug of ret-
roviral plasmids mixed with 0.5 pg of pGP plasmid (Takara Bio), 0.5 ug of
pE-eco plasmid (Takara Bio), and 18 ul of Lipofectamine reagent (Invit-
rogen). Two days after the transfection, polybrene (Sigma, St. Louis, MI)
was added to the culture supernatant at a concentration of 4 pg/ml, and
the supernatant was subsequently used to infect 3T3 cells for 48 h. For the
focus formation assay, culture medium of 3T3 cells was then changed to
DMEM-F12 supplemented with 5% calf serum and 2mM L-glutamine.
Transformed foci were picked up after 3 weeks of culture. Genomic DNA
was extracted from each transformed focus, and was subjected to PCR
with 5 PCR primer IIA (Clontech) and LA Taq polymerase for 40 cycles
of 98 °C for 20 s and 68 °C for 6 min. Amplified genome fragments were
purified after gel electrophoresis and ligated to pGEM-T Easy vector
(Promega) for nucleotide sequencing.

Tumorigenicity assay in nude mice. 3T3 cells (2 x 10%) were infected
with a retrovirus encoding P2RY?2, resuspended in 500 ul of phosphate-
buffered saline, and injected into each shoulder of nu/nu Balb-c mouse
(6 weeks old). Tumor formation was assessed after 3 weeks.

Anchorage-independent growth in soft agar. 3T3 cells (2 x 10%) were
infected with a retrovirus encoding P2ZRY?2 or v-Ras, resuspended in the
culture medium supplemented with 0.4% agar [Sea Plaque GTG agarose
(Cambrex, East Rutherford, NJ)J, and seeded onto a base layer of com-
plete medium supplemented with 0.5% agar. Cell growth was assessed
after culture for 2 weeks.

Results
Screening with focus formation assay

From mRNA of RKO cells, full-length cDNAs were
selectively amplified and ligated to a retroviral vector pMXS.

We could obtain a total of 2.5 x 10° colony forming units of
independent plasmid clones. Thirty-nine clones were ran-

domly isolated from the library and examined for the incor-
porated cDNAs. Thirty-seven (94.8%) out of the 39 clones
contained inserts with an average length of 1.86 kbp.

By introducing the plasmid DNA into a packaging cell
line, we generated a recombinant ecotropic retrovirus
library that was subsequently used to infect mouse 3T3
fibroblasts. Infection experiments were repeated for a total
of six times. After 3 weeks of culture, 50 transformed foci
were observed. No foci could be found among the cells
infected with an empty virus, while numerous foci were
easily identified in the cells infected with a virus expressing
v-Ras oncoprotein.

Each focus was isolated, expanded independently, and
used to prepare genomic DNA. We then tried to recover
retroviral inserts from such genomic DNA by PCR

Table 1
RKO cDNAs isolated from 3T3 transformants
Clone ID # Gene symbol GenBank No. Presence of full ORF
1 EIF54 NM_001970 Yes
2 SQLE NM_003129 Yes
3 APEH NM_001640 Yes
4 C7orf20 NM_015949 Yes
5 WDR34 NM_052844 ND
6 ADRMI NM_007002 Yes
7 C7orf20 NM_015949 ND
8 BSG NM_198589 Yes
9 RRAS2 NM_012250 Yes
10 SNX3 NM_152827 Yes
11 RPUSDI NM_058192 Yes
12 MRPS34 NM_023936 Yes
13 KI4A40192 NM_014730 No
14 H2AFZ NM_002106 Yes
15 FLJ37562 NM_152409 Yes
16 ESRRA NM_004451 ND
17 RPS2 NM_002952 Yes
18 YWHAB NM_139323 Yes
19 DEGS!I NM_003676 Yes
20 VKORCI NM_024006 Yes
21 PITX] NM_002653 No
22 P2RY2 NM_002564 Yes
23 CD320 NM_016579 ND
24 SNX3 NM_152828 Yes
25 MKNK2 NM_017572 Yes
26 FLOTI NM_005803 . ND
27 KIAA0196 NM_014846 No
28 ARHGEFI NM_199002 Yes
29 SCLY NM_016510 Yes
30 ASH2L NM_004674 Yes
31 IFRD?2 NM_006764 Yes
32 PTGES?2 NM_025072 Yes
33 SLC4341 NM_003627 Yes
34 AKR7A42 NM_003689 ND
35 CD81 NM_004356 ND
36 ASB6 NM_017873 Yes
37 PROI1855 NM_018509 ND
38 PLECI NM_201384 No
39 HSPAI4 NM_016299 Yes
40 TARS2 NM_018060 Yes
41 GPClI NM_002081 Yes
42 TGFB1 NM_000660 ND

ORF, open-reading frame; ND, not determined.
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amplification with the primer used originally to amplify the
cDNAs in the construction of the library. In most cases,
two to three DNA fragments were recovered from each
genome, implying a multiple retroviral infection on the
recipient 3T3 cells.

We obtained a total of 78 cDNA fragments by PCR,
each of which was ligated into a cloning vector, and sub-
jected to nucleotide sequencing from both ends. Screening
of the 78 ¢cDNA sequences against the public nucleotide
sequence databases revealed that the 78 fragments corre-
spond to 42 independent genes (Table 1).

Identification of mutated P2RY2

To confirm the transforming potential of the isolated
cDNAs, each cDNA clone was ligated to pMXS, and cor-
responding retrovirus was used to re-infect 3T3 cells. Focus
formation assays were conducted for 22 independent genes,
discovering a reproducible transforming activity for clone
ID #9 corresponding to RRAS2 (GenBank Accession
No., NM_012250), clone ID #28 corresponding to ARH-
GEFI (GenBank Accession No., NM_0199002), and clone
ID #22 corresponding to P2RY2 (GenBank Accession
No., NM_002564) (Fig. 1, top). We focus on P2ZR Y2 in this
report.

The entire coding region of our ID #22 cDNA was
sequenced, revealing two non-synonymous nucleotide
changes compared to the published P2RY2 cDNA
sequence. One such change was that the “C” at nucleotide
position 470 in the reported sequence is replaced with a
“T” in our sequence, leading to the proline to leucine
change at amino-acid position 46 (Fig. 2).

The other change was at nucleotide position 1269 of the
reported P2RY2 cDNA sequence. Substitution of a “C” at
this position induces replacement of an arginine residue
with a serine at amino-acid position 312 (Fig. 2). To our
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Fig. 2. Identification of mutated P2RY2 cDNA. The nucleotide sequence
of our P2RY2 cDNA was aligned with the previously determined
nucleotide sequence of the P2RY2 c¢cDNA (NM_002564). A single
nucleotide change (C to T) at the second position of codon 46 results in
a change in the encoded amino acid from proline to leucine. Another
nucleotide substitution (G to C) at the third position of codon 312 induces
an amino-acid change from arginine to serine.

best knowledge, neither oncogenic activity nor non-synon-
ymous mutations at these sites have been reported.

Confirmation of transforming activity of P2ZRY2

To confirm the transforming activity of P2RY2(P46L/
R312S), we examined its effect on anchorage-independent
growth of 3T3 cells in soft agar. Whereas cells infected with
an empty virus did not grow in the agar, those infected with
a virus expressing P2RY2(P461L./R312S) formed multiple
foci in repeated experiments (Fig. 1, middle). In addition,
3T3 cells expressing v-Ras readily grew in the agar.

The transforming activity of P2RY2(P46L/R312S) was
also tested by the tumor-formation assay with athymic
nude mice. 3T3 cells infected with the empty virus or retro-
virus expressing P2ZRY2(P46L/R312S), wild-type P2RY?2
or v-Ras were inoculated subcutaneously into nude mice.

v-Ras

Focus formation

P2RY2(P46L/312S)

Soft agar growth

Nude mice

Tumor/injection

" Fig. 1. Transforming activity of P2RY2. Mouse 3T3 cells were infected with empty retrovirus (Mock) or with retrovirus encoding P2R Y2(P46L/R 312S)

or v-Ras, and cultured for 8 days (top). Scale bar, | mm. Each cell fraction was also seeded into soft agar and incubated for 10 days (middle). The same cell
fractions and 3T3 cells expressing the wild-type P2RY2 were injected into the shoulder of nu/nu mice and tumor formation was examined after 3 weeks

(bottom). The frequency of tumor formation determined is indicated.
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As shown in the bottom panel of Fig. 1, tumor formation
was readily observed for the cells expressing P2ZRY2(P46L/
R312S), wild-type P2RY?2, and v-Ras. These results clearly
revealed an unexpected transforming potential of P2RY2
regardless of the amino-acid substitutions identified in
our clone.

Discussion

In this study, we have constructed a retroviral cDNA
expression library for a CRC cell line RKO. Since 95%
(37/39 clones) of the viral plasmids carried cDNA inserts
and since the overall clone number was >2 millions, our
library should cover nearly all transcriptome in RKO
cells.

Purinergic receptors may be subdivided to two families:
a P2X family of ligand-gated ion-channel receptors and a
P2Y family of G protein-coupled purinoreceptors [8]. Cur-
rently, seven or eight members have been reported for the
P2X or P2Y subtype, respectively. It is widely recognized
that purinergic receptor system may be linked to a wide
array of cellular processes, including immune responses,
inflammation, pain, platelet aggregation, endothelial-medi-
ated vasodilatation, cell proliferation, and death [9,10)].

Interestingly, contrasting effects of the P2 receptors have
been documented in some tumor models. Activation of P2
receptors may lead to cell growth in various cancer cells
[11,12]). In response to nucleotide activation, P2Y receptors
can activate phospholipase C, mobilize intracellular cal-
cium, and alter cAMP levels. On the contrary, P2 receptors
may provide signals for anti-proliferation and apoptosis
[13,14]. Indeed, ATP, at high concentrations, induces
apoptosis through ligation of P2X7 and P2Y1 receptors
[15]. Conversely, however, a low concentration of ATP
stimulates proliferation. These data suggest that a plethora
of functions can be provided by P2 receptors probably in a
dependent manner to the receptor subtype, cellular context,
stimuli or the concentration of stimuli.

Our data clearly indicate the transforming potential of
P2RY?2 at least in the mouse fibroblast cell line, suggesting
the possible oncogenic activity of P2RY2 in human can-
cers. Interestingly, Rapaport et al. demonstrated that addi-
tion of ATP or ADP in the culture medium modulates the
cell cycle of cell lines [16]. Therefore, regulation of P2RY?2
or its ligands may provide a novel strategy to develop
means to treat cancers.
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Abstract

Biphenotypic acute leukemia (BAL) is a relatively rare subtype of acute leukemia characterized by the presence of both
myeloid and lymphoid cell surface antigens. We have now screened for transforming genes in BAL blasts with the use of the
focus formation assay with a retroviral cDNA expression library constructed from malignant blasts isolated from a BAL
patient. Some of the retroviral inserts recovered from transformed foci were found 1o encode wild-type purinergic receptor
P2Y, G protein coupled, 8 (P2RY8). The oncogenic potential of P2RY8 was confirmed with the in vitro focus formation
assay as well as with an in vivo tumorigenicity assay in nude mice. A variety of luciferase-based reporter assays revealed that
P2RYS increased both the trans-activation activities of CREB and Elk-1 as well as the transcriptional activities of the serum
response element and enhancer-promoter fragments of the c-Fos and c-Myc genes. Quantitation of P2ZRY8 mRNA in
CD34" cells of bone marrow showed that P2ZRYS expression is frequently increased in leukemia patients, especially in those
with refractory disease. Our data thus reveal an abundant expression of P2RY$ in leukemic cells and its unexpected role in

the pathogenesis of acute leukemia.

Keywords: Purinergic receptor, P2RYS, biphenotypic acute leukemia, retroviral expression library

Introduction

Malignant blasts of acute leukemia are classified as of
the myeloid or lymphoid lineage on the basis of
immunophenotypic features and the presence or
absence of gene rearrangement within the T cell
receptor or immunoglobulin gene loci. In relatively
rare instances, however, such blasts coexpress cell
surface antigens of both lineages [1,2], with the
underlying condition being referred to as bipheno-
typic acute leukemia (BAL) according to the revised
World Health Organization classification [3]. A
scoring system for the diagnosis of BAL has also
been proposed by the European Group for the Immu-
nological Characterization of Leukemias [4].

The clinical outcome of BAL is generally poor [5],
and it remains controversial as to whether BAL
should be treated by regimens for acute myelocytic
leukemia (AML) or acute lymphocytic leukemia
(ALL). The unfavorable prognosis for BAL may be
related to the associated Phl positivity, chromosome
rearrangements affecting 11923, and overexpression
of P-glycoprotein [1,6]. However, little is yet under-
stood of the molecular pathogenesis of this intract-
able disorder. Elucidation of oncogenic events in
BAL might provide insight into possible new treat-
ment strategies.

The focus formation assay with 3T3 or Ratl fibro-
blasts is a functional screening system for transform-
ing genes [7] and has been extensively applied to
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various human cancers. However, the conventional
format for this assay may not allow expression of all
transforming genes in the target cells. Given that the
genomic DNA of clinical specimens is introduced
directly into the recipient cells, the expression of the
exogenous genes is controlled by their own promo-
ters or enhancers. Oncogenes are thus able to exert
their effects in the recipient cells only if these
regulatory regions are active in fibroblasts, which is
not always the case,.

Regulation of the transcription of test cDNAs by a
promoter known to function efficiently in fibroblasts
would be expected to ensure sufficient expression of
the encoded proteins in the focus formation assay.
We have now constructed a retroviral cDNA expres-
sion library from a CD34™ cell fraction isolated from
a patient with BAL, and we have tested this library in
the focus formation assay with 3T3 cells. For library
construction, we took advantage of a polymerase
chain reaction (PCR) system that preferentially
amplifies full-length cDNAs.

With this assay system, we found that purinergic
receptor P2Y, G protein coupled, 8 (P2RYS8) pos-
sesses transforming activity. We could further demon-
strate the relatively abundant expression of P2ZRYS8
message in leukemic cells. P2RY8 belongs to the G
protein —-coupled purinergic receptor family, mem-
bers of which preferentially bind to, and are acti-
vated by, adenosine and uridine nucleotides [8,9].
Although the P2RYS8 gene was proved to be dis-
rupted in individuals with X-linked mental retarda-
tion [10], its expression profile has been rarely
documented in humans. Our data thus reveals an
unexpected role of P2RY8 in human leukemia.

Materials and Methods
Clinical specimens and cell lines

Fresh clinical specimens were obtained from indivi-
duals with leukemia and healthy volunteers, with
informed consent, and the study was approved by the
institutional review board of Jichi Medical Univer-
sity, Mononuclear cells were isolated from bone
marrow aspirates by centrifugation, labeled with
CD34 MicroBeads (Miltenyi Biotec, Gladbach,
Germany), and subjected to chromatography
on miniMACS magnetic cell separation columns
(Miltenyi Biotec). The purity of the resultant CD34%
cell fractions was confirmed by staining with
Wright-Giemsa solution and analysis of CD34
expression by flow cytometry (data not shown).
BOSC23 [11] and 3T3 cell lines were obtained from
American Type Culture Collection and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) -
F12 (Invitrogen, Carlsbad, CA) supplemented with
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10% fetal bovine serum (Invitrogen) and 2 mM
L-glutamine.

Construction of a retroviral cDNA expression lbrary

A cDNA library was constructed essentially as
described previously [12-14]. In brief, total RNA
was extracted from the CD34™" cells of a patient with
BAL with the use of an RNeasy Mini column and
RNase-free DNase (Qiagen, Valencia, CA) and was
subjected to first-strand cDNA synthesis with Power-
Script reverse transcriptase, the SMART IIA oligo-
nucleotide, and CDS primer IIA (all from Clontech,
Palo Alto, CA). The resulting cDNAs were amplified
for 20 cycles with 5’ PCR primer IIA and a SMART
PCR cDNA synthesis kit (Clontech), with the
exception that LA Taq polymerase (Takara Bio,
Shiga, Japan) was substituted for the Advantage 2
DNA polymerase provided with the kit. The ampli-
fied cDNAs were treated with proteinase K, rendered
blunt-ended with T4 DNA polymerase, and ligated
to the BstXI-adaptor (Invitrogen). Unbound adap-
tors were removed with the use of a cDNA size-
fractionation column (Invitrogen), and the remaining
cDNAs were ligated into the BstXI site of the pMXS
retroviral plasmid (kindly provided by T. Kitamura,
Institute of Medical Science, University of Tokyo).
The resuling pMXS-cDNA plasmids were intro-
duced into ElecroMax DH10B cells (Invitrogen) by
electroporation.

Focus formation assay

BOSC23 cells (2.0 x 10% were seeded into a 6-cm
culture dish and transfected with 2 pg of retroviral
plasmids mixed with 0.5 pg of the pGP plasmid,
0.5 pg of the pE-eco plasmid (both from Takara
Bio), and 18 pl of Lipofectamine reagent (Invitro-
gen). After 2 days, polybrene (Sigma, St. Louis, MO)
was added to the culture supernatant at a concentra-
tion of 4 pg/ml, and the supernatant was then used to
infect 3T?3 cells for 48 h. The culture medium of the
3T3 cells was then changed to DMEM-F12 supple-
mented with 5% calf serum and 2 mM 1-glutamine,
and the cells were cultured for 2 weeks.

Recovery of cDNA from transformed foci

Transformed 3T3 cell clones were harvested with a
cloning syringe and cultured independently in 10-cm
culture dishes. Genomic DNA was extracted from
each clone by standard procedures and then sub-
jected to PCR with 5’ PCR primer IIA and LA Tagq
polymerase for 50 cycles of 98°C for 20 s and 68°C
for 6 min. Amplified DNA fragments were purified
by gel electrophoresis and ligated into the pT7Blue-2
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vector (EMD Biosciences, San Diego, CA) for
nucleotide sequencing.

Tumorigenicity assay in nude mice

3T3 cells (2 x 10°) infected with a retrovirus encod-
ing PZRY8 were resuspended in 500 pl of phosphate-
buffered saline and injected into each shoulder of a
nwnu Balb-c mouse (6 weeks old). Tumor formation
was assessed after 3 weeks.

Luciferase reporter assays

PathDetect In Vivo Signal Transduction Pathway
Trans-Reporting Systems (Stratagene, La Jolla, CA)
were used to measure the activity of the transcription
factors CREB, Elk-1, and c-Jun. BOSC23 cells
(5.0 x 10%) were seeded into 6-cm culture dishes
and transfected with a mixture of 500 ng of the
P2RY8 expression vector, 125 ng of the PathDetect
Trans-Reporter Activator plasmid (pFA-CREB,
pFA-Elk], or pFA-cJun), 125 ng of the PathDetect
Trans-Reporter plasmid pFR-Luc, 7 ng of the pGL4
vector (Promega), and 4.5 pl of Lipofectamine
reagent. Similarly, the activation of p53, Rb, and
E2F proteins was assessed with the use of a Mercury
Pathway Profiling System (Clontech); the P2RYS8
expression vector (500 ng) and pGL4 (7 ng) were
thus introduced into BOSC23 cells together with
125 ng of pp53-TA-Luc, pRb-TA-Luc, or pE2F-
TA-Luc vectors.

PathDetect Cis-Reporting Systems (Stratagene)
were used to evaluate the transcriptional activities
of the serum response element (SRE) and an NF-xB
binding sequence. BOSC23 cells were transfected
with a mixture of 500 ng of the P2RY8 expression
vector, 125 ng of the PathDetect Cis-Reporter
plasmid (pNF-«B-Luc or pSRE-Luc), 7ng of
pGL4, and 4.5 ul of Lipofectamine. The transcrip-
tional activities of enhancer-promoter fragments of
the ¢-Fos [15], c-Myc [16], and Bcl-x; [17] genes
were similarly assessed with luciferase expression
vectors controlled by the corresponding enhancer-
promoter elements (pFL700, pHXILuc, and pBclxl-
Luc, respectively).

After transfection for 2 days, the BOSC23 cells
were solubilized with lysis buffer (Promega), and
luciferase activities were measured with a Luciferase
Assay System (Promega). Firefly luciferase activity
was normalized relative to that of the corresponding
Renilla luciferase activity.

Quantitative reverse transcription (RT)-PCR analysis

Portions of oligo(dT)-primed ¢cDNAs produced by
reverse transcription were subjected to PCR with a

QuantiTect SYBR Green PCR kit (Qiagen) and an
amplification protocol comprising incubation at
94°C for 15 s, 60°C for 30s, and 72°C for 60 s.
Incorporation of the SYBR Green dye into PCR
products was monitored in real time with an ABI
PRISM 7900HT sequence detection system (PE
Applied Biosystems, Foster City, CA), thereby
allowing determination of the threshold cycle (Cy)
at which exponential amplification of PCR products
begins. The Cr values for cDNAs corresponding to
the f-actin gene (ACTB) and to P2RYS8 were used to
calculate the abundance of the latter mRNA relative
to that of the former. The oligonucleotide primers
used for PCR were 5'-CCATCATGAAGTGTGA
CGTGG-3' and 5-GTCCGCCTAGAAGCATTT
GCG-3' for ACTB and 5-TTCCTCTTCACCATC
TTCATCCTG-3' and 5-CGTGGTAGTAGCTC
TTGCCGTAGA-3' for P2RYS.

Results

Screening for transforming genes with the focus
formation assay

To screen for transforming genes in BAL, we
constructed a cDNA expression library from a
CD347 cell fraction purified from mononuclear cells
of bone marrow from a patient with this condition.
Full-length ¢cDNAs were preferendally amplified by
the SMART protocol (Clontech) and were ligated
into the retroviral vector pMXS. We obtained a total
of 4.2x10° colony-forming units of independent
plasmid clones, from which we randomly selected 30
clones and examined the incorporated ¢cDNAs. An
insert of >500 bp was present in 27 (90%) of the
plasmid clones, and the average size of these inserts
was 1.94 kbp.

Introduction of the library plasmids into a packa-
ging cell line generated a recombinant ecotropic
retroviral library, which was then used to infect
mouse NIH 3T3 fibroblasts. After culture of the
infected cells for 2 weeks, we identified a total of 67
transformed foci (Figure 1). No foci were observed
for 3T3 cells infected with the empty virus. Each
transformed focus was isolated, expanded individu-
ally, and used to prepare genomic DNA. PCR
amplification " of the inserts yielded a total of 30
cDNA fragments, each of which was ligated into a
cloning vector and subjected to nucleotide sequen-
cing from both ends. Screening of these cDNA
sequences against the public nucleotide sequence
databases revealed that they showed >95% sequence
identity to five independent known genes.

To confirm the transforming ability of the isolated
cDNAs, we again ligated them into the pMXS vector
and used the corresponding retroviruses to infect
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Figure 1. Screening for transforming genes from a patient with BAL. Mouse 3T3 cells were infected with a recombinant retrovirus library or
the corresponding empty virus (). Complementary DNAs for P2RY8 and KRAS?2 were recovered from 37T3 clones ID No. 1 and ID No. 2,
respectively. The photographs show the infected 3T3 cells after culture for 2 weeks. Scale bar, 1 mm.

3T3 cells. Two of the five independent genes, P2RYS8
(GenBank accession no. NM_178129) and KRAS2
(GenBank accession no. NM_004985), reproducibly
induced the formation of transformed foci in 3T3
cells. Further sequencing of the KRAS2 cDNA
revealed that it contained a point mutation that
results in a glycine to alanine substitution at codon
12, a change that is known to activate KRAS2 [18].
Given that, as far as we were aware, transforming
activity had not previously been described for
P2RY8, we focused on P2RY8 in further analyses.

Confirmation of the transforming activiry of P2RY8

The complete nucleotide sequence was determined
for the P2RY8 cDNA isolated from 3T3 clone ID
No. 1, revealing that the cDNA comprised 4208 bp
encoding for a full-length protein of 359 amino acids
with a sequence identical to that of P2RY8. Within
the protein-coding region, the cDNA sequence
differed by only one nucleotide compared with that
of the P2RY8 sequence in the database; the T at
nucleotide position 697 in the reported sequence
(NM_178129) is replaced with a C in the determined
sequence. However, this change does not affect the
amino acid sequence of P2RY8 and may therefore
reflect a single nucleotide polymorphism. There was
no difference in the nucleotide sequence of the 5’
untranslated region between our P2RY8 cDNA and
the deposited one. There were, however, four
changes in the 3’ untranslated region of our cDNA
compared to that of the reported one; deletion of a
A at the position 3599 in the deposited cDNA
sequence, a G-to-A transition at the position 3749,
deletion of a AA at the positions of 4169—4170, and
deletion of a C at the position of 4194. While all of
these changes are located at the AT-rich region close
to the polyadenylation signal, it is possible that some
of these changes may affect the quantity of the
protein product.

To confirm that overexpression of wild-type
P2RY8 induces transformation of 3T3 cells, we
repeated the focus formation assay with a retrovirus
generated from the isolated P2ZRY8 cDNA. Infection
of the cells with the retrovirus resulted in the
generation of many foci (data not shown). The
transforming potential of P2RY8 was also evaluated
in a tumorigenicity assay with athymic nude mice.
The animals were thus injected subcutaneously with
3T3 cells infected with the retrovirus encoding
P2RY8. Tumor formation was observed at all 10
injection sites. In contrast, no tumors were detected
at sites injected with 3T3 cells infected with the
empty virus (Figure 2). Injection of nude mice with
3T3 cells infected with a virus encoding v-Ras also
induced the formation of subcutaneous tumors at
four out of four injection sites (data not shown).

Signal transduction pathways downstream of P2ZRYS8

To identify signal transduction pathways activated
by P2RY8 overexpression, we performed a series of
luciferase reporter assays. First, the activity of several
signaling molecules involved in cell growth or apop-
tosis was measured by two commercially available
systems [Figure 3(A)]. With the use of PathDetect In
Vivo Signal Transduction Pathway Trans-Reporting
Systems (Stratagene), a fusion rrans-activator protein
comprised of the yeast GAL4 DNA-binding domain
and the activation domain of either c-Jun, CREB or
Elk-1 was expressed in BOSC23 cells, together with
the firefly luciferase under the control of the yeast
GALA4 binding sequence. Coexpression of P2RYS8
resulted in the activation of the trans-activator for
CREB or Elk-1, which thereby induced the marked
production of the luciferase protein [Figure 3(A)].
With the Mercury Pathway Profiling System
(Clontech), a plasmid containing the target sequence
of p53, Rb, or E2F (each fused to the luciferase
c¢DNA) was introduced into BOSC23 cells with or
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pMXS-P2RY8

Tumor/
Injection 0/10 10/10

Figure 2. Tumorigenicity assay with nude mice. 3T?3 cells infected with a retrovirus encoding P2RY8 (pMXS-P2RY8) or the corresponding
empty virus (pMXS) were injected into the shoulder of nu/nu mice. Tumor formation was examined after 3 weeks. The number of tumors
formed at the 10 injection sites is indicated.
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Figure 3. Activation of signal transduction pathways by P2RY8. (A) The trans-activation activities of the transcription factors (c-Jun, CREB,
and Elk-1) were assessed with the PathDetect In Vivo Signal Transduction Pathway Trans-Reporting Systems (PathDetect) in BOSC23 cells
transfected with a P2RY8 expression vector or the corresponding empty vector. Similarly, the activity of p53, Rb, or E2F was measured with
the use of Mercury Pathway Profiling System (Mercury). The activity of firefly luciferase in cell lysates was normalized by that of Renilla
luciferase. Data are means + SD of values from three experiments. (B) The SRE sequence, the enhancer/promoter fragment of the c¢-Fos,
c-Myc, or Bel-x;_gene, or the NF-xB binding sequence was fused to the c¢DNA of firefly luciferase, and was introduced into BOSC23 cells.
The activity of firefly luciferase in cell lysates was normalized by that of Renilla luciferase. Data are means + SD of values from three
experiments.
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without the expression plasmid for P2RY8. As demon-
strated in the right panel of Figure 3(A), none of the
target sequences were activated by P2RY8,.

Next, the activity of enhancer/promoter sequences
was measured with cis reporting systems. The SRE
fragment, the enhancer/promoter sequence for
c-Fos, c-Myc, or Bcl-x;_ gene, or the NF-xB binding
sequence was individually fused to the luciferase
cDNA, and was introduced into BOSC23 cells.
While coexpression of P2RY8 failed to substantially
affect the activity of NF-«B or that of the enhancer/
promoter fragments of Bcl-x;, it resulted in activa-
tion of SRE and the enhancer/promoter fragments of
the c-Fos and c-Myc genes [Figure 3(B)].

Expression of P2ZRYS8 in leukemia specimens

Given that overexpression of P2ZRY8 was found to
induce cell transformation, we compared the abun-
dance of P2RY8 mRNA by quantitaive RT-PCR
analysis among CD34" progenitor cells isolated from
the bone marrow of healthy volunteers (n = 3) as well
as from individuals with AML developed from
myelodysplastic syndrome (MDS) (z=3), AML
developed from myeloproliferative disorder (MPD)
(n=1), de novo AML (n=15), ALL (n=4), or BAL
(n=2, including the patient used for cDNA library
construction).

Overall, the amount of P2ZRY8 mRNA in CD34™"
progenitor cells was increased in patients with acute
leukemia compared with that in healthy volunteers,
and this increase was apparent across all the subtypes
of leukemia (de novo or secondary AML, ALl and
BAL) examined [Figure 4(A)]. To determine
whether an increased expression of P2RYS8 is
associated with unfavorable characteristics of leuke-
mia, we compared the amount of P2ZRY8 mRNA
between untreated patients and those with relapsed
or refractory leukemia. The abundance of P2RYS8
mRNA was indeed significantly greater (P=0.0054)
in CD34™ cells from the latter group of patients than
in those from the former group [Figure 4(B)]. To
examine further the relation between a high level of
P2RYS8 expression and poor clinical outcome, we
compared the survival of leukemia patients with a
P2RY8/ACTB mRNA ratio in blasts of >0.006 with
that of those with a ratio of <0.006. Kaplan - Meier
analysis revealed that the patients with a low level of
P2RYS8 expression showed a significantly better
survival (P < 0.05) than did those with a high level
of P2RY8 expression [Figure 4(C)].

Discussion

We constructed a retroviral cDNA expression library
with CD347 cells isolated from the bone marrow of a
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patient with BAL. Given that the plasmid library was
shown to harbor cDNA inserts in >90% of the clones
and that the overall independent clone number
was >4 million, the cDNA expression library likely
represented most of the mRNAs in the CD34™ cells.
A 3T3 focus formation assay with the recombinant
viruses generated from the plasmids identified
KRAS?2 with an activating mutation and a full-length
P2RY8 cDNA as having transforming activity. The
transforming activity of wild-type P2RY8 was con-
firmed with both the focus formation assay and a
tumorigenicity assay in nude mice. We also exam-
ined the expression level of PZRY8 in 3T3 cells by
quantitative RT-PCR as in Figure 4(A). Although
3T3 cells infected with an empty virus had no
detectable amount of P2RY8S mRNA, the cells
infected with the virus expressing P2RY8 had an
abundant expression of P2RY8 message (P2RYS/
ACTB mRNA ratio was 48.7 + 6.1, mean + SD).
P2RY8 is presumed to function as a transmem-
brane receptor for adenosine and uridine nucleotides
and to couple with heterotrimeric G-proteins [9].
Upon binding to nucleotides, P2Y receptors trigger
activation of heterotrimeric G-proteins and thereby
evoke intracellular signaling through adenylyl cyclase,
extracellular signal-regulated kinases (ERKs), and/or
phospholipase C [8,19]. Purinergic receptor signaling
has been shown to be associated with a variety of
cellular responses including cell growth [20,21],
differentiation [22], migration [23], and apoptosis
[24]. In addition, XIP2Y (a homolog of P2RY8 in
Xenopus laevis) is expressed in the neural plate of
developing embryos [25) and P2RYS is disrupted in
individuals with X-linked mental retardation [10],
observations that suggest an important role for
P2RYS$ in neural development. Despite the absence
of evidence for a direct linkage between P2RY8 and
oncogenic activity, several reports have suggested the
potential relationship between purinergic receptors
and leukemia. Extracellular ATP, for instance, sup-
presses the growth of, and induces the differentiation
of, HL-60 leukemia cells [26]. Further, P2X7 message
was shown abundant in some leukemic cells [27]. OQur
current data indicates the possible contribution of
another purinergic receptor, P2RY8, to leukemo-
genesis. However, it should be noted that, in our
hands, a forced expression of P2ZRY8 in a mouse cell
line, 32Dcl3 [28], failed to abrogate an interleukein-
3-dependency for cell growth, and to suppress
granulocyte colony-stimulating factor-dependent dif-
ferentiation toward terminal granulocytes (data not
shown). Thus, despite the transforming activity,
P2RY8 may require other genetic events to confer
full properties as leukemia onto blood cells.
Screening for downstream components of P2RY8
signaling in cells with reporter constructs revealed
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Figure 4. Quantitation of P2ZRY8 mRNA in blasts of patients with various types of acute leukemia. (A) The amount of P2ZRY8 mRNA in
CD34% cell fractions purified from healthy volunteers (normal) or from patients with MDS-derived AML, MPD-derived AML, de novo
AML. of various FAB subtypes (M1 to M7), ALL of FAB subtypes L1 or 1.2, or BAL was determined by real-time RT-PCR analysis. The
ratio of the abundance of PZRY8 mRNA to that of ACTB mRNA was calculated as 2", where 7 is the Cr value for ACTB ¢cDNA minus the
Cr value for P2RY8 cDNA. The asterisk indicates the patient from whom the cDNA library was constructed. (B) Comparison of the P2RY8/
ACTB mRNA ratio (mean+SD) between untreated patients (z=16) and those with relapsed or refractory leukemia (2=8). The
' significance of the difference in the ratio between the two groups was assessed by Student’s r-test. (C) Kaplan - Meier plots of the survival of
padents with a high level of P2ZRY8 expression (P2RY8/ACTB mRNA ratio of >0.006, n = 15) compared with that of those with a low level of
P2RY8 expression (P2RY8/ACTB mRNA ratio of <0.006, n=10). The significance of the difference between the two groups was evaluated
by the log-rank test.

that the trans-activation activities of CREB and Elk-1 that the SRE is present within this promoter [29,30],

were increased by P2RYS8 expression, as were the
transcriptional activities of the SRE as well as
of enhancer/promoter fragments of the c-Fos and
c-Myc genes. Given that both CREB and Elk-1 bind
to and activate the promoter of the c-Fos gene and

these data collectively indicate that c¢-Fos is a target
and effector of P2RY8 signaling. These data are in
good agreement with the finding by Muscella et al.
that c-Fos can be activated by another purinergic
receptor, P2RY6 [19]. Given that the c-Myc gene, an
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immediate-early response gene in growth signaling,
was also transcriptionally activated by P2RYS8, both
c-Myc and c-Fos may play an important role in
P2RY8-induced malignant transformation.

The second messengers for transformation, acting
downstream to P2RYS8, are not elucidated yet. The
activities of protein kinase C (PKC) were, however,
shown essential in the P2RY6-evoked cell prolifera-
tion and ERK activation [19]. Since P2RY8 activity
may also induce an increase in CafJr [25], it is
possible that P2ZRY8 activates PKC and triggers the
machinery for cell proliferation as well.

The finding that overexpression of P2RYS results
in cell transformation led us to examine whether this
gene is overexpressed in leukemic blasts. Quantitative
RT-PCR analysis revealed that this was indeed the
case, at least for the cells of some patients. A possible
contribution of P2RY8 to leukemogenesis was further
supported by the observation that patients with a high
level of P2RYS8 expression had a poorer prognosis
than did those with a lower level. It will be of interest
to examine whether the level of P2ZRY8 expression is
increased in other types of human cancer as well.
Especially, given the presumed role of P2RYS in
neural development, it is possible that some brain
tumors may have an abundant expression of P2RYS8.
Our findings implicate the purinergic receptor family
in cancer and suggest that P2RY8 is a potential
therapeutic target in some types of leukemia.
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Identification of the transforming
EML4-ALK fusion gene in non-small-cell
lung cancer

Manabu Soda"?, Young Lim Choi', Munehiro Enomoto?, Shuiji Takada', Yoshihiro Yamashita!, Shunpei Ishikawa’,
Shin-ichiro Fujiwara', Hideki Watanabe', Kentaro Kurashina', Hisashi Hatanaka', Masashi Bando?, Shoji Ohno?,
Yuichi Ishikawa®, Hiroyuki Aburatani®”’, Toshiro Niki®, Yasunori Sohara®, Yukihiko Sugiyama? & Hiroyuki Mano'’

Improvement in the clinical outcome of lung cancer is likely to be achieved by identification of the molecular events that
underlie its pathogenesis. Here we show that a small inversion within chromosome 2p results in the formation of a fusion
gene comprising portions of the echinoderm microtubule-associated protein-like 4 (EML4) gene and the anaplastic
lymphoma kinase (ALK) gene in non-small-cell lung cancer (NSCLC) cells. Mouse 3T3 fibroblasts forced to express this
human fusion tyrosine kinase generated transformed foci in culture and subcutaneous tumours in nude mice. The EML4-ALK
fusion transcript was detected in 6.7% (5 out of 75) of NSCLC patients examined; these individuals were distinct from those
harbouring mutations in the epidermal growth factor receptor gene. Our data demonstrate that a subset of NSCLC patients
may express a transforming fusion kinase that is a promising candidate for a therapeutic target as well as for a diagnostic

molecular marker in NSCLC.

Lung cancer remains the leading cause of cancer deaths in western
countries'. Patients with NSCLC, which accounts for ~80% of lung
cancer cases, are often diagnosed at advanced stages of the disease.
Given that conventional chemotherapeutic regimens only marginally
improve the outcome of such individuals, their median survival time
is less than one year after diagnosis (ref. 2). A subset of NSCLCs was
recently shown to harbour activating mutations in the epidermal
growth factor receptor gene (EGFR)**; such cancers are responsive
to gefitinib, a specific inhibitor of the tyrosine kinase activity of
EGFR. The efficacy of targeting key ‘growth drivers’ in cancer
treatment is further exemplified by chronic myeloid leukaemia, for
which another tyrosine kinase inhibitor, STI571, is highly effective in
reducing the number of cancer cells®. However, EGFR mutations are
associated preferentially with NSCLC of non-smokers and Asians*®.
Few oncogenes have thus been identified for NSCLC in individuals
with a smoking habit, who constitute most cases of the disease.

Retrovirus-mediated complementary DNA expression systems
allow expression of the encoded proteins in most of the targeted cells.
Through modification of the method used in ref. 7, we have achieved
reliable amplification of cDNAs from small quantities of clinical
specimens as well as the generation of retroviral libraries for express-
ion of these cDNAs**°. Application of such a cDNA expression lib-
rary prepared from an NSCLC specimen to a focus formation assay
with mouse 3T3 fibroblasts has now led to the identification of a
fusion oncogene.

Identification of EML4-ALK

To isolate novel transforming genes in NSCLC, we generated a retro-
viral cDNA expression library from a lung adenocarcinoma specimen
surgically resected from a 62-yr-old man with a history of smoking
(patient 33). In construction of the library, we used the SMART

method (Clontech) for preferential amplification of full-length
¢DNAs from limited amounts of clinical specimens’; this resulted
in the production of >1.4 X 10° independent plasmid clones.
Infection of mouse 3T3 fibroblasts with the recombinant retroviruses
that were based on these plasmids led to the formation of many
transformed foci, from which insert cDNAs were recovered with
the polymerase chain reaction (PCR).

One of the amplified cDNAs comprised 3,926 base pairs (bp) and
contained an open reading frame for a protein of 1,059 amino acids
(Fig. 1a and Supplementary Fig. 1). The amino-terminal portion
(residues 1-496) of the predicted protein is identical to that of human
EML4 (GenBank accession number NM_019063), whereas the
carboxy-terminal portion (residues 497-1059) is identical to the
intracellular domain (residues 1058-1620 of the wild-type protein)
of human ALK (GenBank accession number AB209477), suggesting
that the cDNA is derived from a fusion product of EML4 and ALK
(Fig. 1a, b). EML4 belongs to the family of echinoderm microtubule-
associated protein-like proteins'' and is composed of an N-terminal
basic region (isoelectric point, 10.2), a hydrophobic echinoderm
microtubule-associated protein-like protein (HELP) domain'? and
WD repeats’’ (Fig. 1b). In the predicted fusion protein, the
N-terminal half of EML4 encompassing the basic region, the HELP
domain and a portion of the WD-repeat region is fused. to the intra-
cellular juxtamembrane region of ALK.

ALK was first identified as a fusion partner of nucleophosmin
(NPM) in anaplastic large-cell lymphoma with a t(2;5) chromosome
rearrangement'*'*, Other chromosome translocations involving the
ALK locus were subsequently identified in the same lymphoma sub-
type as well as in inflammatory myofibroblastic tumours'®. The
fusion point of ALK is conserved among most of these chimaeric
tyrosine kinases, including EML4-ALK (resulting in fusion of the

'Division of Functional Genomics, 2Division of Pulmonary Medicine, *Department of Pathology, and *Division of General Thoracic Surgery, Jichi Medical University, Tochigi 329-0498,
Japan. SResearch Center for Advanced Science and Technology, University of Tokyo, Tokyo 153-8904, Japan. ®Department of Pathology, The Cancer Institute, Japanese Foundation for
Cancer Research, Tokyo 135-8550, Japan. ’Core Research for Evolutional Science and Technology (CREST), Japan Science and Technology Agency, Saitama 332-0012, Japan,
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Figure 1| Gene fusion between EML4 and ALK. a, Amino acid sequence of
the EML4-ALK protein (variant 1). Residues corresponding to EML4 or to
ALK are shown in blue or red, respectively. Lys 589 in the ATP-binding site is
boxed. b, Fusion of the N-terminal portion of EML4 (comprising the basic
region, the HELP domain and part of the WD-repeat region) to the
intracellular region of ALK (containing the tyrosine kinase domain). TM,
transmembrane domain. ¢, Both the ALK gene and the EML4 gene map to
chromosome 2p, but have opposite orientations. In the NSCLC patient 33,
EML4 is disrupted at a position ~3.6 kb downstream of exon 13 and is
ligated to a position 297 bp upstream of exon 21 of ALK, giving rise to the
EML4-ALK (variant 1) fusion gene (left panel). Filled and open horizontal
arrows indicate the direction of transcription and the positions of the
Fusion-genome primers, respectively (Supplementary Fig. 1). PCR with
these Fusion-genome primers and genomic DNA of patient 33 generated a
single product of ~4 kb (right panel); this product was not detected with
control DNA of a healthy female (46,XX).

entire intracellular kinase domain of ALK to the corresponding part-
ner), and the kinase activity of NPM—~ALK was shown to be essential
for the proliferation of lymphoma cells positive for this construct'’.

Given that EML4 and ALK each map to the short arm of chro-
mosome 2 (2p21 and 2p23, respectively, separated by a distance of
~12 megabases, Mb) but have opposite orientations, either gene
might have been inverted to generate the EML4-ALK fusion gene
(Fig. 1c). To address this issue directly, we amplified the genomic
fusion point between EML4 and ALK using genomic DNA of patient
33 as the template. This approach led to the identification of a
~4-kilobase (kb) product (Fig. 1c). Nucleotide sequencing of this
genomic fragment revealed that intron 13 of EML4 is disrupted at
a point ~3.6 kb downstream of exon 13 and is inverted to connect
to a position 297 bp upstream of exon2l of ALK (Fig. lc and
Supplementary Data), yielding EML4-ALK variant 1 (the structure
of variant 2 is addressed below). To determine whether the chro-
mosome rearrangement in this specimen is a simple inversion within
2p, we attempted to detect the other connection point between EML4
and ALK in chromosome 2 by PCR amplification of the ALK-EML4
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cDNA or gene. However, neither of the corresponding PCR products
was obtained (data not shown). It thus remains undetermined
whether the NSCLC cells of patient 33 harbour a simple
inv(2)(p21p23) or whether they contain complex chromosome
translocations involving 2p.

Transforming activity of EML4-ALK

To confirm the transforming potential of EML4-ALK, we generated
expression plasmids for wild-type EML4, wild-type ALK, EML4-
ALK, EML4-ALK(K589M) (in which Lys 589 in the ATP-binding
site of the kinase domain is replaced with Met), NPM~ALK and
v-Ras, and introduced them individually into mouse 3T3 fibroblasts.
Transformed foci were readily identified for the cells expressing
EML4-ALK, NPM-ALK or v-Ras, but not for those expressing
EML4, ALK or EML4-ALK(K589M) (Fig. 2a). Subcutaneous injec-
tion of the transfected 3T3 cells into nude mice also revealed that only
those expressing EML4-ALK, NPM-ALK or v-Ras formed tumours
(Fig. 2a). These data thus showed that EML4—-ALK possesses trans-

.forming activity that is dependent on its catalytic activity. We also

found that fusion to EML4 results in redistribution of the kinase
domain of ALK from the cell membrane to the cytoplasm
(Supplementary Fig. 2), as revealed by monitoring the fluorescence
of the corresponding proteins tagged with enhanced green fluor-
escent protein.

To identify the domains of EML4 required for the transforming
activity of the EML4~ALK fusion protein, we generated expression
plasmids for EML4-ALK with internal deletions of the basic domain
(ABasic, lacking residues 31-140), of the HELP domain (AHELP,
lacking residues 220-296) or of the WD repeats (AWD, lacking resi-
dues 305-475) (Fig. 2b). Injection of 3T3 cells expressing the deletion
constructs into nude mice revealed that deletion of the WD repeats
allowed tumour formation at all injection sites, but that the tumours
were smaller than those formed by cells expressing full-length EML4—
ALK (Fig. 2b). Tumours were even smaller for cells expressing
AHELP and were undetectable for those expressing ABasic. All
domains of EML4 thus seem to contribute to the oncogenic potential
of EML4-ALK, with the basic domain being the most important.

Gene fusion often results in activation of tyrosine kinases through
oligomerization mediated by the fusion partner. Although little is
known regarding the dimerization potential of EML4, our results
(Fig. 2b) suggested that the basic domain derived from EML4 may
mediate EML4-ALK dimerization. To examine this possibility, we
transfected HEK 293 cells with expression vectors for both Myc-
epitope-tagged EML4-ALK and Flag-epitope-tagged full-length,
ABasic, AHELP or AWD forms of EML4-ALK. Immunopre-
cipitation of cell lysates with antibodies to Myc and probing of the
resulting precipitates with antibodies to Flag revealed that Myc-
epitope-tagged EML4-ALK was associated with substantial amounts
of each of the Flag-tagged EML4-ALK constructs with the exception
of ABasic (Fig. 2¢). Immunoblot analysis of immunoprecipitates
prepared from the same cell lysates with antibodies to Flag confirmed
that the various Flag-tagged EML4-ALK constructs were expressed at
similar levels. Similar results were obtained in a reciprocal experi-
ment in which anti-Flag immunoprecipitates were probed with anti-
Myc (Supplementary Fig. 3). These results thus indicated that the
basic domain indeed has an important role in dimerization of EML4—
ALK.

To examine directly whether internal deletions affect the enzym-
atic activity of EML4—-ALK, we expressed Flag-tagged full-length or
truncated forms of the fusion protein in HEK 293 cells and prepared
immunoprecipitates from cell lysates with anti-Flag. The resulting
precipitates were then subjected to an in vitro kinase assay with the
synthetic YFF peptide'®, which is based on the activation loop of the
catalytic domain of ALK. Deletion of the basic domain resulted in a
marked decrease (~84%) in the catalytic activity of EML4-ALK

" (Fig. 2d). This low level of kinase activity of the ABasic mutant was

consistent with its residual ability to dimerize with the full-length

_57_



NATURE|Vol 448|2 August 2007

a EML4

ars &

ALK

- ARTICLES

v-Ras

EML4-ALK K589M  NPM-ALK
e e s e

'
i

Nude mice ;
&

Tumour/injection 0/8 0/8 0/8

b
Basic H WD Kinase
EML4-ALK
ABasic
AHELP
AWD

Vector

Figure 2 | Transforming activity of EML4-ALK variant 1. a, Expression
vectors for EML4, ALK, EML4-ALK, EML4-ALK(K589M), NPM-ALK and
v-Ras (or the corresponding empty vector) were introduced individually
into 3T3 cells, and the cells were photographed after three weeks of culture
(upper panels). Scale bars, 100 um. The same set of transfected cells was also
injected subcutaneously into nude mice, and tumour formation was
examined after 20 days (lower panels). The number of tumours formed after
eight or two injections is indicated. b, Schematic representations of
EML4-ALK and its deletion mutants are shown on the left. Tumour
formation in nude mice was examined as in a for 3T3 cells transfected with
expression vectors for the indicated forms of EML4-ALK (right). H, HELP

protein (Fig. 2c and Supplementary Fig. 3). Deletion of either the
HELP or WD domain reduced the kinase activity of EML4-ALK by
~50% (Fig. 2d), whereas the transforming activity of the AHELP
mutant was reproducibly lower than that of AWD in both the focus
formation (data not shown) and tumorigenicity (Fig. 2b) assays. The
molecular basis of this discrepancy between kinase and transforming
activities remains to be determined.

Detection of EML4-ALK in clinical specimens

We next evaluated the frequency of EML4-ALK gene fusion in
NSCLC. A consecutive panel of NSCLC specimens (n = 33) obtained
in one hospital was examined for the presence of EML4-ALK
messenger RNA, wild-type ALK mRNA and mutations within the
EGFR and v-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue
(KRAS) genes. The EML4-ALK fusion mRNA was readily detected
_ by PCR with reverse transcription (RT-PCR) analysis as a 247-bp
product in three patients (9.1%), including the patient who served as
the source for the retroviral library (Fig. 3a). Sequencing of the PCR
products amplified from each of these three patients confirmed the
presence of EML4-ALK variant 1 ¢cDNA (Supplementary Data);
patients 20 and 39 had squamous cell carcinoma and adenocarci-
noma of the lung, respectively.

We also amplified the genomic fragments corresponding to exons
18, 19 and 21 of EGFR and determined their nucleotide sequences
in all 33 patients. This revealed the presence of EGFR mutations—
all of which were deletions or nucleotide substitutions within exon
19—in six individuals (18.2%) (Supplementary Table 1). Notably,
the patient population harbouring EGFR mutations did not overlap
with that harbouring the EML4-ALK fusion gene, showing that
EML4-ALK-positive cancer is a novel subclass within NSCLC. A
KRAS mutation (Val 12 to Cys 12 substitution) was detected in two
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domain. ¢, Expression vectors for Flag-tagged EML4-ALK or its deletion
mutants were introduced into HEK 293 cells with (+) or without () a vector
for Myc-epitope-tagged EML4—-ALK. Cell lysates were subjected to
immunoprecipitation (IP) with antibodies to Myc or to Flag, and the
resulting precipitates were subjected to immunaoblot analysis with anti-Flag.
The positions of EML4-ALK and its mutants are shown on the right.

d, Expression vectors for Flag-tagged EML4-ALK, EML4-ALK(K589M) or
its deletion mutants were introduced into HEK 293 cells.
Immunoprecipitates prepared from cell lysates with anti-Flag were subjected
to an in vitro kinase assay with the synthetic YFF peptide (upper panel) or to
immunoblot analysis with anti-Flag (lower panel). :

individuals, neither of whom harboured EGFR mutations or the
EMIL4-ALK fusion gene. Wild-type ALK mRNA was detected in 8
of the 33 specimens (24%) of this cohort. A moderate level of ALK
mRNA in lung cancer specimens has also been detected by serial
analysis of gene expression studies (http://cgap.nci.nih.gov/SAGE/
AnatomicViewer), although it is not clear whether such profiling of
the 3’ end of mRNAs actually detected mRNAs for wild-type ALK,
EML4-ALK or even other ALK fusion genes.

To determine whether fusion of EML4 to ALK is specific to
NSCLC, we used RT-PCR to attempt to detect the fusion mRNA
in cancer specimens from 39 patients with acute myeloid leukaemia,
69 patients with non-Hodgkin’s lymphoma, 93 patients with gastric
carcinoma and 60 patients with colorectal carcinoma. However,
none of these 261 specimens yielded the EML4-ALK ¢cDNA (data
not shown), indicating that EML4-ALK has a high level of specificity
to NSCLC.

Further screening for the EML4-ALK fusion cDNA with the same
RT-PCR primer set in a different cohort of NSCLC patients (n = 42)
resulted in the identification of a larger PCR product (~1kb) in
another two individuals with lung adenocarcinoma. Nucleotide
sequencing of these PCR products revealed that exon 20 of
EML4 was fused to exon 21 of ALK (Supplementary Fig. 4 and
Supplementary Data), indicative of diversity in the breakpoint region
within EML4. PCR analysis of genomic DNA from one of these two
patients further revealed the breakpoints in EML4 and ALK as well as
the formation of both EML4-ALK and ALK-EML4 fusion genes, thus
demonstrating the presence of an inv(2)(p21p23) rearrangement in
this individual (Supplementary Fig. 4 and Supplementary Data). We
here refer to the initially identified EML4-ALK gene, in which intron
13 of EML4 is fused to intron 20 of ALK, as variant 1, and to the
EMIL4-ALK gene, in which intron 20 of EML4 s fused to intron 20 of
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