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tively. Both the SHZ and SH3 domains are
required to maintain the SRC family kinases in
an inactive state: the SH2 domain binds to the
C-terminal tyrosine residue in a phosphorylation-
dependent manner, and the SH3 domain interacts
with a short polyproline type II helix located
between the SH2 domain and the kinase domain
{Schindler et al., 1999; Xu et al,, 1999; Young et al,,
2001). These intramolecular interactions are
believed to lock the molecule in a closed, inactive
state, resulting in repression of kinase activity. In
this regard, disruption of this closed conformation
would activate the SRC family kinases and lead to
cell cransformation. In fact, some deletions or
mutations in either the SH2 or the SH3 domain of
SRC have been shown to activate its catalytic and/
or transforming activities {Hirai and Varmus, 1990}.
Thus, the disruption of the SH3 and SH2 domains
in ETV6/FRK may contribute to deregulation of
kinase activity. Secondly, in the ETV6/FRK fusion
protein, the entire PNT domain of ETV6 is fused
to the kinase domain of FRK. As is the case with
other ETV6/TK fusion proteins (Carroll et al,
1996; Golub et al., 1996; Jousset et al., 1997}, the
PNT domain would force dimerization of the
ETV6/FRK protein and lead to constitutive tyro-
sine autophosphorylation and activation of the
ETV6/FRK kinase.

The downstream signaling pathway mediated
by ETV6/FRK still remains to be elucidated. The
wild type FRK is expressed primarily in epithelial
tissues {Cance et al., 1994), but also weakly in
various hematopoietic cell line (data not shown),
However, its functions or downstream signaling
pathways remain largely unknown, especially in
hematopoietic systems. ‘The only known candidate
endogenous downstream component of FRK is the
SH2-domain adaptor protein SHB. According to
recent reports, GTK, a rodent homologue of FRK,
induces neurite cutgrowth in PCI2 cells and insu-
lin stimulated signaling pathways in pancreatic
insulin-producing cells via SHB (Anncren et al,,
2000; Anneren and Welsh, 2002). In the present
study, however, immunoblotting analysis failed to
detect expression of the SHB protein in ETVG/
FRK-expressing cells (data not shown). Thus,
involvement of SHB in transformation by ETV6/
FRK remains unclear. We also tested the phos-
phorylation status of several signaling molecules,
including signal transducer and activator of tran-
scription (STAT1, STAT3, STAT5, STAT6,
extracellular signal-regulated kinase 1/2 (ERK1/2),
P38 mitogen-activated protein  kinase (P38
MAPK), phosphatidylinesitol 3-kinase (PI3K), and

phospholipase C (PLC)-gamma, in ETV6/FRK-
expressing cells. However, we failed to detect any
aberrant phosphorylation of these molecules in
ETV6/IFRK-expressing cells in comparison to
FRK-expressing cells (data not shown). Future
identification of the targer substrate of ETV6/FRK
might provide a novel insight into the mechanism
of ETV&/FRK-induced transformation as well as
of wild-type FRK-mediated signal transduction,

Finally, we demonstrated that ETV6/FRK had a
dominant-negative effect over ETV6-mediated
transcriptional repression. Because ETVHRK
retains the PNT oligomerization domain of ETV6,
ETV6/FRK may interfere with the transcriptional
repression activity of ETV6 by heterodimerizing
with wild-type ETV6, Our results indicate that
ETV6/FRK is a novel oncoprotein with dual func-
tions: deregulated tyrosine kinase activity and a
dominant-negative modulation of transcriptional
repression by ETV6, Because wild-type ETV6
appears to have tumor-suppressive  activity
(Romparey et al., 2000), its suppression by ETV6/
FRK also could contribute to oncogenesis. It may
be possible that ETV&/FRK can contribute to
oncogenesis through two independent mecha-
nisms: activation of the ETV6/FRK tyrosine kin-
ase, which would lead to aberrant stimulation of
the downstream signaling pathway, and inhibition
of the tumor-suppressive functions of ETV6. This
model suggests potentia! strategies for reversion of
transformation by ETV6/FRK. Because the kin-
ase-inactive mutant of ETV6/FRK is nontrans-
forming, a specific inhibitor of the SRC family
kinases may inhibit transformation by ETV6/FRK.
Alternatively, overexpression of wild-type ETV6
also would interfere with the ability of ETV6/IFRK
to ctransform cells. TFurther experiments will
explore these possibilities.

ACKNOWLEDGMENTS

We thank Dr. Kinuke Mitant for the gift of a
full-length human E7V6 ¢IDNA and the (EBS)3t-
kLuc reporter, We also thank Dr. Peter Marynen
for providing cosmid probes 179A6, 50F4, 2G8,
184C4, and 88A9. Hisamaru Hirai died suddenly
on August 23, 2003. His students, fellows, and col-
leagues will greacly miss his energetic leadership
in the field of hematology. We dedicate this article
to his memory.

REFERENCES

Anneren C, Welsh M. 2002, GTR wvrosine kinase-induced alteration
of IRS-protein signalting in insulin producing cells. Mol Med
B:705-713.

-235-



NOVEL CHIMERIC ONCOPROTEIN ETVS/FRK 279

Anncren C, Reedquist KA, Bos JE, Welsh M. 2000, GTK, a Sic-
related tvrosine kinase, induces nefve growth factor-independent
neurite ourgroweh in PC12 cells through activation of the Rapl
pathway. Relationship to Shb tyrosine phosphorylation and ¢le-
vated levels of focal adhesion kinase. ] Biol Chem 275:29153~
29161.

Bolen JB, Veillette A, Schwartz AN, DeSeau V, Rosen N, 1987,
Activation of ppblc-sre protein kinase activity in human ¢olon
carcinoma Proc Natl Acad Sci USA 8422512255,

Brown MT, Cooper JA. 1996. Regulation, substrates and functions
of sre, Biochim Biophys Acra 1287:121-149.

Cance WG, Craven R], Bergman M, Xu L, Alitalo K, Liu ET. 1994,
Rak, a novel nuclear tyrosine kinase expressed in epithelial cells,
Groweh Differ 5:1347-1355.

Carroll M, Tomasson MEH, Barker GF, Golub TR, Gillitand DG.
1996, The TEL platelet-derived growth factor receptor (PIIGFR)
fusion in chronic myelomonocytic leukemia is a transforming pro-
tein that self-associates and activates PDGFR kinase-dependent
sigmaling pathways. Proc Narl Acad Sci USA 93: 14845-14850.

Carrwright CA, Eckhart W, Simon §, Kaplan PL. 1987. Cell transfor-
mation by pp6lc-sre mutated in the carboxy-terminal regulatory
domain. Cell 4:83-91.

Cazzaniga G, Tosi &, Aloisi A, Giudici G, Daniotti M, Pioleelli P,
Kearney L., Biondi A. 1999. The tyrosine kinase Abl-related gene
ARG is fused to ETV6 in an AML-A4Eo patient with a
t(1;12){q25;p 13} molecular cloning of both reciprocal transcripts,
Blood 94:4370—-4373.

Daigo Y, Furukawa Y, Kawasoe T, Ishiguro H, Fujita M, Sugai S,
Nakamori 8, Liefers GJ, Tollenaar RA, van de Velde (],
Nakamura Y, 1999, Absence of genetic alteration at codon 531 of
the human ¢-sr¢ gene in 479 advanced colorectal cancers from
Japanese and Caucasian patients, Cancer Res 59:4222-4224,

Eguchi M, Eguchi-Ishimae M, Tojo A, Morishita K, Suzuki K, Sato
Y, Kudoh &, Tanaka K, Sctovama M, Nagamura F, Asano §,
Kamada N. 1999, Fusion of ETV6 1o neurotrophin-3 receptor
TRKC in acure myeloid leukemia wich t{12;15)(p13;923). Blood
93:1355-1363.

(iolub TR, Barker GF, Lovert M, Gilliland DG, 1994, Fusion of
PDGF receptor to a novel ets-like gene, tel, in chronie myelomo-
nocyeic leukemia with t(5;12) chromosomal translocation, Cell
77:307-316,

CGolub TR, Goga A, Barker GT, Afar DE, Mclaughlin ], Bohlander
SK, Rowley 13, Wicte ON, Gilliland DG. 1996, Oligomerization
of the ABL. tyrosine kinase by the Ees protein TEL in human
leukemia. Mol Cell Biol 16:4107-4116.

Golub TR, Barker GF, Stegmaier K, Gilliland DG. 1997, The TEL
gene contributes to the pathogenesis of myeloid and lvmphotd
leukemias by diverse molecular genetic mechanisms. Curr Top
Microbiol Immunol 220:67-79.

Hayashi ¥, Raimondi 8C, Look AT, Behm FG, Kitchingman GR,
Pui CH, Rivera GK, Williams DI.. 1990. Abnormalities of che
long arm of chromosome 6 in childhowd acute lymphoblastic leu-
kemia. Blood 76:1626-1630.

Hirai H, Varmus HE, 1990. Site-directed muragenesis of the SH2.
and SH3-coding domains of c-sre produces varied phenotypes,
including oncogenic activation of p60c-sre. Mol Cell Biol
1(:1307-1318,

Hu Y. Liu Y, Pelleticr $, Buchdunger E, Warmuth M, Fabbro [,
Hallek N, Van Exen RA, Li S, 2004 Requirement of Sre kinases
Lyn, Hek and Fge for BCR-ABL 1-induced B-lymphoblastic leu-
kemia but not chronic myeloid leukemia. Nat Genet 30:453—61,

Lijima ¥, lto T, Oikawa T. Eguchi M, Eguchi-Ishimae M, Kamada
N, Kishi K, Asano 8§, Sakaki Y, Sato Y. 2000. A new ETV6/TEL
partner gene, ARG (ABI.-relared gene or ABL2), idendified in an
AML-M3 cell line with a t{1:12)(g25:p13) translocarion, Blood
Y5:2126-2131.

Iy RB. Mao W, Coppola 1D, Kang J. Loubeau JA, Trudean W, Karl
R. Fujita 1), Jove R, Yeatman TJ. 1999, Acdvating SRC mutanon in
a subset of advanced human colon cancers. Nat Genet 21:187-190.

Jousser €, Carron C, Bourenx A, Quang CT, Gury €, Dusanter-
Fourc I, Charon M, Levin J, Bernard O, Ghysdael J 1997, A
domain of TEL conserved in a subset of ETS proteins defines a
specific oligomerization interface essental to the mitogenic prop-
erties of the TEL-PDGTFR oncoprotein. EMBO J 16:69-82,

Katz JA. Tavlor LI Carroll A, Elder FFB, Mahoney IMH. 1991,
Cyrogenede features of childhood acute lvmphoblastic leukemia:
a coneordance study and a pediatric oncology group study. Cancer
Gener Cyrogenet 55:249-256.

Kuno Y, Abe A, Emi N, Tida M, Yokozawa T, Towacari M, Tanimotw
M. Saico H. 2001, Consdrutive kinase activation of the TET.-Svk

fusion gene in myelodysplastic syndrome with «(%12)(q22;p12).
Blood 97:1050-1055.

Kurokawa M, Tanaka T, Tanaka K, Ogawa S, Mituni K, Yazaki Y,
Hirai H. 1996, Overexpression of the AMILI prato-oncoprotein in
NIH3T3 cells leads to neoplastic transformation depending on
the DDNA-binding and transactivational potencies. Oncogene
12:883-892.

Lacronique V, Bourcux A, Valle VD, Poirel H, Quang CT,
Mauchauffe M, Berthou G, Lessard M, Berger R, Ghysdael ],
Bernard QA 1997, A TEL-JAKZ fusion protein with constitutive
kinase activicy in human leukemia, Science 27813091312,

Laghi L, Bianchi P, Orbetegli O, Gennari 1., Roncalli M, Malesci A,
2001. Lack of mutation at codon 531 of SRC in advanced colorec-
tal cancers from Tealian patiencs, Br ] Cancer 84:196-198,

Lee J. Wang Z, Luoh SM, Wood W, Scadden DT, 1994, Cloning of
FRE/RAK, a novel human intracellular SRC-like tyrosine kin-
ase-encoding gene, Gene 138:247-251,

Lopez RG, Carron C, Oury C, Gardellin P, Bernard O, Ghysdael J.
1999. TEL is a sequence-specitic transeriptional repressor. ] Biol
Chem 274:30132-30138.

Muaki K, Mitani K, Yamagata T, Kurokawa M, Kanda Y, Yazaki Y,
Hirai H. 1999, Transcriptional inhibition of p33 by the MLL/
MEN chimeric protein found in myeloid leukemia. Blood
93:3216-3224.

Ogawa S, Kurokawa M, Tanaka T, Mitani K, Inazawa J, Hangaishi
A, Tanaka K, Matsuo Y, Minowada J, Tsubota T, Yazaki Y, Hirai
H. 1996, Structurally altered Evi-1 protein generated in the
3¢21¢26 syndrome, Oncogene 13:183-191,

Oteenhofi-Kalff AE, Rijksen G, van Beurden FA, Hennipman A,
Michels AA, Staal GE. 1992 Characterization of protein eyrosine
kinases from human breast cancer: involvement of the ¢-s1¢ onco-
gene product. Cancer Res 52:4773-4778.

Papadopoulos P, Ridge SA, Boucher CA, Stocking C, Wiedemann
LM, 1995, The novel activation of ABL by fusion to an ets-
refated gene, TEL, Cancer Res 55:34-38.

Parker RC, Varmus HE, Bishop AL 1984, Expression of v-src and
chicken c-src in rac cells demonstrates qualitative differences
hetween ppblv-ste and pp6lc-sre. Cell 37:131-139.

Pecters P, Raynaud SID), Cools ], Wlodarska I, Grosgeorge ], Philip
P. Monpoux F. Van Rompaey L., Baens M, Van den Berghe H,
Marvnen P 1997, Fusion of TEL, the ETS-variant gene 6
(ETV6), to the receptor-associated kinase JAK2 as a resulc of
t%:12) in a lvmphoid and 1(9;15:12) in a myeloid [eukemia. Blood
9(:2533-2540.

Pinkel ID, Scravme T, Gray JW. 1986, Cytogenetic analysis using
quantitative,  high-sensitivity, fluorescence hybridization. Proc
Natl Acad Sci USA 83:2934-2938.

Raimondi 8C, Shurtleff SA, Downing JR, Rubnitz J, Mathew S,
Hancock K, Pui CH, Rivera GK, Grosveld G, Behm F(G 1997,
12p abnormalities and the TEL gene (IKTV6) in childhood acure
lymphaoblastie leukemia. Blood 90:4559—-3566.

Rompaey LV, Potwer M, Adams C, Grosveld G. 2000, Te! induces a
G arrest and suppresses Ras-induced eransformation, Oncogene
29:5243-5250.

Schindler T, Sicheri T, Pico A, Gazic A, Leviezki A, Kurivan J. 1999,
Crystal struceure of Hek in complex with a Sre family-selective
tvrosine kinase inhibicor. Mol Cell 3:639-648.

Talamonti MS, Reh MS, Curley SA, Gallick GE. 1993, Increase in
activity and level of pp6lc-sre in progressive stages of human col-
vreceal cancer, ] Clin Invest 91:53-60.

Tycko B, Smith S1). Sklar J. 1991, Chromosomal rranslecations join-
ing ILCK and TCRB loci in human T cell leukemia, | Exp Med
174:867-873.

Waza K, Nakamura Y, Maki K, Arai H, Yamagata T, Sasaki K,
Kurokawa M, Hirai H, Micani K. 2003, Leukemia-related tran-
scription factor TEL accelerares differentiation of Friend eryth-
roleukemia cells. Oncogene 22:59-08.

Wang NAL Yeh KT, Tsai CH, Chen S). Chang JG. 2000, No evi-
dence of correlation between mutation at codon 531 of sre and
the msk ol colon cancer in Chinese, Cancer Letc 150:201-204

Wright 1), Sefton BM, Kamps MP 1994, Oncogenic activation of
the Lek protein accompanies translocation of the LLCK gene in
the human HSB2 Tcell leukemia, Mol Cell Biol 14:2429-2437,

Xu W, Dashi A, Lei M, Fck M], Harrison $C. 1999, Crystal struc-
tures of ¢-Sre reveal fearures of s autoinhibitory mechanism.
Mol Cell 3:629-638.

Young MA, Gonfluni 8, Superti-Furga G, Roux B, Kurivan J. 2001.
IWnamic coupling berween the SH2 and SH3Y domains of ¢-Src
and Hek underlies their inactivation by C-terminal tveosine phos-
phorvlation. Cell 105:115-126.

-236-



