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The t(6;8)(g27;p11) Translocation in a Stem Cell Myeloproliferative Disorder
Fuses a Novel Genel-OP, to Fibroblast Growth Factor Receptor 1

By Cornel Popovici, Bin Zhang, Marie-José Grégoire, Philippe Jonveaux, Marina Lafage-Pochitaloff,
Daniel Birnbaum, and Marie-Josephe Pébusque

In patients with an atypical stem-cell myeloproliferative
disorder with lymphoma (B or T cell), myeloid hyperplasia,
and eosinophilia, the chromosome 8p11-12 region is the site
of a recurrent breakpoint that can be associated with three
different partners, 6927, 9q32-34, and 13ql2. Rearrange-
ments are supposed to affect a pluripotent stem cell capable
of myeloid and lymphoid differentiation and to involve the
same 8pl1-12 gene. The t(8;13) translocation has recently
been shown to result in a fusion between the FGFR1 gene
that encodes a tyrosine kinase receptor for fibroblast growth
factors and a novel gene, FIM (also called RAMP or ZNF198),
belonging to a novel family of zinc finger genes. In the
present study, we have cloned the t(6;8)(q27;pl11) transloca-
tion in two patients and found a fusion between FGFR1 and a

novel gene, FOP (FGFR1 Oncogene Partner), located on
chromosome band 6g27. This gene is alternatively spliced
and ubiquitously expressed. It encodes a protein containing
two regions of putative leucine-rich repeats putatively fold-
ing in a-helices and separated by a hydrophobic spacer. The
two reciprocal fusion transcripts were evidenced by reverse
transcription-polymerase chain reaction in the tumoral cells
of the patients. The predicted chimeric FOP-FGFR1 protein
contains the FOP N-terminus leucine-rich region fused to the
catalytic domain of FGFR1. It may promote hematopoietic
stem cell proliferation and leukemogenesis through a consti-
tutive phosphorylation and activation of the downstream
pathway of FGFR1.

© 1999 by The American Society of Hematology.

ECIFIC RECURRENT chromosomal translocations haveonly four cases have been descriB&#24In the present study,
been described for many malignant tumors, includingwe report thaFGFRL1is fused to a novel gene we name@P
leukemias, lymphomas, and sarcorha€haracterization of (FGFR1Oncogene Partner) in two patients. In both cases, the
translocation breakpoints has shown fusion of genes frequentlyranslocation results in the fusion of a putative leucine-rich
encoding potential transcription factors and nucleic acid-domain of FOP to the protein kinase domain of FGFR1. The two
binding proteins or, in some instances, tyrosine kindsdsich reciprocal fusion transcripts are expressed. The t(6;8) break-

lead to the generation of chimeric products and/or alteration ofoint occurs withinFGFRL1 intron 8, as is the case for the
gene expression, thereby providing a putative oncogenic stimut(8;13) translocatiof®
lus3*
A recently described distinct myeloproliferative disorder MATERIALS AND METHODS

(MPD) is associated with recurrent translocations in which the Patients. The two patients with a t(6;8)(q27;p11) studied have been
8p11-12 chromosomal region is rearranged with three differenpartially described in a previous wotkThe clinical phenotype in each
partners, 6g27, 9932-34, and 13¢fIthis hematological malig- ~ case was consistent with the 8p11-12 MPD.
nancy is characterized by myeloid hyperplasia, eosinophilia, Patient no. 1 was a 27-year-old man with a white blood cell count
and T- or B-cell lymphoblastic lymphoma and generally (WBC) of 62 X 10°/L with 48% myeloﬁd cells. The bone marrow
progresses to acute myeloid leukemia (AML). The bipheno-aSp'ra,te wa_s_extremely hypercellular, W|th, respectively, .10% ar?d 28%
typic feature of this MPD strongly suggests that the genetiCOf eosinophilic and Iymph0|d cell populat|on.A46,Xth(6,8)(q27,p11)

. . L aryotype was found in the 49 bone marrow-derived metaphases
abnormality occurs in the hematopoietic stem cell. The 8p11-1 tudied. A 7-month treatment with hydroxyurea reduced the WBC. Two

breakpoint has been recently characterizetlis distinct from years Jater, a polycythemia vera was diagnosed. Five years later, the
the breakpoints in other translocations evidenced in AML, ie,
t(8;16)(p11;p13) and its t(8;14)(p11;q11.2f,and t(8;19)(p11;
g13)* variants and t(8;22)(p11;91%313 The MOZ gene is From the Laboratoire d’Oncologie Motellaire, U.119 INSERM,
involved in the t(8;16) translocatiéh and in AML with Institut de Cantmlogie et d'Immunologie de Marseille, Marseille,
inv(8)(p11;q13)'* We have demonstrated that the three differ- France; the Laboratoire de Biologie des Tumeurs, Institut Paoli-
ent translocations associated with MPD have the same localizazamettes (IPC), Marseille, France; the Laboratoire dér@gue,
tion of the 8p11-12 breakpoint and that cosmids specific of theCentre Hospitalier Universitaire, Nancy, France; and the Laboratoire

) de Cytogeéique, Dgartement d’'Henatologie, IPC, Marseille, France.
fibroblast growth factor receptor FGFR1) gene spanned the Submitted August 10, 1998; accepted October 12, 1998.

breakpoint:® FGFR1 encodes a receptor for members of the  g,5n0rted by INSERM, Institut Paoli-Calmettes, and grants from the
fibroblast growth factor family’ Four groups at least have |jgue Nationale contre le Cancer, Cofnile Var de la Ligue Nationale
cloned the t(8;13) breakpoint. All studies showed that thiscontre le Cancer, and FEGEFLUC. C.P. and B.Z. were recipients of a
translocation results in the fusion of tH&GFR1 gene to a  fellowship from the Sodié Francaise d’Hematologie and People’s
previously unidentified 13q12 gene nanféd,’® RAMP or  Republic of China, respectively.

ZNF19820.21 The putative oncogenic fusion protein contains Address reprint requests to Marie-Jpgee Péusque, PhD, Institut
zinc finger motifs, contributed by the product of the 13q12 genede Canceologie et d'immunologie de Marseille, Laboratoire
and the catalytic domain of FGFR&22The chimeric proteinijs ~ &'Oncologie Moleulaire, INSERM U119, 27 Bd LeRoure, 13009
relocalized to the cytoplasthand has a constitutive tyrosine Marseille, France; e-mail: pebusque@marseille inserm. fr.

) L - The publication costs of this article were defrayed in part by page
8
kinase activity:® These findings strongly suggest that the charge payment. This article must therefore be hereby métkeder-

g}enesis of the 8p11-12 MPD syndrome is due to altered FGFR{isement”in accordance with 18 U.S.C. section 1734 solely to indicate
signal transduction pathways. this fact.

Among the rearrangements specific of the 8p11-12 MPD, the © 1999 by The American Society of Hematology.
1(6;8)(q27;p11) is a rare recurrent translocation and, to date, 0006-4971/99/9304-0031$3.00/0
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disease progressed to acute myeloid leukemia, and the patient died €quencer (Applied Biosystems 373; Applied Biosystems, Foster City,
months later after incomplete remission. CA). Comparisons with GenBank and dbEST entries were made using

Patient no. 2 was a 19-year-old man. When the patient was 12 yearBLASTN and TBLASTN26 Comparisons with protein databases
of age, a polycythemia vera associated with a cutaneo-mucous liche(EMBL; Swissprot, Geneva, Switzerland) used BLASTX, TBLAS?X.
was diagnosed. Complete hematological remission was obtained afté?rotein alignment was performed using multiple sequence alignment
treatment with hydroxyurea, but the skin disorder was unresponsive tsoftwaré® (http://www.toulouse.inra.fr/multalin.html).
the immunosuppressive treatment. When the patient was 19 years of Northern blot analyses. The multiple tissue Northern blots (Clon-
age, the number of polymorphonuclear neutrophils increased to 20 tech; no. 7759-1, 7760-1, and 7767-1) were hybridized according to the
10%L. Bone marrow examination evidenced hyperplasia in the threemanufacturer’s instructions by using, as a probe, the 1. Bei-EcaRI
myeloid lineages without fibrosis or eosinophilia. At that time, chest fragment from cDNA clone zs55902 labeled witAH]dCTP in random
x-rays showed enlargement of thymus and histological examinatiorpriming reaction.
after exeresis showed lymphoid hyperplasia. One year later, cervical Determination of the genomic structure &OP. The genomic
and axillary lymphadenopathies appeared and histological examinatiogtructure of the gene was deduced based on the cDNA sequences of
displayed infiltration by myeloid blast cells. Acute transformation into FOP, ESTs retrieved from dbEST database (http://www.ncbi.nlm.nih-
AML4 with 40% blasts in bone marrow was diagnosed. Bone marrow-gov/irx/dbST/dbest_guery.html), and the genomic sequence from Pl
karyotype showed a t(6;8)(q27;p11) in the 32 mitoses analyzed. Afte@rtificial chromosome (PAC) 167A14 (accession no. Z94721). Se-
high-dose chemotherapy, a return to chronic phase was obtained. Nirf@uence comparisons were performed using TBLASTMtron posi-
months later, a Lyell syndrome was diagnosed and the patient died frorfion was deduced from the determination of botfabd 3 limits of the
septic shock. exons?®

Human cell lines. The following cell lines were cultured as  For alternative splicing analysis, reverse transcription-PCR (RT-
recommended by the supplier: IE8, pre-B/B stage acute lymphoblasti®CR) experiments were performed. Three primer sets from ‘tiead
leukemia (ALL); JY, B-ALL; U937, histiocytic lymphoma; KG1, (sense, 5GGAGCGTACCCTGCTGCG-3 antisense, SCCTTC-
myeloblastic/promyelocytic AML; SU-DHL-1, Ki-1 lymphoma cells GAGACCTTGCAGC-3), middle part (sense, 'STTAGTGGC-
bearing a t(2,5)(p23,q35), Daudi, Burkitt's |ymph0ma’ HSB-2, MO, TAGTCTTGTTGC-3; antisense, 5TAAAGAAGGGGCTCCCGC-
and MOLT-4, T-ALL; HEL, erythroleukemia AML; HL60, promyelo- 3'). and 3 end (sense, SGAAGCAAGCAGGAAGTCTGG-3;
cytic AML treated or not with phorbol esters; MIA PaCa-2, pancreas antisense, 5GCAGTGTTTTTGAAATGCAAGG-3) of FOP se-
carcinoma; IMR-90, lung fibroblast; A549, lung carcinoma. guence were used to amplifyOP transcripts. PCR reactions were

All cell lines were purchased from the American Type Culture Performed in a Perkin Elmer-Cetus (Norwalk, CT) apparatus using an
Collection (ATCC; Rockville, MD), except for IE8 (gift from T. equivalent of 500 ng of reversed transcribed RNA and 50 pmol of each

LeBien, Medical School, University of Minnesota, Minneapolis, MN) oligonucleotide as primers. The first cycle was run as follows:
and SU-DHL-1 (gift from R. Rimokh, Hpital E. Herriot, Lyon, denaturation at 95°C for 5 minutes, annealing at 60°C for 30 seconds,

France). and synthesis at 72°C for 1 minute. The next 30 cycles were run using
Fractionation of peripheral blood cells. Peripheral blood cells were  the same conditions except that the denaturation step was only 30

isolated from blood samples obtained from healthy donors (Centres€conds. For the last cycle, the synthesis time was 7 minutes. PCR

Régional de Transfusion Sanguine, Marseille, France) and fractionatedroducts were gel-purified in agarose 1%, subcloned and sequenced as

in the four major hematopoietic nucleated populations (B and Tdescribed above.

lymphocytes, granulocytes, and monocytes) as previously des@fibed. Analysis of gene expression by RT-PCRT-PCR reactions were

The percentage of purified normal cells was more than 90%, as assessBgrformed from 2 g of total RNAs as previously describieBusion

by immunophenotype analysis. transcripts were analyzed for the two t(6;8) patiel®@P-FGFR1
cDNA cloning and sequencingThe fusion transcript was analyzed fusion transcript was amplified with tHeOP-specific sense (FOP-1F,

with a Marathon cDNA amplification kit (Clontech, Palo Alto, CA). 5-CATTCTCCACCAAAGTCACCA-3) and FGFRIspecific anti-

First-strand cDNA was synthesized from 2 pg of t(6;8) total RNA (case Sense (F-9.2,'SCATACTCAGAGACCCCTGCTAGC-3) primers, giv-

no. 1) by using anFGFRZLspecific antisense primer (F5R,/-5 inga 162-bp producEGFRL:FOPfusion transcript was amplified with

ATGGACAGGTCCAGGTACTCC-3). Second-strand cDNAwas syn- FGFRZIspecific sense (FA, 'BATCATCTATTGCACAGGGGCC-3)

thesized and adapter ligated according to the manufacturer’s protocofnd FOP-specific antisense (FOP-1R|-6CCGCTTGTCTTCTTCT-

The fusion transcript was amplified with &GFRLspecific antisense ~ TACC-3) primers that generated a 197-bp product. PCR conditions

primer (F-4R, 5-ACTCTGGTGGGTGTAGATCCG-3 and adapter ~ Were as described above.

primer AP1 from the Marathon kit. Polymerase chain reaction (PCR) The wild-type FOP and FGFR1 transcripts were amplified using

conditions were as follows: initial denaturation at 95°C for 5 minutes, FOP-1F/FOP-1R (PCR product of 101 bp) and FA/F-9.2 (PCR product

then 95°C for 1 minute, 60°C for 1 minute, and 68°C for 4 minutes for of 258 bp) primer pairs, respectively. PCR conditions were as described

30 cycles, with a final elongation step at 68°C for 10 minutes. One tentrPove.

of the first-round PCR product was reamplified with a nested-specific The humanp2 microglobulin primer pair (sense,’E£CAG-

FGFR%specific antisense primer (F-3R-6TTGGAGGCATACTC-  CAGAGAATGGAAAGTC-3'; antisense, SGATGCTGCTTACAT-

CACGAT-3) and adapter primer AP2. PCR conditions were the sameGTCTCG-3; PCR product of 268 bp) was used as a control for RT and

as for the first-round amplification. The second-round PCR product wa$*CR efficiency.

precipitated in ethanol and subcloned in the pUC18 vector by using the

Sure Clone Ligation kit (Pharmacia, Uppsala, Sweden). Nucleotide RESULTS

sequences were obtained using T8equencing kit (Pharmacia) and Cloning of the MPD t(6;8) breakpoint. To clone the puta-

the forward and reverse sequencing primers for pUC18. Products WeTE o fusion gene. we did PCR amolification of cDNA &nds
analyzed on 5% polyacrylamide/urea sequencing gels. 9 ' P

The full-length FOP cDNA was obtained by screening the SCID (5'-RACE) from (6;8) malignant cell total RNA (case 1) by

1(8:13) library we previously constructé8Approximately 16 plaque-  USing FGFRIspecific oligonucleotides. The resuling PCR
forming units were screened with a 1.5-Mot I-EccRI fragment from  Products were cloned. Two chimeric clones of 400 and 800 bp

cDNA clone zs55g02. Clone sequencing was performed as describe@ere sequenced, showing that a sequence not previously
above or at Geome Express (Grenoble, France) on an automatedcharacterized was fused in a continuous reading frame to
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FGFR1at nucleotide 1272 from ATG (accession no. M34185). theFOP gene. Several human ESTs, whose deduced amino acid
Database searches with the novel sequence showed identisequence (after translation in the 6 reading frames) has similari-
with human DNA sequences from one PAC, PAC 167A14ties to portions of the FOP protein, were found. These results are
(EMBL Z94721) localized on chromosome 627, but did not evidence for a multigenic family. EST similarities were found
show significant similarity or identity to any known gene or not only in vertebrates including human, mouse (AA103209,
protein. We named this novel geR©P. ESTs were shown to AA919880), and zebrafish (AA497344), but also in more
correspond to PAC 167A14 and we studied some of thesdalistant phyla such as monocellular eucaryotes (leishmania,
cDNA clones. Sequencing of cDNA clone zs55g02 from which Al034687) and plants (rice, RICS1091A). The alignment of the
two ESTs (AA286845 and AA286846) are available in dbEST deduced N-terminus of the FOP protein with translated nonhu-
showed that it contained the sequences surrounding the breakian ESTs displaying sequence similarities and encoding puta-
point identified in PCR products from patient RNA. tive orthologs is shown in Fig 2B.

Cloning of FOP gene. A cDNA library we previously Gene expression.Expression of the wild-typdOP gene
constructe#® was screened with the insert from cDNA clone was investigated by Northern blot analysis of polyfARNAs
zs55902 as a probe. Two of the largest clones isolated weref various human tissues. Two major transcripts of approxi-
sequenced. They all shared identical sequences with EST®ately 1.2 and 1.7 kb were detected in all samples (Fig 3). A
AA286845 and AA286846, one of which had agxtended end  high level of expression and an additional transcript of approxi-
of 150 bp and was approximately 1.7 kb in length. The cDNA mately 3 kb were detected in the heart. Using RT-PCR analysis,
and deduced aminoacid sequenceEOP are shown in Fig 1. FOP expression was found in normal hematopoietic cells as
Within the full-length cDNA of 1,630 bp (EMBL: Y18046), a Well as in different malignant cell lines (Fig 4). Similarly,
single open reading frame of 1,197 nucleotides starts with thdGFR1expression was found in normal and tumoral cells (Fig
putative ATG at nt 85. The sequence surrounding this codorf}), in agreement with previous studiés!-32FOP andFGFR1
matches the consensus sequence for optimal translation initidvere expressed in the two t(6;8) patients’ samples (Fig 5, rows 1
tion, as determined by NetStart 1.0, a program for translatior2nd 4 in the middle and right panels, respectively).
start prediction (http://www.cbs.dtu.dk/services/NetStart/). A Predicting the transcription of chimeric messages over the
stop codon at nt 1,282 is followed by a 338-bp long 3 breakpoint, we designed primers frdfOP andFGFR1to do
untranslated sequence, including a polyadenylation signal upRT-PCR on RNA from the two (6;8) patients. BoRGFRk:
stream to a poly(A) tail. It encodes a putative protein of 399 FOP and FOP-FGFR1reciprocal transcripts were detected in
amino acid residues (aa). patients (Fig 5, rows 2 and 3 in the middle and right panels,

The genomic structure dFOP was deduced based on the '€Spectively) but notin normal and other tumoral samples (Fig
cDNA sequences, ESTs retrieved from dbEST, and the genomie- left panel, rows 2 and 3, respectively). They proved to encode
sequence from PAC 167Al4. It is composed of 13 exonsn-frame fusion junctions on sequence analysis (Fig 6).
spanning more than 40 kb of genomic DNA. The size of the .Characterization. of the fusion junctionsWe next deter-
exons is highly homogeneous, whereas the size of introns i§hined the nucleotide sequence spanning the breakpoints on
heterogeneous, ranging from 0.5 to 8.8 kb (Fig 2A). All of the Poth parental and tran;located_ chromosomes. On chromosome
intron/exon boundaries agree with the canonic acceptor an§: the break occurred iRGFR1intron 8, 139 bp upstream of
donor splice sited exon 9, which encodes the intracellular juxtamembrane domain.

Multiple FOP cDNA variants were identified as the result of TWO variants of theFGFRLIFOP fusion transcribed from
alternative splicing. In some cDNA clones an additional exon,chromosome der(8) were obtained. They differ by the use of
exon 11 (Fig 2A), was identified. Variant transcripts resulting alternativeFGFR15’ splice sites Iocate_d six _nucleotldes apart
from splices of either exon 7 or exon 11 were cloned by RT-PCRt the 3 end of exon 8. They lead to inclusion or not of two
and also found in several human and murine ESTs (including?Mino acids, VT (Fig 3), in the juxtamembrane region, a feature
AA919880) and a human EST (N46560), respectively. It mustdescribed for wild-type FGFRE3*and in the fusion product
be pointed out that, when exon 11 is not spliced out, a shortefesulting from the (8;13) translocatidhOn chromosome 6,

protein of 331 aa can be deduced as the result of the presence $f€ Preak occurred iROP intron 6, 424 bp downstream of exon
an in-frame stop codon. Moreover, an alternative splice is®-FOPintron 6 is 2.6-kblong and contains two AT rich regions,

suspected in thEOP 3’ noncoding part. a CA(n) repeat region and a subtype of long terminal repeat
FOPsequence motifs. Analysis of the transcript containing (LTR/MaLR), located downstream of the breakpoint. The
1,197-bpFOP coding sequence suggests tR@QP encodes a chimeric sequence’ ATGGTCTTT-3 of the rearranged intron

protein of 399 amino acid residues with a predicted molecularfr,om the FOP'FG":leUSiO” gene results from the sequences
mass of 44.3 kD. FOP is a protein largely hydrophilic and ®-ATGGTTTTT-3" and 3-ATGGTCTTT-3 of FOP intron 6

contains, in its N- and C-termini, several regions folding in @1d FGFR1 intron 8, respectively. It is noteworthy that the
a-helices, as determined using GOR secondary structure predi@reakpomt occurs in an |dent|_cal stretph of nucleotides (but for
tion program® These two regions are interrupted by a hydropho-©ne) in bothFOP andFGFR1wild-type introns. The character-
bic spacer region (Fig 1). The-helix regions contain repeats |st|cs.of the wild-type FGFR1 and FOP protelns, the fusion
with the consensus sequence kX s.L-X 3L, in one-third proteins FOP-FGFR1 and FGFR1-FOP, are depicted in Fig 6.
of which the leucine is substituted by either a valine or an
isoleucine.

Evidence for a novel gene familyThe EST database In this study, we describe the fusion of tR&FR1gene with
(NCBI, Bethesda, MD) was screened for sequences similar t@ previously uncharacterized geR®P, in the t(6;8) transloca-

DISCUSSION
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cggccgcecgtageccgegegeggagegtaccctgetgeggecgttggecgttagegeggetteggeggttgtettggagaagecaagATGGC
M A

GGCGACGGCGGCCGCAGTGGTGGCCGAGGAGGACACGGAGCTGCGGGACCTGCTGGTGCAGACGCTGGAGAACAGCGGGGTCCTGAACCG
AT A A AV V A E E DT ¥ L R DL L V Q T L E N S G V L N R

<> <>
CATCAAGGCTGAACTCCGAGCAGCTGTGTTTTTAGCACTAGAGGAGCAAGAAAAAGTAGAGAACAAAACTCCTTTAGTTAATGAGAGCCT
I K A EL R A AV FLAULEEQQE KV ENI KTPL V N E S L

GAAAAAGTTTTTAAATACCAAAGACGGTCGTTTAGTGGCTAGTCTTGTTGCAGAATTTCTTCAGTTTTTTAACCTTGACTTTACTTTGGC
K K F L, NT K D 6 R LV A S L V A EF L Q F F N L D F T L A

<
TGTTTTTCAACCTGAAACTAGCACACTGCAAGGTCTCGAAGGTCGAGAGAATTTAGCCCGAGATTTAGGTATAATTGAAGCAGAAGGTAC
v F Qg P E TS TL Q G L E G R EDNTILAURDUILG I I E A E G T

Dl
TGTGGGTGGACCCTTATTATTAGAAGTGATCAGGCGCTGTCAACAGAAAGAAAAAGGGCCAACCACTGGGGAAGGTGCACTTGATCTATC

vV 6 6 P L L L EV I RRZCOQQ K EKXKGPTTGE G ATILDTIL S

<O

TGATGTACATTCTCCACCAAAGTCACCAGAGGGAAAAACAAGTGCACAGACAACACCAAGTAAGATACCAAGGTATAAAGGACAAGGTAA
DVHSPPKSPEGKTSAQTTPSK?IPRYKGQGK

<>
GAAGAAGACAAGCGGGCAGAAGGCTGGTGACAAGAAGGCCAATGATGAGGCCAATCAGAGTGATACAAGTGTCTCCTTGTCAGAACCCAA
K K T S G 9 KA GD K K ANUDUEA ANUGQS DT s V s L s E P K

GAGCAAARAGCAGCCTTCACTTACTGTCCCATGAAACAAAAATTGGATCTTTTCTAAGCAACAGAACTTTAGATGGCAAAGACAAAGCTGG
s K s s L H L L s HE T K I G S F L S NRTULD G K D K A G

<4

CCTTTGTCCAGATGAAGATGATATGGAAGGAGATTCTTTCTTTGATGATCCCATTCCTAAGCCAGAGAAAACTTACGGTTTGAGGAAGGA
L ¢ p D EDDMEGD S F F DD P I P K P E KT Y G L R K E

ACCTAGGAAGCAAGCAGGAAGTCTGGCCTCGCTCTCGGATGCACCCCCCTTAAAAAGTGGACTCAGCTCCCTGGCGGGAGCCCCTTCTTT
P R K Q A G S L A S L S D AP PL K S GL S S L A G A P S L

<
AAAAGACTCTGAGAGTAAAAGGGGAAATACAGTTTTGAAAGATCTGAAATTGATCAGTGATAAAATTGGATCACTTGGATTAGGAACTGG
K b s E s K R GNT VL KDIL KL I 8 DK I G S L G L G T G

<
AGAAGATGATGACTATGTTGATGATTTTAATAGTACCAGCCATCGCTCAGAGARAAGTGAGATAAGTATTGGTGAAGAGATAGAAGAAGA
E D DD Y V DDFN S T S HR S E K S E I s I G EE I E E D

<>
CCTTTCTGTGGAAATAGATGACATCAATACCAGTGATAAGCTTGATGACCTCACACAAGATCTGACTGTATCCCAGCTCAGTGATGTTGC
L s v E I p p I NT s D KL D D L T Q D L T V S g L S D V A

GGATTATCTGGAAGATGTTGCATAGacacgaagaaggaagtattctaattaacaaggacagaggactgaccggttccatttttttttttt
D Y L E D V A *

tccagacaatcactcagctggaatgtctgectctctattggtgecttgecatttcaaaaacactgcagatattttttaaaagtaattttcat
tttactaaacaaaatacttcctatttgagcccatgtgtggaagatttaatattcttaatttaactgtacatttctttatggaaattgatt
atctacactcagtttcattacagggaaggaacccatgaaaacatcagtgttaagagcatgatgaaaggtgtcaataaagccgtaggatcg
cgcaaaaaaa

Fig1l. Sequences of the human FOP gene. A full-length FOP cDNA clone is shown with the predicted amino acid sequence of an open reading
frame. Leucine residues that may correspond to a novel type of leucine-rich motifs are in bold. Putative a-helices are underlined. Arrowheads
indicate exon/intron boundaries. The arrow corresponds to the t(6;8) breakpoint. The asterisk indicates the stop codon.
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10 kb
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B 1 84
* * & * * * * * * * * * *
Fop #s [MAAT|AAVVAEEDTELRDLLVQTLENSGVLNRIKAELRAAVFLALEEQEK -[VENKTPLVNESLKKFLNTKDGRLVASLVAEFLQ
FoP Mo MAAT|TIAAVVAEEDTELRDLLVQTLENSGVLNR | KAELRAAVFLALEEQEK -VEMKTPLVNENLKKFLNTKDGRLVASLVAEFLQ
AR497344 Dr LRDL [ LRAAVFLALEE {-VENKTPLVNENLKKSLNTKDGRLVAG
A1034687 Ln GSQRHL[sEMPNQES|L[kAAMRDS|LE 1] SDVTTKGDDR- - - - - - AVDNPPVPPENMVIN
r1cs1001a 0s QAEGGMOD YAREMME LK TEv TRTLE] JAELRA[s IEDR@DDGG -NpAdLescprakqHASPsGRLTA
85 169
* * * * * * * ok *
FOP Hs

FOF Mm
AR497344 Dr
AIO34687 Lm
RICS1091A Os LVS

S|PIPKSPEG
P|PISIKSPEG

Fig2. (A)Schematic representation of the genomic structure of the FOP gene. All exons are represented in the 5’ to 3’ order of genomic DNA:
shaded and solid boxes represent constant and alternatively spliced exons, respectively. Arabic and roman numbers indicate the size in kilobases
of introns and the position of exons, respectively. The arrow indicates the breakpoint. Restriction enzyme sites are BamHI (B), EcoRlI (E), and Xba
1 (X). (B) Similarities of the deduced human FOP protein (Hs) with EST protein translation from Mus musculus (Mm), Danio rerio (Dr), Leishmania
major (Lm), and Oryza sativa (Os). Shading indicates common (boxed) and similar amino acid residues. Numbers at the top of each alignment
indicate amino acid positions in FOP. Asterisks show conserved leucine residues.

tion involved in the myeloproliferative syndrome linked to the which the expression of botRIM-FGFR1 and FGFRLFIM
8pl11-12 chromosomal region. Two novel leukemia-specificRNAs in cells with t(8;13) associated with the same syn-
fusion genes-GFR1:FOP andFOP-FGFR1,were identified as  dromel822|n both t(8;13) and t(6;8) translocations, the break-
the result of the translocation. In contrast to many chromosomgoints in theFGFR1gene lie in intron 8.

translocations, both chimeric gene derivatives are expressed in To date, two of the three chromosomal translocations consis-
patient cells. This observation is consistent with two works intently associated with myeloproliferative disorder linked to the
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cated poly(A)* RNAs were hy-
bridized with an FOP probe
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clone zs55g02. B-Actin was used 2 i
as a control. The marker sizes (in 2.0 — - S Sk m
kilobases) are indicated on the i &

left.

20z AeN 80 uo 3sanb Aq ypd'L8€1L/1.280591/L8E L/¥/€6/4Pd-BJoIE/POO|qARU SUOKEDIgNdYSE//:d]Y WOl papeojumoq



1386 POPOVICI ET AL

248 bp FGFR1
FOP
101 bp

Fig 4. Expression of FGFR1 and FOP genes. RT-PCR products were obtained from a variety of tissues and normal and tumoral hematopoietic
cells using specific primer pairs of each gene. Each panel is a photograph of the ethidium bromide-stained agarose gel in which PCR products
were electrophoresed. Labels at the top of rows indicate the source of the material. The first row corresponds to cDNA controls: a 2.5-kb FGFR1
cDNA (pFLG-16) containing the complete coding sequence (upper panel)*® and the FOP cDNA clone zs55g02 (middle panel), respectively. The
other rows correspond to RNAs from a variety of lympho-hematopoietic cell lines (listed in Materials and Methods) and mature peripheral (T
lymphocytes, B lymphocytes, and monocytes) blood cells purified as indicated in Materials and Methods. 32 microglobulin (32M) amplification was
used as a control.

8pl11-12 chromosomal region have been cloned. FG&ER1 postulate that FOP may define a novel family of leucine-rich
partners are unrelated novel genes. Our preliminary results frorproteins. In addition, we retrieved from databases several ESTs
the molecular study of the t(8;9) translocation demonstrate thatvith sequence similarities from humans and from distant phyla.
the 9932-34 gene is also a novel gene that is different from théltogether, these results suggest tR@P belongs to a multi-
two others (Popovici et al, manuscript in preparation). In eachgenic family and is highly conserved during evolution.

fusion, the N-terminal region of the novel proteins, postulated To date, proteins containing leucine-rich repeats are thought
to trigger protein dimerization, is fused to the catalytic domainto be involved in protein-protein interactions, and at least half of
of FGFRL1. Inthe t(8;13), the 13g12 gene encodes a member of them take part in signal transducti#mwe previously showed
novel family of zinc finger protein¥-21In the present work, we that the putative oncogenic fusion gene involved in the t(8;13)
show that the t(6;8) translocation is associated with a leukemidranslocation has a constitutive tyrosine kinase actififyhus,
aberrant protein in which a putative leucine-rich N-terminal the oncogenic role of theOP-FGFR1fusion gene product may
region encoded by the widely expressed chromosorf®©B be mediated by constitutive phosphorylation of the FGFR1
gene. IndeedFOP encodes a protein that has, in its N- and kinase domain triggered by dimerization of FOP leucine-rich
C-terminal parts, some structural features involving putativemotif.

a-helices. The comparison of aligned interP sequences Distinct species of humaROP cDNAs derived from differ-
show considerable conservation of leucines that may correential splicing were identified. This raises the possibility that,
spond to a novel type of leucine-rich repeats. Because thesalthough theFOP gene is expressed ubiquitously in various
motifs are different from the consensus leucine-rich repeatdissues and organs, the expression of its alternative splicing
present in a large family of proteins involved in various products may be regulated in a tissue-specific fashion.
functions and found in a great variety of specie® we The FGFR1 gene encodes a tyrosine kinase receptor for

Fig 5. Expression of the fusion transcripts. RT-
F— FGFR1 PCR were performed using RNAs from the erythroleu-
+— FGFR1-FOP kemia HEL cell line used as a control (left panel) and
— FOP-FGFR1 from the two t(6;8) patients’ malignant cell samples
—— FOP and specific primers located near the translocation
breakpoint. The respective chromosomal positions
and the transcripts identified in each reaction are

Control Patient 1 Patient 2 indicated at the top and on the right, respectively.
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FOP FGFR1

AAAACAAGTGCACAGACAACACCAAGTAAG | GTGTCTGCTGACTCCAGTGCATCCATGAAC
K T S A Q T T P S KJlLV s A D S 8 A S M N

LA TK2

| | FOP-FGFR1

FGFR1-FOP

ATCCCTCTGCGCAGACAGGTAACA | ATACCAAGGTATAAAGGACAAGGT

I P L R R Q V T|I P R Y K G Q G

<FGFR1 FOP >

Fig 6. Schematic representation of FGFR1, FOP, and both FOP-FGFR1 and FGFR1-FOP fusion proteins. FGFR1 domains are indicated as
follows: Igl, Igll, and Iglll, the three Ig-like domains; TM, the transmembrane domain; and TK1 and TK2, the tyrosine kinase 1 and 2 subdomains
interrupted by a kinase insert (KI). Waved lines in the N- and C-terminal parts of FOP represent the leucine-rich repeats. FGFR1-FOP retains the
extracellular and transmembrane domains of FGFR1, whereas FOP-FGFR1 fusion protein contains the FGFR1 catalytic domain. Double arrows
indicate the t(6;8) breakpoint. Nucleotide and amino acid breakpoint sequences are indicated for both resultant chimeric products.

members of the fibroblast growth factor familFGFR1 isone FGF2 and its receptors has been recently shown in CD34
of the four FGF receptors responsible for mediating cellularhematopoietic progenitors from patients suffering from an MPD
responses to fibroblast growth factor signaling, which includewith myelofibrosis and myeloid metaplasiaMolecular re-
mitogenesis, mesoderm induction, angiogenesis, chemotaxisgents derived from t(6;8) or t(8;13) may be used to facilitate
and neuronal survival:®® Signals from FGFRs appear to the expansion of stem cells by stimulating their growth and/or
control differentiation as well as proliferation. FGFR1 is survival and by overcoming negative regulatory signals.
specifically involved in a hereditary craniosynostosis syn- In MPD, proliferative activity in the bone marrow is seldom
dromé?® and may contribute to tumorigenesis in human cancerslimited to a single lineage, but often involves the erythroid,
FGFR2 constitutive activation after chromosomal rearrangegranulocytic, and/or megakaryocytic serféslt may be of
ment was shown in rat osteosarcoma c¥lli&ctivating muta-  interest to note that, whereas overlapping clinical features are
tions associated with translocation involvikgsFR3 and the  found in all patients with MPD linked to 8p11-£2 polycythe-
IgH locus were described in some cases of multiple myelima. mia vera was diagnosed in both patients with a t(6;8) transloca-
FGFR1may be the key gene for driving the 8p11 amplification tion. This suggests that the chromosome 6 g&®&P, may be
process in breast cancefs'® Its likely oncogenic role in the animportant gene for normal proliferation and differentiation of
8p11-12 MPD has been documented in previous wWég!  the erythroid lineage. A better understanding of the molecular
and is strengthened by this study. These data therefore provide@ocesses affected by the fusion of the genes involved in such an
new example of an oncogene implicated in both solid tumorMPD may shed light on the role &FGFR1 and its multiple
formation and leukemogenesis. fusion partners in leukemogenesis and on the biology of the
Our present data suggest not only that alteration of transcripnormal hematopoietic stem cell.
tional cascades mediated by FGFR1 signaling may be a
mechanism of leukemic transformation, but also that FGFR1 ACKNOWLEDGMENT
may play a role in normal hematopoietic development. The The authors thank Drs C. Mawas and D. Maraninchi for encourage-
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postulated, leading to the disruption of normal hematopoiesis 1. Rabbitts TH: Chromosomal translocations in human cancer.
of both lymphoid and myeloid lineages. Increased expression oNature 372:143, 1994

20z AeN 80 uo 3sanb Aq ypd'L8€1L/1.280591/L8E L/¥/€6/4Pd-BJoIE/POO|qARU SUOKEDIgNdYSE//:d]Y WOl papeojumoq



1388 POPOVICI ET AL

2. Sawyers CL, Denny CT: Chronic myelomonocytic leukemia: disorder fuses the fibroblast growth factor receptor 1 gene to a novel

Tel-a-kinase what Ets all about. Cell 77:171, 1994 gene RAMP. Hum Mol Genet 7:637, 1998
3. Solomon E, Borrow J, Goddard AD: Chromosome aberrations and 20. Xiao S, Nalabolu SR, Aster JC, Ma J, Abruzzo L, Jaffe ES, Stone
cancer. Science 254:1153, 1991 R, Weissman SM, Hudson TJ, Fletcher JA: FGFR1 is fused with a novel

4. Drexler HG, MacLeod RA, Borkhardt A, Janssen JW: Recurrentzinc-finger gene, ZNF198, in the t(8;13) leukaemia/lymphoma syn-
chromosomal translocations and fusion genes in leukemia-lymphomarome. Nat Genet 18:84, 1998
cell lines. Leukemia 9:480, 1995 21. Reiter A, Sohal J, Kulkarni S, Chase A, Macdonald DH, Aguiar

5. Mitelman F, Mertens F, Johansson B: A breakpoint map of RC, Goncalves C, Hernandez JM, Jennings BA, Goldman JM, Cross
recurrent chromosomal rearrangements in human neoplasia. Nat GenRIC: Consistent fusion of ZNF198 to the fibroblast growth factor
15:417, 1997 receptor-1 in the t(8;13)(p11;q12) myeloproliferative syndrome. Blood

6. Macdonald D, Aguiar RC, Mason PJ, Goldman JM, Cross NC: A92:1735, 1998
new proliferative disorder associated with chromosomal translocations 22. Still IH, Cowell JK: The t(8;13) atypical myeloproliferative
involving 8p11: Areview. Leukemia 9:1628, 1995 disorder: Further analysis of the ZNF198 gene and lack of evidence for

7. Aguiar RC, Chase A, Coulthard S, Macdonald DH, Carapeti M, multiple genes disrupted on chromosome 13. Blood 92:1456, 1998
Reiter A, Sohal J, Lennard A, Goldman JM, Cross NC: Abnormalities of 23, Vannier JP, Bizet M, Bastard C, Bernard A, Ducastelle T, Tron P:
chromosome band 8p11 in leukemia: Two clinical syndromes can besimultaneous occurrence of a T-cell lymphoma and a chronic myelog-
distinguished on the basis of MOZ involvement. Blood 90:3130, 1997 enous leukemia with an unusual karyotype. Leuk Res 8:647, 1984

8. Still IH, Chernova O, Hurd D, Stone RM, Cowell JK: Molecular 24, Elsner S, Martin H, Rode C, Wassman B, Ganser A, Hoelzer D:
characterization of the t(8;13)(p11;q12) translocation associated with al\n uncommon chromosomal translocation t(6;8) associated with atypi-
atypical myeloproliferative disorder: Evidence for three discrete loci cal acute myelogenous leukemia/myeloproliferative disease detected by
involved in myeloid leukemias on 8p11. Blood 90:3136, 1997 fluorescence in situ hybridisation. Br J Haematol 87:124, 1994

9. Heim S, Avanzi GC, Billstrom R, Kristoffersson U, Mandahl N, 25. Birg F, Courcoul M, Rosnet O, Bardin F, fResque M-J,
Bekassy AN, Garwicz S, Wiebe T, Pegoraro L, Falda M, Resegotti L,\archetto S, Tabilio A, Mannoni P, Birnbaum D: Expression of the

Mitelman F: A new specific chromosomal rearrangement, t(8;16) F\Ms/KIT-like gene FLT3 in human acute leukemias of the myeloid and
(p11;p13), in acute monocytic leukaemia. Br J Haematol 66:323, 198%ymphoid lineages. Blood 80:2584, 1992

10. Slovak ML, Nemanal L, Traweek ST, Stroh JA: Acute monoblas- 26. Altschul SF. Gish W. Miller W Myers EW. Lipman DJ: Basic
tic leukemia (FAB-M5b) with (8;14)(p11;q11.1). Cancer Genet Cyto- |54 alignment search tool. J Mol Biol 215:403, 1990

genet56:237,1991 _ _ _ 27. Gish W, States D: Identification of protein coding regions by
11. Stark B, Resnitzky P, Jeison M, Luria D, Blau O, Avigad S, Shaft database similarity search. Nat Genet 3:266, 1993

D, Kodman Y, Gobuzov R, Ash S, Stein J, Yaniv |, Barak Y, Zaizov R: A
distinct subtype of M4/M5 acute myeloblastic leukemia (AML) associ-
ated with t(8;16)(p11;p13), in a patient with the variant t(8;19)(p11;
g13); case report and review of the literature. Leuk Res 19:367, 1995

12. Lai JL, Zandecki M, Fenaux P, Preudhomme C, Facon T’1986
Demlnattl M: Acute monocytic Iegkemla W'th (8,?2)(p11,913) transo- 30. Garnier J, Gibrat JF, Robson B: GOR method for predicting
cation. Involvement of 8pl1l1 as in classical t(8;16)(p11;p13). Cancer . ; .

. protein secondary structure from amino acid sequence. Methods
Genet Cytogenet 60:180, 1992 Enzymol 266:540, 1996

13. SoenenV, Chaffanet M, Preudhomme C, Dib A, Lai JL, Fletcher T - .

. . L . 31. Armstrong E, Vainikka S, Partanen J, Korhonen J, Alitalo R:
JA, Birnbaurn D, Pebusque MJ: Identification of a YAC spanning the . ; ; .
translocation breakpoint t(8;22) associated with acute monocytic Ieuke?xpressmn of fibroblast growth factor receptors in human leukemia
mia. Genes Chromosom Cancer 15:191, 1996 cells. Cancer Res 52:2004, 1992 ) ) )

14. Borrow J, Stanton VP Jr, Andresen JM, Becher R, Behm FG, 32. Allouche M, Bayard F, Clamens S, Fillola G, Sie P, Amalric F:
Chaganti RS, Civin CI, Disteche C, Dube I, Frischauf AM, Horsman D, Expression of ba;ic fibroblast gromh factor (bFGF) and FGF-receptors
Mitelman F, Volinia S, Watmore AE, Housman DE: The translocation '™ human leukemic cells. Leukemia 9:77, 1995 )
t(8:16)(p11:p13) of acute myeloid leukaemia fuses a putative acetyltrans- 33 Hou JZ, Kan MK, McKeehan K, McBride G, Adams P,
ferase to the CREB-binding protein. Nat Genet 14:33, 1996 McKeehan WL: Flbrqblast growth factor receptors from liver vary in

15. Carapeti M, Aguiar RC, Goldman JM, Cross NC: A novel fusion three structural domains. Science 251:665, 1991 N
between MOZ and the nuclear receptor coactivator TIF2 in acute 34 Twigg SR, Burmns HD, Oldridge M, Heath JK, Wilkie AO:
myeloid leukemia. Blood 91:3127, 1998 Conserved use of a non-canonicéldplice site (/GA) in alternative

16. Chaffanet M, Popovici C, Leroux D, Jacrot M, Adigle J, splicing by fibroblast growth factor receptors 1, 2 and 3. Hum Mol
Dastugue N, Gmgoire M-J, Lafage Pochitaloff M, Birnbaum D, Genet7:685,1998
Pebusque M-J: 1(6;8), t(8:9) and t(8;13) translocations associated with 35. Kobe B, Deisenhofer J: The leucine-rich repeat: A versatile
myeloproliferative disorders have close or identical breakpoints onbinding motif. Trends Biochem Sci 19:415, 1994
chromosome 8p11-12. Oncogene 16:945, 1998 36. Kajava AV: Structural diversity of leucin-rich repeat proteins. J

17. Johnson DE, Lu J, Chen H, Werner S, Williams LT: The human Mol Biol 277:519, 1998
fibroblast growth factor receptor genes: A common structural arrange- 37. Mason 1J: The ins and outs of fibroblast growth factors. Cell
ment underlies the mechanisms for generating receptor forms that diffef8:547, 1994
in their third immunoglobulin domain. Mol Cell Biol 11:4627, 1991 38. Goldfarb M: Functions of fibroblast growth factors in vertebrate

18. Popovici C, Adkide J, Ollendorff V, Chaffanet M, Guasch G, development. Cytokine Growth Factor Rev 7:311, 1996
Jacrot M, Leroux D, Birnbaum D, ‘Pesque M-J: Fibroblast growth 39. Muenke M, Schell U, Hehr A, Robin NH, Losken HW, Schinzel
factor receptor 1 is fused to FIM in stem-cell myeloproliferative A, Pulleyn LJ, Rutland P, Reardon W, Malcolm S: A common mutation
disorder with t(8;13). Proc Natl Acad Sci USA 95:5712, 1998 in the fibroblast growth factor receptor 1 gene in Pfeiffer syndrome. Nat

19. Smedley D, Hamoudi R, Clark J, Warren W, Abdul-Rauf M, Genet 8:269, 1994
Somers G, Venter D, Fagan K, Cooper C, Shipley J: The t(8;13)(p11;q11- 40. Lorenzi MV, Horii Y, Yamanaka R, Sakaguchi K, Miki T:
12) rearrangement associated with an atypical myeloproliferativeFRAG1, a gene that potently activates fibroblast growth factor receptor

28. Corpet F: Multiple sequence alignment with hierarchical cluster-
ing. Nucleic Acids Res 16:10881, 1988

29. Padgett RA, Grabowski PJ, Konarska MM, Seiler S, Sharp PA:
Splicing of messenger RNA precursors. Annu Rev Biochem 55:1119,

20z AeN 80 uo 3sanb Aq ypd'L8€1L/1.280591/L8E L/¥/€6/4Pd-BJoIE/POO|qARU SUOKEDIgNdYSE//:d]Y WOl papeojumoq



CLONING OF THE t(6;8)(q27;p11) TRANSLOCATION 1389

by C-terminal fusion through chromosomal rearrangement. Proc NatlC, van Alewijk D, Trapman J, Zeillinger R, Borresen-Dale AL, Lidereau
Acad Sci USA 93:8956, 1996 R, Birnbaum D, Peusque M-J: Chromosome region 8p11-p21: Refined
41. Chesi M, Nardini E, Brents LA, Schrock E, Ried T, Kuehl WM, mapping and molecular alterations in breast cancer. Genes Chromosom
Bergsagel PL: Frequent translocation t(4;14)(p16.3;932.3) in multiplecancer 22:186, 1998
myeloma is associated with increased expression and activating muta- 46, Barr FG: Translocations, cancer and the puzzle of specificity. Nat
tions of fibroblast growth factor receptor 3. Nat Genet 16:260, 1997  ganet 19:121. 1998
42. Adnane J, Gaudray P, Dionne CA, Crumley G, Jaye M. 47 | ¢ Bousse-Kerdiles MC, Chevillard S, Charpentier A, Romquin
Schlessinger J, Jeanteur P, Birnbaum D, Theillet C: BEK and FLG, two

; I #\I Clay D, Smadja-Joffe F, Praloran V, Dupriez B, Demory JL, Jasmin
receptors to members of the FGF family, are amplified in subsets % Martyre MC: Differential expression of transforming growth factor-
human breast cancers. Oncogene 6:659, 1991 ’ ' P 99

43. Theillet C, Adelaide J, Louason G, Bonnet-Dorion F, Jacquemierbeta’ basic fibroblast growth factor, and their receptors in Cb34

J, Adnane J, Longy M, Katsaros D, Sismondi P, Gaudray P BirnbaurTpematopoietic progenitor cells from patients with myelofibrosis and
D: FGFRI and PLAT genes and DNA amplification at 8p12 in breast and™Y€l0id metaplasia. Blood 88:4534, 1996

ovarian cancers. Genes Chromosom Cancer 7:219. 1993 48. Dickstein JI, Vardiman JW: Hematopathologic findings in the
44. Dib A, Addaide J, Chaffanet M, Imbert A, Le Paslier D, Mmyeloproliferative disorders. Semin Oncol 22:355, 1995

Jacquemier J, Gaudray P, Theillet C, Birnbaum Dbugue M-J: 49. Dionne CA, Crumley G, Bellot F, Kaplow JM, Searfoss G, Ruta

Characterization of the region of the short arm of chromosome 8M, Burgess WH, Jaye M, Schlessinger J: Cloning and expression of two

amplified in breast carcinoma. Oncogene 10:995, 1995 distinct high affinity receptors cross-reacting with acidic and basic

45, Addaide J, Chaffanet M, ImbertA, Allione F, Geneix J, Popovici fibroblast growth factors. EMBO J 9:2685, 1990

20z AeN 80 uo 3sanb Aq ypd'L8€1L/1.280591/L8E L/¥/€6/4Pd-BJoIE/POO|qARU SUOKEDIgNdYSE//:d]Y WOl papeojumoq



