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ABSTRACT Chromosome 8p11-12 is the site of a recurrent
breakpoint in a myeloproliferative disorder that involves lym-
phoid (T- or B-cell), myeloid hyperplasia and eosinophilia, and
evolves toward acute leukemia. This multilineage involvement
suggests the malignant transformation of a primitive hemato-
poietic stem cell. In this disorder, the 8p11-12 region is associ-
ated with three different partners 6927, 9933, and 13q12. We
describe here the molecular characterization of the t(8;13) trans-
location that involves the FGFRI gene from 8pl2, encoding a
tyrosine kinase receptor for members of the fibroblast growth
factor family, and a gene from 13q12, tentatively named FIM
(Fused In Myeloproliferative disorders). FIM is related to
DXS6673E, a candidate gene for X-linked mental retardation in
Xq13.1; this defines a gene family involved in different human
pathologies. The two reciprocal fusion transcripts, FIM/FGFRI
and FGFRI/FIM are expressed in the malignant cells. The
FIM/FGFR1 fusion protein contains the FIM putative zinc
finger motifs and the catalytic domain of FGFR1. We show that
it has a constitutive tyrosine kinase activity.

The investigation of hematopoietic malignant tumors associ-
ated with recurrent translocations has provided insights into
the mechanisms of transformation of human blood cells and
led to the identification of several molecules involved in the
regulation of normal hematopoiesis (1).

Recurrent chromosome rearrangements involving the
pl1-12 region of chromosome 8 are associated with either
acute myeloid leukemia (see references in ref. 2) or stem-cell
myeloproliferative disorder (MPD). The latter involves pro-
liferation of lymphoblastic T or B cells, myeloid hyperplasia
and eosinophilia leading to acute myeloid leukemia (3). This
clinicopathological entity, likely to affect a multilineage pre-
cursor, is associated with three different translocations in
which chromosomal band 8p12 is rearranged with a partner at
either 6q27 (4,5), 9q32-34 (6-11), or 13q12 (12-19). The genes
involved in these translocations may play a role in the biology
of hematopoietic stem cells.

Previous examination of breakpoints by fluorescent in situ
hybridization (FISH) showed that cosmids containing the
FGFRI gene, one of four genes that encode tyrosine kinase
receptors for members of the fibroblast growth factor (FGF)
family (reviewed in ref. 20), spanned the 8p11-12 breakpoint
of all three translocations associated with MPD (21). We
report here that the t(8;13) rearrangement is likely to convert
FGFRI into a potent transforming gene involved in leukemo-
genesis. It results in a chimeric protein made of the FGFR1
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tyrosine kinase (22) fused at its N terminus to a portion of a
molecule, named FIM, that contains zinc finger motifs.

MATERIALS AND METHODS

Patient Samples and Cell Lines. Peripheral blood and bone
marrow cells were obtained from two patients with hemato-
logic disorders after informed consent. Patient 1 suffered from
a multilineage disorder of lymphoblastic T cell non-Hodgkin
lymphoma, eosinophilia and myeloid hyperplasia that ended in
acute myeloid leukemia.

At relapse, the karyotype from the pleural fluid cells was:
48,XX,t(8;13)(p12;q12),+der(13)t(8;13)(p12;q12),+19[4]/
51,idem,+6, +der(8)t(8;13)(p12;q12), +der(13)t(8;13)
(p12;q12)[2].

A six-week-old severe combined immunodeficient (SCID)
female mouse was inoculated i.p. with pleural fluid cells from
this patient. After engraftment (2 months), malignant human
cells were collected from abdominal nodes and injected re-
peatedly in female SCID mice. Passage 13 cells, hereafter
designated SCID t(8;13) cells, as well as malignant cells from
the patient, were used in the experiments. The karyotype and
immunophenotypic analysis of passage number 13 cells were
identical to those of the original pleural fluid malignant cells
with the exception that only the clone with three derivative 13
chromosomes was present.

Bone marrow cells with a t(8;13) from patient 2, suffering
from a B cell acute lymphoblastic leukemia, with involvement
of the myeloid lineage (19) (provided by A. Hagemeijer,
Center for Human Genetics, University of Leuven, Belgium)
were also used.

All cell lines were purchased from the American Type
Culture Collection, except IE8 (a gift from T. LeBien, Medical
School, University of Minnesota), and SU-DHL-1 (provided
by R. Rimokh, Centre L. Bérard, Lyon, France). MDA-MB-
134 is a mammary carcinoma cell line with an amplification of
the 8pl12 region (23).

c¢DNA Library Screening and DNA Sequence Analysis. A
cDNA library [Lambda Uni-Zap XR vector, oligo (dT)-
primed, Stratagene] was constructed with mRNA extracted
from SCID t(8;13) cells by using a messenger RNA isolation
kit (Stratagene). Human placenta [oligo (dT)-and random
primed] and skeletal muscle [oligo-(dT) primed] libraries in
Lambda Uni-Zap XR vector were purchased from Stratagene.
For screening, 10° plaques were plated per 150-mm dish and
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transferred to nitrocellulose (Schleicher & Schuell) membranes.
Approximately 10° plaque forming units were screened with each
probe: OL9, a 500-bp Bglll-EcoRI fragment from pFLG16
FGFRI cDNA corresponding to the portion encoding the second
tyrosine kinase subdomain and the 3’ untranslated region of
FGFR1; 20.2T3, a 200-bp Bg/l-EcoRI fragment from cDNA
clone 20.2; 28PP2, a 536-bp EcoRI-PstI fragment from cDNA
clone 28; FIM#3T3RR1, a 507-bp EcoRI-EcoRI fragment from
cDNA clone FIM#3; FIM#10.1a, a 344-bp PstI-Pst] fragment
from cDNA clone FIM#10.1. Probes OL9, 20.2T3 and
FIM#10.1a were successively used to screen the SCID cDNA
library; probes 28PP2 and FIM#3T3RR1 were used to screen the
skeletal muscle and placenta libraries, respectively.

Double-stranded DNA sequencing was done at Génome
Express (Grenoble, France) on an automated sequencer (Ap-
plied Biosystems 373). Comparisons with GenBank and
dbEST entries were done by using BLASTN, comparisons with
protein databases (EMBL and SwissProt) using BLASTX,
TBLASTX. Protein alignment was performed using GENEWORKS 2.4
(IntelliGenetics).

FISH Analysis. Two-color FISH experiments were done on
metaphase chromosome spreads from normal human male
lymphocytes and from SCID t(8;13) as described (24), with the
following modifications: cosmid and plasmid DNA probes
were labeled by nick-translation with 16-dUTP biotin (BRL/
Life Technologies) and digoxigenin-11-dUTP (Boehringer
Mannheim), respectively. Plasmid probe (300 ng) in combina-
tion with two biotinylated cosmid probes (150 ng for each)
were incubated on metaphase spreads and washed at low
stringency (50% formamide/2 X standard saline citrate and 2X
standard saline citrate at 42°C). Immunofluorescence detec-
tion and image processing were done as described (24).

Southern and Northern Analyses. Genomic DNA samples
were extracted and BamHI digests analyzed by Southern blot
hybridization according to standard procedures (25). Probes
27.1a and 27.1b, corresponding to 545-bp PstI-PstI and 785-bp
Pst1-Xhol fragments from cDNA clone 27.1, respectively, were
used. The multiple tissue Northern blots (CLONTECH, no.
7759-1 and 7760-1) were hybridized according to the manu-
facturer’s instructions by using probe 27.1a.

Analysis of Gene Expression by RT-PCR. Total RNAs were
extracted from frozen patient samples (25). Reverse transcrip-
tion (RT)-PCR reaction was performed after standard pro-
cedures by using Superscript reverse transcriptase (GIBCO/
BRL), and random hexamers. PCR reactions were done in a
Perkin-Elmer/Cetus apparatus by using an equivalent of 500
ng of reversed transcribed RNA and 50 pmol of each oligo-
nucleotide as primers. The first cycle was denaturation at 95°C
for 5 min, annealing at 60°C for 2 min, and synthesis at 72°C
for 3 min. The next 30 cycles were run using the same
conditions except that the denaturation step was 1 min. For the
last cycle, synthesis time was 7 min. The oligonucleotide
primers (Fig. 1) used for gene expression analysis were either
FGFRI-specific primers (nucleotides 1,132-1,151 and 1,227-
1,208, sense and antisense primers FA and FB, respectively,
PCR product of 96 bp) or FIM-specific primers (nucleotides
2,824-2,843 and 2,989-2,968, sense and antisense primers X1
and 1R, respectively, PCR product of 176 bp). Two primer
pairs were used for detection of fusion transcripts: FIM-
specific sense primer X1 and FGFRI exon 9-specific antisense
primer (nucleotides 1,316-1,297, F9 primer, PCR product of
155 bp) or FGFRI exon 8-specific sense primer (nucleotides
1,295-1,316, FC primer), and FIM-specific antisense primer
1R (PCR product of 155 bp). The human B-actin (nucleotides
2,106-2,128 and 2,707-2,685, sense and antisense, respectively,
PCR product of 506 bp), was used as control for RT and PCR
efficiency. The amplified products were run in 2.5% agarose
gels in 1X Tris borate buffer (0.5X 45 mM Tris-borate/1 mM
EDTA) and stained with ethidium bromide (25). PCR prod-
ucts were also cloned in the pUCI1S8 vector by using the Sure
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FiG. 1. Cloning of the FIM/FGFRI fusion ¢cDNA involved in the
t(8;13) translocation breakpoint and of wild-type FIM. Long-range re-
striction map of FGFRI cDNA is shown in green at the top. FIM cDNA
is shown in blue. Probes generated for 5'-cDNA walking are indicated
under the respective partial cDNA clones (blue arrows). Useful restriction
enzyme sites are indicated: BI: Bgl/I; BII; Bg/ll; E: EcoRI; H: HindIIL; P:
Pstl; S: Sacl; and X: Xhol. The FGFRI (FA, FB, FC, and F9) and FIM
(X1, 1R) oligonucleotide primers used in PCR experiments are indicated
by arrowheads. Probes used for Southern and Northern experiments are
indicated by open boxes under the respective cDNAs. Red double arrows
indicate the position of the breakpoint.

Clone Ligation kit (Pharmacia). Nucleotide sequences were
obtained by using the T’Sequencing kit (Pharmacia) and the
forward and reverse sequencing primers for pUC18. Products
were analyzed on 5% polyacrylamide/urea sequencing gels.

To determine the relative levels of chimeric and wild-type
transcripts, four competitive PCR reactions were performed
by using various combinations of sense and antisense FIM and
FGFRI oligonucleotides located near the breakpoint, and by
using RT-PCR products from SCID t(8;13) and normal breast
(control) RNAs as follows: FGFRI (FA, F9) and FGFRI1/FIM,
(FIM primer 1R) leading to four PCR products of 180 and 186
bp corresponding to FGFRI ¢cDNA, and of 202 and 208 bp
corresponding to the FGFRI/FIM fusion gene on the der(8)
chromosome; FGFRI (FA, F9), and FIM /FGFRI1 (FIM primer
X1) leading to three PCR products of 180 and 186 bp (FGFRI
gene) and 155 bp [FIM/FGFRI fusion gene on chromosome
der(13)]; FIM (X1, 1R) and FIM/FGFRI (FGFRI primer F9)
leading to two PCR products of 176 and 155 bp for the FIM and
FIM/FGFRI cDNAs, respectively; FIM (X1, 1R) and FGFRI1/
FIM (FGFRI primer FA) leading to three PCR products of 176
bp (FIM gene), and 202 and 208 bp [FGFRI/FIM fusion gene
on chromosome der(8)]. The PCR products were electropho-
resed in 2.5% agarose gels and quantified by spectrophotom-
etry using BIO IMAGE software (Millipore).

Analysis of FIM/FGFRI and FGFRI1 /FIM fusion sequences
at the Genomic Level. Using the above described X1/F9 and
FA/1R primer pairs for FIM/FGFRI and FGFRI1/FIM, PCR
amplification of the genomic SCID t(8;13) DNA generated
fusion fragments of 2.2 kb and 600 bp, respectively. Cloned
PCR products were sequenced.

Sequencing of FGFRI Intron 8. A 1.2-kb PCR product was
amplified from the genomic SCID t(8;13) DNA by using
primers located in exon 8 (FA) and exon 9 (F9) of the FGFRI
gene. The amplified fragment was cloned and sequenced. In
addition, part of the 134.8 cosmid, specific for the FGFRI gene
(23) was sequenced by using FGFRI primer FA.

Autokinase Activity and Tyrosine Phosphorylation Analysis
of the FIM/FGFR1 Chimeric Protein. NIH 3T3 cells were
transiently transfected with a reconstructed full length FIM/
FGFRI cDNA inserted into the pcDNA3 expression vector
(Invitrogen) or with the empty vector. 24 hours after trans-
fection and after a 2 hr serum starvation, cells were stimulated
or not with FGF1 in the presence of heparin. The FGFR1
expressing cell line NFIg 26 (22) was used as a positive control.
Cell lysates and immunoprecipitation using an antibody di-
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rected against a FGFR1 C-terminal peptide (anti-C-FGFR1)
(C15, Santa Cruz Biotechnology) were done as described (26).
Half of each immunoprecipitate was challenged for autokinase
activity in the presence of [y*?P]JATP and 5 mM MnCI2 (27)
and analyzed by electrophoresis and autoradiography. The
phosphorylation on tyrosine and the level of expression were
analyzed by immunoblotting, with an anti-phosphotyrosine
antibody (4G 10, Upstate Biotechnology, Lake Placid, NY) and
the anti-C-FGFR1 antibody, respectively (26, 28), using the
second half of the samples.

RESULTS

Isolation of ¢cDNA Clones Spanning the Translocation
Breakpoint. To isolate clones specific of the translocation (Fig.
1), we constructed a ¢cDNA library by using mRNA from
patient 1 cells engrafted in SCID mouse [SCID t(8;13)]. The
first round of screening was done with a FGFRI cDNA probe
(OL9). Clone named 20.2 was first isolated and characterized.
It contained FGFRI sequences (from exon 9 to the 3’ end of
the coding sequence) and a stretch of unknown sequence in its
by 5’ portion. Several rounds of cDNA cloning using various
probes and libraries were done to obtain the FIM/FGFRI
fusion cDNA and subsequently the wild-type FIM cDNA: by
5'-cDNA walking starting from the 20.2T3 probe derived from
the 5'-part of the 20.2 chimeric clone, other partially overlap-
ping cDNA clones were identified from SCID t(8;13) (clones
28, 27.1 and FIM#39.5), skeletal muscle (clone FIM#3), and
placental (clone FIM#10.1) human ¢cDNA libraries. This led
to the identification of the chimeric FIM/FGFRI cDNA
(clones 20.2 and 28), and of the wild-type FIM cDNA (clones
27.1, and FIM#3, 10.1, and 39.5).

FIM Is the Gene Affected by the Translocation at 13q12. To
verify that the cDNA clones (Fig. 1) contained sequences
derived from chromosome 13, they were digoxigenin-labeled
(red signals) and used as probes in FISH experiments. FISH
results obtained with the chimeric FIM /FGFRI (clone 28) and
wild-type FIM (clone FIM#3) cDNAs are shown in Fig. 2. The
probes were cohybridized with cosmids labeled with biotin
(shown in green) and localized either telomeric to FGFRI on
8p12 or on 8qter. On normal metaphase chromosomes, probe
28 gave signals on both 8pl12 and 13ql2 regions and the
wild-type FIM cDNA hybridized to band 13q12 (data not

der(8) der(8) der(13)

FiG. 2. Mapping of the chimeric FIM/FGFRI and FIM cDNAs.
FISH analyses were done on metaphase spreads from SCID t(8;13)
cells. These cells contain two der(8) and three der(13). FISH analyses
done using the FIM/FGFRI (clone 28) and wild-type FIM (clone
FIM#3) cDNAs are presented in the Left and Right panels, respec-
tively. Normal chromosomes 8 and 13 are indicated, and arrows point
to der(13), arrowheads to der(8). Isolated chromosomes counter-
stained in blue with 4’,6-diamidino-2-phenylindole dihydrochloride
and image processed with a sharpen filter to increase the chromosome
banding resolution are shown at bottom (at right in each pair).
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shown). On SCID t(8;13) cells, the chimeric cDNA gave signals
on normal chromosomes 8 and 13, and mainly on the der (13)
(Fig. 2 Left), confirming the 8pter-3'FGFRI-5'-8cen orienta-
tion of the FGFRI gene. This shows that the FIM/FGFRI
cDNA originates from the der(13) fusion gene. The FIM
cDNA hybridized to the normal 13, all the der(8) and der(13)
chromosomes (Fig. 2 right panel), confirming its position and
involvement in the t(8;13)(p12;q12). The same results were
obtained with cells from patient 2 presenting with a B-acute
lymphoblastic leukemia associated with a t(8;13) (not shown).

FIM Is Rearranged in t(8;13) (p12;q12). The breakpoints on
chromosomes 8 and 13 were detected by Southern blot analysis
of DNA from SCID t(8;13) cells. Using the 5’ FIM probe 27.1a
subcloned from the wild-type clone 27.1, an aberrant 20-kb
BamHI band was detected that corresponds to the der(13)
fusion gene in addition to the normal 22-kb fragment (Fig. 3,
lane 2). The strong intensity of this aberrant-sized junction
fragment reflects the presence of three der(13) chromosomes.
The rearranged segment was also revealed by using a 3'-
FGFRI genomic probe (data not shown). Hybridization with
the 5" EcoRI-Xhol fragment from FIM cDNA (clone 27.1, Fig.
1) spanning the breakpoint, showed two rearranged BamHI
fragments of 13- and 20-kb, respectively (Fig. 3, lane 4) as
compared with control DNA (Fig. 3, lane 3). This probe
recognized the two reciprocal products of the t(8;13). Mouse
DNA was not detected in SCID t(8;13) cells.

Analysis of the FIM Gene and Evidence for a Gene Family.
Sequence analysis and restriction mapping of 12 overlapping 5’
FIM cDNAs clones showed that all were derived from the same
gene. The reconstituted wild-type FIM ¢cDNA gene resulted in a
5,008-bp sequence terminated by a poly(A) stretch. The transla-
tion initiation site was identified by the presence of a Kozak
consensus sequence (GGCATGG) (29), preceded by stop codons
in all three reading frames and followed by an ORF of 4,137 bp.
In the 3’ noncoding region, two polyadenylation signals were
located upstream of the poly(A) tail at positions 4,357 and 4,987.
A cDNA variant of the FIM gene, probably the result of an
alternative splicing, was also identified and contained a 261-bp
deletion [87 amino acids (aa)] from nucleotide 492 to nucleotide
753 (starting from the ATG).

The deduced FIM protein sequence is 1,379 aa long, and is
largely hydrophilic (30, 31). The FIM sequence showed several
motifs: a N-terminal cysteine-rich region containing nine repeats
(from aa 331 to 796) with the consensus sequence C-X2-C-Xig_
24-F/Y-C-X3-C, which may correspond to putative zing finger
motifs (32), a highly hydrophobic, proline-rich stretch (aa 887 to
928), and a putative bipartite nuclear localization signal from aa
1,250-1,284 (33) (Fig. 4). Database searches showed that
DXS6673E gene, a candidate for X-linked mental retardation at
Xql3.1 (34), has similarity with FIM. DXS6673E encodes a
hydrophilic molecule with 10 zinc finger like motifs and a stretch
of hydrophobic, proline-rich residues similar to that of FIM.
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FiG. 3. FIM rearrangement in t(8;13) cells. Southern blot analysis
of BamHI-digested DNAs from SCID t(8;13) and controls (Cl,
mammary carcinoma MDA-MB-134 cells; C2, normal lymphocytes).
Hybridizations were done with the FIM cDNA 27.1a probe (two first
lanes) and 27.1a plus 27.1b. Positions of the normal and the two
rearranged fragments are indicated (arrowheads) on the right. The
sizes of HindIII-digested A DNA fragments are indicated on the left.
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Comparison of the deduced amino acid sequence of FIM with the
DXS6673E protein revealed 51, 92, and 57% similarities, for the
N-terminal region, the proline-rich stretch, and the C-terminal
region, respectively (Fig. 4).

Sequence identities were also found between several se-
quence stretches of FIM and 18 human expressed sequence
tags. Similarities were observed between 28 other human
expressed sequence tags and different portions of the FIM
gene, five of them have been mapped between markers
D3S3564 and D3S1588 on chromosome arm 3p (35). Searches
also showed significant similarities between the 3’ end of the
FIM cDNA and six unmapped murine expressed sequence tags
(data not shown).

Expression of Wild-Type and Chimeric mRNAs. Northern
blot analysis of human tissues showed that the FIM gene is
ubiquitously expressed as two main transcripts of 5.0 and 7.5
kb (Fig. 5a). Additional transcripts were observed in some
tissues. FIM expression was found in normal hematopoietic
cells, in different hematopoietic cell lines, and the acute
leukemias studied by RT-PCR (data not shown). FGFRI
expression was also found in normal and tumor cells of the
hematopoietic system, in agreement with previous studies (36,
37). RT-PCR with primer sets designed to amplify the various
transcripts was used to analyze the expression of the two
reciprocal fusion transcripts in the patient 1 and SCID t(8;13)
cells. Same results were obtained for the two samples, and data
from SCID t(8;13) are presented in Fig. 5b (Upper Right).
Reverse transcribed mRNAs yielded two variant FGFR1 prod-
ucts of 180 and 186 bp, a 176-bp FIM product, a 155-bp
FIM/FGFRI product expressed from the chromosome
der(13), and two products of 202 and 208 bp for the FGFRI/
FIM fusion gene on der(8). The two reciprocal chimeric
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Fi1G. 5. Expression of FIM and of the fusion transcripts. (a)
Northern blot analysis of the expression of FIM. Northern blots with
indicated human adult poly(A)* RNAs were hybridized with the FIM
27.1a probe. B-actin was used as control. (b) RT-PCR products
obtained from SCID t(8;13) and normal breast (Upper and Lower
Right, respectively) RNAs using FGFRI and FIM primers located near
the translocation, without (four first lanes) or with (five last lanes)
oligonucleotide competition. (Right) Primers used were: lane 1, FA
and F9; lane 2, X1 and 1R; lane 3, FA and 1R; lane 4, X1 and F9; lane
5, FA, F9, and 1R; lane 6, FA, F9, and X1; lane 7, X1, 1R, and FA;
lane 8, F9, X1, and 1R; and lane 9, FA, F9, X1, and 1R. The two variant
products of the wild-type FGFRI gene of 180 and 186 bp (FA and F9
primers) are seen in lanes 1, 5, 6, and 9. B-actin primers were used to
estimate the efficiency of the PCR reactions (Left). The respective
chromosomal positions and the transcripts identified in each reaction
are indicated at the top and on the right, respectively.

—
—— FIMFGFR1

— FGFR1
—

transcripts were also amplified from RNA of patient 2 with a
t(8;13) (data not shown) but not from normal cell RNAs (Fig.
5b Lower Right). Competitive PCR showed a predominance of
chimeric FIM/FGFRI and wild-type FIM transcripts in the
leukemic sample (Fig. 56 Upper Right).

Characterization of the FIM/FGFR1 Fusion Junction. Se-
quence analysis of chimeric cDNAs (clones 20.2 and 28) con-
firmed that they code for an in frame fusion of the FIM
N-terminal region with the FGFRI1 intracellular domain, and
correspond to the der(13) fusion gene. Sequencing of PCR
products from both the patient 1 and SCID t(8;13) confirmed the
presence of the two reciprocal fusion cDNAs whose breakpoint
sequences are given in Fig. 6. Two types of clones for the der(8)
fusion gene were obtained; they differ by the presence (or
absence) of a 6-bp stretch (TAACAG), encoding a TV doublet
in the FGFR1 juxtamembrane domain (Fig. 6c), a feature pre-
viously described for wild-type FGFRI cDNAs (38). The break-
point is in intron 8, between FGFRI exons 8 and 9 (Fig. 6 a and
¢), which encode the juxtamembrane domain of the receptor (22).
Genomic DNA fragments containing portions of the FGFRI/
FIM fusion gene, as well as the wild-type FGFRI intron 8, were
isolated. Breakpoint sequences were determined and compared
with the nucleotide sequence of the junctions of introns and exons
of the FGFRI gene (20). FGFRI intron 8 is 1.2 kb. It is
interrupted 158 bp downstream of exon 8 and linked to an
intronic FIM sequence that shares similarities with human Alu-Sp
subfamily (not shown). This repetitive region may be the focus of
the chromosome recombination (39).

Constitutive Kinase Activity and Tyrosine Phosphorylation of
FIM/FGFR1. NIH 3T3 cells were transiently transfected with the
FIM/FGFRI cDNA to characterize the FIM/FGFR1 chimeric
protein. Anti-C-FGFR1 immunoprecipitates were immunoblot-
ted with anti-C-FGFR1 antibody to verify for proper expression
of the chimeric construct and with anti-phosphotyrosine antibody
to measure the tyrosine phosphorylation level of the kinase. Part
of the immunoprecipitate was also assayed for autophosphory-
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FiG. 6. Schematic representation of the two partner genes and
their fusion products. Vertical arrows indicate breakpoints in the
FGFR1 and FIM proteins. (a) Nucleotide sequence of the junctions
between exon 8 and intron 8, intron 8 and exon 9 (left and right ends,
respectively), and of the breakpoint in intron 8 are indicated. (b)
Schematic diagrams of the normal human FGFR1 and FIM proteins.
FGFRI1: three extracellular Ig-like domains (labeled I, II, and III),
transmembrane domain (TM), intracellular region comprising jux-
tamembrane domain (JM), tyrosine kinase 1 and 2 subdomains (TK1,
TK?2) interrupted by a kinase insert (KI), and C-tail; FIM: N-terminal
region with nine cysteine-rich motifs (&), hydrophobic stretch rich in
proline residues (), and a C-terminal putative bipartite nuclear
localization signal (&). (c) Schematic representation of the two result-
ing chimeric proteins. The nucleotide and deduced aa sequences near
the breakpoints are shown below each protein. Portions of intronic
nucleotide sequence corresponding to the FGFRI/FIM fusion gene
are also shown. The boxed 6-bp sequence corresponds to the two
FGFRI variants. Upper- and lowercase letters correspond to exon and
intron sequences, respectively. The chromosome position of genes
encoding the four proteins is indicated on the right.

lation activity in the presence of [y*’P]ATP. The chimeric protein
was detectable as a band of ~150 kDa, slightly larger than FGFR1
(Fig. 7, Right, pCHIM and NFlg26 lanes, respectively). The
chimeric protein had autophosphorylating activity, and was con-
stitutively tyrosine phosphorylated regardless of FGF1 stimula-
tion (Fig. 7 Left and Center, respectively). In contrast, tyrosine
phosphorylation of FGFR1 was stimulated by FGF1 addition in
NFIg26 cells (Fig. 7 Center). These results indicate that FIM/
FGFR1 is a constitutively activated tyrosine kinase, and suggest
that this activation may be mediated by dimerization of the
N-terminal portion of the chimeric protein that contains putative
zinc fingers.

« = 2 & =z 3 g = g
> Z g 2 E 9 2 5 Q4
z % & z 2 R z 2 2
FGF1. 4+ -+ —to- o+
205
-
116 '

Blot Anti-PY  Blot Anti-FGFR1

Auto-kinase
Fi1G. 7. Autokinase activity and phosphorylation on tyrosine of
FIM/FGFR1. The FGFR1 overexpressing cell line (NFlg26) and NIH
3T3 cells transiently transfected with either FIM/FGFR1 cDNA
(pCHIM) or the empty vector (pcDNA3) were treated with (+) or
without (=) FGF1. Immunoprecipitates using anti-C-FGFR1 antibody
were analyzed for autokinase activity (Left) (autoradiography of 15 hr
for NFlg26 and 45 hr for pCHIM and pcDNA3), phosphorylation on
tyrosine after Western blot with an anti-phosphotyrosine antibody
(4G10) and expression level by Western blot with anti-C-FGFR1
antibody (Right). The position of molecular mass standards (in kDa)
is indicated.
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DISCUSSION

We report here the cloning and characterization of a gene,
FIM, that maps to the 13ql12 region, and is disrupted by a
balanced t(8;13)(p12;q12) in a stem-cell MPD. The transloca-
tion results in the fusion of FGFR1, a tyrosine kinase receptor
for members of the FGF family, to a protein, FIM. The two
reciprocal fusion genes are transcribed in the malignant cells:
FIM/FGFRI from the der(13), and FGFRI/FIM from the
der(8). FIM is widely expressed and could therefore drive the
expression of the FIM/FGFRI fusion transcript in the hema-
topoietic stem-cell compartment. We demonstrate that the
chimeric receptor FIM/FGFR1 is constitutively phosphory-
lated in transfected cells. This fusion protein is likely to
promote hematopoietic stem cell proliferation and leukemo-
genesis through constitutive activation of the FGFR1 kinase,
either with the participation of normal FGFR1 substrates or by
recruiting novel cytoplasmic proteins. The MPD syndrome
associated with 8p12 rearrangement is characterized by T or B
cell lymphoblastic lymphoma, eosinophilia, myeloid hyperpla-
sia, and evolution toward acute myelogenous leukemia; it is
likely to be due to transformation of a multilineage precursor
(1, 3, 8). Our previous FISH studies showed that FGFRI is
involved in all cases with this malignant phenotype in which
8p12 is rearranged with 6q27, 9q32-34, or 13q12 (21). These
findings strongly suggest that an altered FGFR1 protein could
play the oncogenic role in the genesis of this myeloproliferative
syndrome, leading to uncontrolled proliferation of stem cells.

The deduced sequence of the FIM protein contains several
potentially important motifs: nine putative zinc fingers, a
proline-rich stretch, and a putative bipartite nuclear localiza-
tion signal. These structural features suggest that FIM may
belong to a transcription regulator family, several members of
which are involved in hematopoietic malignancies (40). FIM is
structurally related to DXS6673E, a candidate gene for X-
linked mental retardation in Xq13.1. DXS6673E is subject to
X-inactivation and is disrupted in its 5" untranslated region by
a balanced t(X;13)(q13.1;q31) in a mentally retarded girl (34).
These results show evidence for a family of molecules, the first
two members of which, DXS6673E and the presently reported
FIM molecule, are involved in translocations and rearranged
in human diseases. The actual size of this gene family remains
to be determined, a task that will be greatly facilitated by
further characterization of the expressed sequence tag clones
that we identified.

The four FGFRs (FGFR1-FGFR4) constitute a specific
class of tyrosine kinase receptors. They play a crucial role in
several processes, during development and adult life, through
the binding of their numerous ligands, the fibroblast growth
factors (reviewed in ref. 41). Activating mutations in human
FGFR1, FGFR2, and FGFR3 were found in a variety of
hereditary skeletal disorders (42, 43). FGFR1 is specifically
involved in the Pfeiffer syndrome, an autosomal dominant
craniosynostosis syndrome. We show here that FGFR1, which
is disrupted by a translocation in a stem-cell MPD is also likely
to have oncogenic potential. FGFR2 activation by a C termi-
nus alteration through a chromosomal rearrangement was
described in a rat osteosarcoma (44). Alterations of FGFR3,
whose germline activating mutations are responsible for major
forms of dwarfism (43, 45), were found in t(4;14)(p16;q32)
translocations associated with multiple myeloma (46). Thus,
distinct alterations of FGF receptors are associated with
cancers—two of them, FGFR1 and FGFR3, are involved in
two different types of hematopoietic malignancies—and in
other human diseases. A pluriphenotypic behavior is observed
with another tyrosine kinase receptor, RET, whose alterations
lead to the developmental Hirschprung disease or to endocrine
gland neoplasia (reviewed in ref. 47).

In human tumors, all the fusion events involving a tyrosine
kinase receptor described to date produce chimeric proteins in
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which various portions of the N terminus of the normal
receptor are replaced by other sequences (48-50). The result-
ant chimeric proteins contain structural and functional do-
mains that differ from the wild-type proteins. The FIM/
FGFRI1 protein lacks the ligand-binding and transmembrane
domains of FGFRI1 that are replaced by the putative zing
finger motifs of the FIM molecule while retaining the tyrosine
kinase domain of FGFR1. The constitutive kinase activation of
the chimeric protein is likely to be due to dimerization through
the zinc finger like motifs of FIM, associated with the possible
relocation of the mutant receptor to a new compartment of the
cell. The elucidation of specific pathogenetic contributions of
each fusion gene should give insight in the development and
maintenance of the malignant phenotype. It will be interesting
to determine whether t(8;13) cells are sensitive to the inhibi-
tory effects of chemical compounds that interact with the
catalytic domain of FGFR1 and induce conformational
changes in the nucleotide-binding loop (51).

Note Added in Proof. While this article was being processed, two other
studies, by Xiao et al. (52) and Smedley ef al. (53), described the
molecular characterization of the t(8;13), and the 13q12 gene was
named ZNF198 and RAMP, respectively.
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