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Fusion of Huntingtin Interacting Protein 1 to Platelet-Derived Growth Factor B
Receptor (PDGH3R) in Chronic Myelomonocytic Leukemia
With t(5;7)(933;911.2)

By Theodora S. Ross, Olivier A. Bernard, Roland Berger, and D. Gary Gilliland

We report the fusion of the Huntingtin interactin protein 1
(HIP1) gene to the platelet-derived growth factor Breceptor
(PDGFBR) gene in a patient with chronic myelomonocytic
leukemia (CMML) with a t(5;7)(g33;g11.2) translocation.
Southern blot analysis of patient bone marrow cells with a
PDGFBR gene probe demonstrated rearrangement of the
PDGFBR gene. Anchored polymerase chain reaction using
PDGFBR primers identified a chimeric transcript containing
the HIP1 gene located at 7q11.2 fused to the PDGFBR gene
on 5g33. HIP1 is a 116-kD protein recently cloned by yeast
two-hybrid screening for proteins that interact with Hunting-
tin, the mutated protein in Huntington’s disease. The conse-
quence of t(5;7)(q33;g11.2) is an HIP1/PDGFBR fusion gene

that encodes amino acids 1 to 950 of HIP1 joined in-frame to
the transmembrane and tyrosine kinase domains of the
PDGFBR. The reciprocal PDGFBR/HIP1 transcript is not ex-
pressed. HIP1/PDGFBR is a 180-kD protein when expressed
in the murine hematopoietic cell line, Ba/F3, and is constitu-
tively tyrosine phosphorylated. Furthermore, HIP1/PDGFBR
transforms the Ba/F3 cells to interleukin-3-independent
growth. These data are consistent with an alternative mech-
anism for activation of PDGFBR tyrosine kinase activity by
fusion with HIP1, leading to transformation of hematopoietic
cells, and may implicate Huntingtin or HIP1 in the pathogen-
esis of hematopoietic malignancies.

© 1998 by The American Society of Hematology.

YELODYSPLASTIC syndromes (MDS) and acute leuke- MATERIALS AND METHODS

mias are disorders of hematopoietic progenitor cells pya isolation and Southern blots Leukocytes were isolated by
characterized by acquired somatic mutations that confer aicoll sedimentation from the peripheral blood and bone marrow of the
proliferative advantage. Cloning of chromosomal translocationindex patient and normal controls after informed consent had been
breakpoints has been a productive strategy for identification obbtained. DNAwas prepared using standard metR&aiter enzymatic
disease genes in MDS. Examples include #eL1-EVI1 digestion with restriction endonucleases and electrophoretic separation
fusion associated with t(3;2%)the MLL-CBP fusion with of fragments, the genomic DNA was trgnsferred to HYbond N nylon
t(11;16) in therapy-related MD%the TEL-EVI1 fusion in membranes (Amersham, Arl_mgton Heights, IL). The PIpEFge-
#(3:12)3 the NPM-MLF1 fusion associated with t(3:5) in nomic probe was a 1.1-kiblindllI-Xho | frggment preparec_i from
eh ! PDGRBR cosmid B Probes were labeled wifP by random priming,
primary MDS? and theTEL/JAK2 and TEL/PDGFBR fusions a4 southern hybidizations were performed as descibed.
that are associated with t(9;12) and t(5;12) in chronic myelo- Cloning of the t(5;7) breakpoint. Mononuclear cells were isolated
monocytic leukemia (CMML), respectively. from t(5;7) bone marrow cells by ficoll sedimentation. Anchored
Several of the fusion genes associated with hematopoietigolymerase chain reaction (PCR) was performed to clone the human
disorders involve tyrosine kinases. These inclB@R/ABL78 chromosome 7 partner gene according to the method of Frofimith
TEL/PDGFBR,G TEL/ABLQ TEL/\]AKZS’J‘O and CEV14/ minor mOdificatic?nS. In b':|ef, totalfRNAWaS prepared V\(/:;th RNA('?T/A-I——I—
; . . reagents according to the manufacturer's recommendations (Tel-Test,
PDGFBR ' CMML, aSSOCIat?d with the TEL/PDCHR’ IS a . Inc, Friendswood, TX). RNA (3 pg) was reverse transcribed using avian
subtype of MDS characterized by dysplastic monocytosis,
variable bone marrow fibrosis, and progression to acute leuke-
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myeloblastosis virus (AMV) reverse transcriptase and PP Bligo- Library screening. In light of the high mRNA levels of HIP1 in
nucleotide primer 1873R (BCGTAACGTGGCTTCTTCTGC-3. A tumor cell lines, the cDNA sequence isolated by anchored PCR was
poly(A) tail was appended using terminal transferase and dATP at 37°Qised to screen agtll SW480 colon cancer cell line cDNA library
for 15 minutes. After a single cycle of amplification (94°C for 1 minute, (Clontech, Palo Alto, CA) to obtain moré Sequence. The 500-bp PCR
50°C for 2 minutes, and 72°C for 40 minutes) using primer Qt product obtained from cloning of the breakpoint was labeled %oy
(5"-TGAGCAGAGTGACTATTACTCGAGCTCAAGCTTTTTTT- random priming and plaque lifts were performiédPositive phage
TTTTT-3') and internal PDGBR primer 1848R (5AGTCTCGAG- clones were subcloned into pBluescript K§(and sequenced.
CATGATGAGGATGATAAG-3'), 30 cycles of PCR (94°C for 1 In the longest clone, SW9, there were 2 new potential in frame
minute, 58°C for 2 minutes, and 72°C for 3 minutes) were performedinitiator methionines in the additional Sequence. The first ATG at
with primers Qo (5-CCAGTGAGCAGAGTGACG-3) and 1848R.  nucleotides 16-19 has a better Kozak consensus sequence than the
The PCR products were diluted 20-fold and reamplified with nestedsecond ATG (nucleotides 37-39). The third methionine at position
primers 1829R (5GAGATGATGGTGGAGCACCAC-3) and Q1 (3 368-370 (or 248-250 of the previously published sequéhdes the
GAGGACTCGAGCTCAAGC) using the same PCR conditions (30 best fit of the 3, because it has a purine at positi@ No upstream stop
cycles of 94°C for 1 minute, 58°C for 2 minutes, and 72°C for 3 codons were identified. However, native HIP1 migrates as a protein of
minutes). Specific bands were not detected by direct visualization aftel16 kD by Western blot analys?8?! which is consistent with a
ethidium bromide staining, but were detectable by Southern blotpreferred start site at methionine 368-370.

analysis using the32P—end-labeled PDGFR 1806R oligo (% Reconstruction of the fusion cDNA for expression experimeritse
GGCCAGGATGGCTGAGATCA-3). The nested PCR product was chromosome translocation breakpoint was amplified from patient
subsequently diluted 20-fold and reamplified with primer 1806R andmaterial using primers HIP1301F (ECTGAAACTGCTAAGAACCA-

Q1 (30 cycles of 94°C for 1 minute, 58°C for 2 minutes, and 72°C for 3 3') and PDGIBR 1806R, and the product was digested vgl | and
minutes), yielding a specific 500-bp product that was subcloned intoNhel. TheBgl I-Sacll fragment of thePDGFBRwas isolated afteBgl |
pBluescript KS¢+-) (Stratagene, La Jolla, CA) and sequenced. The DNA andSacll digestion of thePDGFBR cDNA and ligated to th&lhel-Bgl
sequence was sent via Netscape to the BLAST server at NIH (http:/I breakpoint fragment. This ligation reaction was amplified with primers
www.ncbi.nim.nih.gov) to compare to GenBank (bigst containing theNhe | and Sacl sites (5-AAATTGCTGCTAGCA-

Pstl EcoRI BamHI EcoRV HindIII

X
- -

Fig 1. Identification and molecular analysis of t(5;7)(q33;911.2). Southern blot analysis of the PDGFBR gene locus in patient DNA with
t(5;7)(933;q11.2). Genomic DNA of patient t(5;7)-positive cells (lane 1) and control cells (lane 2) was analyzed by Southern blotting with a 1.1-kb
Hindlll-Xho | PDGFBR probe.® Arrows indicate the rearranged bands in the EcoRI, BamHI, Pst |, EcoRV, and Hindlll digests.
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CAGCCCAGCTTG-3 and B3-CTGGTCCCGCGGCAGCTCCCAC-
GTGGA-3 respectively), digested witBacll, and ligated with the 3
end of PDGFBR.2? The reaction mixture was then digested withel
and ligated with the 5end of HIP1 (from SW480 | clone 9) via the

A Chrom.7 PDGFfR
mos

4421

uniqueNhel site. The region amplified by PCR was confirmed to be
void of PCR generated mutations by sequence analysis.

Stable expression of HIP1/PD@R. The full-length fusion cDNA
was subcloned into the pMSCVneo vector (kindly provided by R.

dATP, terminal transferase

i reverse transcriptase,

DNA v I

PCR with Q primers and nested

‘ PDGI{R primers
amplified vy«

cDNA

C  Pstl

1 2 3
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Fig 2. Identification of the chromosome 7 fusion partner. (A) Schematic diagram of anchored PCR.51° (B) Sequence of the HIP1/PDGFBR
breakpoint and schematic of the fusion protein. (C) Southern blot analysis of HIP1 gene locus in control DNA (lanes 1 and 2) and patient DNA (lane
3). Arrows indicate rearranged fragments in the Pst | and Xba | digests.
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Hawley, University of Toronto, Toronto, Ontario, Canada). Bosc cells expected size fragments from patient cDNA (Fig 3), but was not
(the kind gift of W. Pear, University of Pennsylvania, Philadelphia, PA) detected in mRNA from normal bone marrow. The reciprocal
were transfected via the calcium phosphate techni§dide 48-hour PDGFBR/HIP1 fusion could not be detected by RT-PCR
S“pematemf a ’I“'l;) was Zherl‘_ addeg ¢ 3:"23 Ce"_sd(é m'ﬁ) in _”r‘]e analysis (data not shown). Because bone marrow cells from the
presence of polybrene (4 u) as gescribed previ ells wit atient were limited, detection of the fusion transcript required
stable expression were selected in the presence of G418 and |nterleﬁ—] f ted PCR ori | dditi b f thi
Kin-3 (IL-3) as described® he use of neste primers. In addition, because of this
limitation, Northern blot analysis of patient material was not
RESULTS possible. HIP1/PDGBR protein contained nearly all of the

dentification of HIPL/PDGBR in CMML. The HIP1/ HIP1 coding sequence, including the leucine zipper and talin

PDGFbR fusion was cloned from a single patient with a clinical homqlogyl/(.domaigs, fulsedfinhframe to the.traznsmeomtl)ranse and
phenotype of CMML. The patient was a 54-year-old man Whotc):/rosmt_':‘ Ilnas_e 0”.‘3'” foHItPi PDER (r'g dBf)' nhy fl .
presented with fatigue, weight loss, and splenomegaly. Labora= -terminal amino acids o were excluded from the fusion

tory evaluation showed monocytosis, anemia, and peripheré?mteinr'] bl vsi . be d
eosinophilia. Bone marrow biopsy showed a hypercellular Northern blot analysis using alP1 cDNA probe demon-

marrow with increased myeloid:erythroid ratio, eosinophilia, strated a previously reported 9.4-kb transcript in all tissues

and dysplastic maturation of monocyte lineage cells. Cytoge-
netic analysis of the bone marrow cells showed t(5;7)(933;
g11.2) (data not shown). 1 2 3 4 5 6

We hypothesized that the PDBR on 5933 was activated as

a consequence of fusion to a novel partner on chromosome 7.

This region of chromosome 7 is of particular interest because il

is frequently deleted in de novo and therapy-related MDS/

AML. Rearrangement of thEDGFBR gene was demonstrated

by Southern blot analysis &cadRl, BanHI, Pstl, EcoRV, and 20 =
Hindlll digests using a 1.1-kPDGFBR genomic probe local-

ized near theTEL/PDGFBR breakpoint (Fig 1). These data 16 =
demonstrated that the chromosome 5 breakpoint was at or near
the same intron ofPDGFBR as for the t(5;12)(g33;p12)
breakpoint

The chromosome 7 fusion partner was identified using
anchored PCR wittPDGFBR primers to amplify the fusion
transcript from the patient’'s bone marrow cell cDNA (Fig 2A).
Analysis of the amplified cDNA clones demonstrated 500 bp of
nonPDGFBR sequence encoding an open reading frame fused
to the transmembrane and tyrosine kinase encoding regions of 0.
the PDGFBR gene (Fig 2B). A database search showed this
sequence to be identical to théiP 1 gen&%2?! localized by
fluorescence in situ hybridization (FISH) to 7q12°Bouthern
blot analysis with anHIP1 cDNA probe (nucleotides 1141-
3041) demonstrated rearranged bandBstl and Xbal digests
of patient DNA (Fig 2C).

HIP1 is a 116-kD protein that was cloned by yeast two-hybrid
screening for proteins that interact with Huntingtin. Huntingtin ~ Fig 3.  Expression of the chimeric HIP1/PDGFBR mRNA in patient
is the protein mutated in Huntington’s dised¢&IP1 has a bone marrow. RT-PCR analysis of HIPl/PDGFBRwas performed using

. . . . total RNA (2 ng) from t(5;7) patient bone marrow that had been
leucine Zipper motif and homOIOgy to talin, a CytOSKeletal reverse transcribed using the Qt primer. PCR was performed using a
associated protein, at amino acids 412-433 and 861-90Q41P301F forward primer and the PDGFBR 1848R primer for 30 cycles
respe(:tivel)?_0 (94°C for 1 minute, 60°C for 2 minutes, and 72°C for 3 minutes).

HIP1 has homology with thSLAdene product (SIaZp) from Nested PCR was performed on PCR products from the first reaction

.. . . diluted 20-fold and amplified using the same PCR reaction conditions
Saccharomyces cerevisigean essential cytoskeletal assoCi- i b1 forward primers HIP721F, HIPLL4LF, HIPLS61F, HIP2372F.

ated protein. The leucine zipper motif and talin homology wip2494F, and HIP2613F in lanes 1 through 6, respectively, and the
domain of HIP1 are conserved in Sla2p. HIP1 is also homolo-PDGFBR reverse primer 1806R. HIP1 primer numbers correspond to
gous to theCaenorhabditis elegangk370.3 gene product that the first nucleotide of a 20-bp primer of HIP1 sequence according to
has no known functio® The degree of homology (40% Kalchman et al.?° The expected band sizes are 2,279, 1,859, 1,439, 628,

imilarity. 20% id itv in both d h 506, and 387 bp for lanes 1 through 6, respectively. Control experi-
similarity, o identity in both yeast an WOI’m) suggests t atments with no template or in the absence of reverse transcriptase

HIP1 is the human homologue of these proteins. The highes§ave no PCR product (not shown). The HIP1/PDGFPBR fusion was not
degree of homology is at the carboxy terminus, where all 3detected in normal bone marrow and neither was the reciprocal
proteins share homology with tal#d. PDGFBR/HlPl fusiindtrzrésF;:ript dte_tected_ti: t(5_;7) patisgg?;giggi;
) . row using a neste reaction with primers 3
Tissue expression of HIP1/PD@R and ,HIF_):L' ReVerse  onGrgr1711F HIP13071R, and HIP12966R (primer numbers corre-
transcription-PCR (RT-PCR) using PDGR 3’ primers and 5 spond to the first nucleotide of a 20-bp primer of either PDGFBR? or
primers spanning the coding sequence of HIP1 generated theip120 sequence).

10 =
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tested® as well as a 2.4-kb transcript present in testis. There aref IL-3 and died. In contrast, HIP/PD@R-expressing cells
high levels of expression in solid tumor cell lines, including grew at the same rate in the presence or absence of IL-3
HelLa, SW480, A549, and G861, as well as in testis. Although(Fig 5C).
HIP1 has been implicated in pathogenesis of central nervous
system disorders such as Huntington syndrome, there are lower
levels of expression in brain and other adult tissues such as bone Involvement of HIP1 in the pathogenesis of leukemia is a
marrow and peripheral blood (Fig 4 and data not shown). novel finding. As for TEL/PDGBR, fusion of HIP1 to PDGBR
Transformation of Ba/F3 cells by HIP1/PD@R. Tochar-  results in constitutive activation of PDBR as assessed by
acterize the biological properties of the HIP1/POBR-fusion,  tyrosine autophosphorylation and may be mediated by oligomer-
a full-length cDNA encodingdIP1 was obtained by screening a ization through the HIP1 leucine zipper domain. However, other
\gtll SW480 colon cancer cell line cDNA library. The se- interactions with this fusion may be relevant to the pathogenesis
quence of the longest clone, SW9, from this library is identical of leukemia in addition to the protein-protein interation medi-
to the published sequence, but incorporates and additional 128ted by the leucine zipper. For example, the leucine zipper is not
nucleotides of 5sequence. necessary for the interaction of HIP1 with HuntinginAl-
Clone SW9 was then used to reconstruct the full-lengththough the role of HIP1 in Huntingtin’s disease is still under
HIP1/PDGFBR (see the Materials and Methods). Transforming investigation, it is conceivable that inhibition of apoptosis
properties ofHIP1/PDGH3R were tested by subcloning the mediated by HIP1, as suggested in by Kalchman &tialalso
cDNA encoding theHIP1/PDGFBR into the retroviral vector relevant in leukemogenesis mediated by the HIP1/PBI&F
MSCVneo and obtaining stable expression of the fusion proteirfusion. Thus, there may be an additional role for HIP1 in the
under control of the LTR in the murine Ba/F3 hematopoietic leukemogenic pathway.

DISCUSSION

cell line (Fig 5A). The HIP1/PDGBR protein was constitu- There are several possible consequences of expression of the
tively tyrosine phosphorylated in stably transfected cellsHIP1/PDGRBR fusion that may be relevant to leukemogenesis.
(Fig 5B). These could include interference with the function of the native

To assay the ability of HIP1/PDG@R to confer IL-3—  HIP1 protein or the Huntingtin protein through HIP1/PDE&F
independent proliferation, Ba/F3-transfected cells were seededeterodimerization. In addition, it is possible that, because the
in 96-well trays at a concentration of’2 10 cells/well. Cells  HIP1/PDGRR is an activated tyrosine kinase, heterodimeriza-
infected with insert-free virus failed to proliferate in the absencetion with HIP1 or Huntingtin could modify function or protein

9.4 Kb

2.4Kb

Fig 4. Northern blot analysis of HIP1 mRNA in various tissues. Blots (Clontech) were probed with with an 32P-end-labeled probe from HIP1
nucleotides 2890 to 2930.2° Exposure time was 12 hours. The lower panels are the same blots stripped and reprobed with actin cDNA. (A) Cell
lines. RNA sources were HL60, HELA, K562, MOLT4, Raji, SW480, A549, and G361, designated 1 through 8, respectively. (B) Adult tissue RNA
sources are spleen, thymus, prostate, testis, ovary, small intestine, colonic mucosa, and peripheral blood, designated 1 through 8, respectively.

20z aunr g0 uo 3sanb Aq Jpd'6L v /626779116 | ¥/2L/L6/)Pd-8jole/poojdjeusuoledlqndyse//:diy woly papeojumoq



4424 ROSS ET AL

1 2 3 4 1 2 3 4
KDa T KDa
221 — 221 —
133 = 133 —
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g Neo +IL3

Fig5. HIP1/PDGFBR transforms Ba/F3 cells to factor
independence. Two independent infections of Ba/F3
cells were performed. To assess protein expression and
phosphorylation, lysates were immunoprecipitated with
anti-PDGFBR antibody (tail; Pharmingen), separated on
8% polyacrylamide gel electrophoresis (PAGE), and blot-
ted onto nitrocellulose. Proteins were detected with
anti-PDGFBR peptide antibody directed against the C-
terminus (part a) and HRP-conjugated anti-phosphotyro-
sine 4G10 monoclonal antibody (part b). Lanes 1 and 2
are the HIP1/PDGFR stable infectants, and lanes 3 and
4 are neomycin-resistant controls. (C) The G418-resis-
tant cells growing in IL-3 were seeded in 96-well trays
with 2 x 10* cells per 200 pL per well in RPMI 1640 and
10% fetal calf serum media with or without IL-3. Cells
were assessed for number and viability (trypan blue) in
triplicate at 24-hour intervals. Each point is the average
0 2 4 6 g  of the triplicate samples, with standard deviations rang-

ing from 1% to 3% of the number of cells counted each
Days day.

=g Neo-IL3

1064

Cell number

105

stability of these associated proteins through tyrosine phosphodetermine whether dysregulation of the apoptotic pathway in
ylation. Because the physiologic roles of HIP1, Huntingtin, andhematopoietic cells as a consequence of HIP1/PBRSiRterac-

the HIP1/Huntingtin complex are not well understood, it is tions with HIP1 or Huntingtin contributes to leukemogenesis.
difficult to speculate at this time about the relevance of these Finally, HIP1 localization to 7q11.2 raises the possibility of
interactions in the mechanism of transformation. However, itinvolvement in 7g- deletions. Loss of chromosome 7 or
should be possible to directly assay for these interactions andeletion of the long arm, del(7q), is observed in 10% of MDS or
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AML de novo and in greater than 50% of therapy-related 7. deKleinA, van Kessel AG, Grosveld G, Bartram CR, Hagemeijer

AML. 28 7q— cytogenetics are associated with particularly poor A, Bootsma D, Spurr NK, Heisterkamp N, Groffen J, Stephenson JR: A
prognosig? It has been hypothesized that deleted chromosomagellular oncogene is translocated to the Philadelphia chromosome in
bands contain as yet unidentified myeloid-specific tumor sup<hronic myelocytic leukaemia. Nature 300:765, 1982 .
pressor loci. Most 7q deletions are interstitial and some have, 8. Groffen J, Heisterkamp N, Reynolds FH Jr, Stephenson JR:
been found to be the result of cryptic translocatidhi. The omology between phosphotyrosine acceptor site of human c-abl and

L . . . . .~ . viral oncogene products. Nature 304:167, 1983
majority of patients with deletions have proximal breakpointsin = ¢~ 1v TR Goga A, Barker GF, Afar DE, McLaughlin J, Boh-

bands ¢11-21 and distal break points in q31*88.FISH has lander SK, Rowley JD, Witte ON, Gilliland DG: Oligomerization of the
been used with a panel of YAC clones from 7q to examineagL tyrosine kinase by the Ets protein TEL in human leukemia. Mol
patients with deletion breakpoints near 7q22. These data argell Biol 16:4107, 1996

being used to to narrow down the region of deletion to clone 10. Lacronique V, Boureaux A, Della Valle V, Poirel H, Tran Quang
tumor-suppressor genes on 7q involved in myeloid leuke-C, Maucharffe M, Berthou C, Lessard M, Berger R, Ghysdael J,
mia2%31 Other data that may be useful in narrowing the Bernard O:ATEL-JAK2 fusion protein with constitutive kinase activity
critically deleted region is to characterize translocations in thisin human leukemia. Science 278:1309, 1997

area, such as the t(5;7) described herein, that could result in 11- AbeA, EmiN, Mitsune T, Hiroshi T, Marunouchi T, Hidehiko S:
inactivation or dysregulaton of tumor-suppressor genes. Ex Fusion of the platelet-derived growth factor receptor beta to a novel

. . . . - gene CEV14 in acute myelogenous leukemia after clonal evolution.
amples in which translocations that disrupt the function Ol B100d 90:4271, 1997

expres.SIOn of tumor-suppqr;sor .genes include a translocation 12. Donis-Keller H: The RET proto-oncogene and cancer. J Intern

that dlgruptsp1632 In add_ltlon, it has been proposed that \jeq238:319, 1995

disruption of PML, a putative growth suppressor, as a conse- 13, Heffelfinger SC, Lower EE, Miller MA, Fenoglio-Preiser CM:

qguence of the t(l5;l7) chromosomal translocation, may contribpPlasma membrane phosphotyrosine, Her2-NEU, and epidermal growth

ute to the pathogenesis of acute promyelocytic leukefilhe factor receptor in human breast cancer. A comparative study. Am J Clin

possibility that HIP1 is one of the important genes in this area isOncol 19:552, 1996

currently being investigated. 14. Knezevich SR, McFadden DE, Tao W, Lim JF, Sorensen PHB: A
Analysis of HIP1/PDGBR should contribute to our under- novel ETV -NTRK3 gene fusion in congenital fibrosarcoma. Nat Genet

standing of the pathogenesis of CMML and may help to 18:184, 1998

elucidate the function of Huntingtin and HIP1 in normal and 15. Carroll M, Tomasson MH, Barker GF, Golub TR, Gilliland DG:

- o The TEL/platelet-derived growth factor beta receptor (PDGF beta R)
neoplastic Cglls. Fljlrth.ermore., localization (_)f HIP1 to 7q]_‘1'2fusion in chronic myelomonocytic leukemia is a transforming protein
warrants z'inllnvesitlgatlor.] of '.ts relevange in pathogenesis Ofyat self-associates and activates PDGF beta R kinase-dependent
hematopoietic malignancies with 7q deletions. signaling pathways. Proc Natl Acad Sci USA 93:14845, 1996

16. Bell GI, Karam JH, Rutter WJ: Polymorphic DNA region
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