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Preface 

Transcriptional regulation of gene expression lies at the heart 
of almost every fundamental homeostatic process in biology 
including regulation of DNA synthesis, cell division, cellular 
differentiation, control of apoptosis, organismal development 
and organogenesis. The primary mediators at this level of gene 
regulation are transcription factors; nuclear proteins that are 
endowed with both sequence-specific DNA recognition and the 
ability to regulate transcription of the bound target gene. It is 
well established that tissue-specific transcription factors can ini
tiate and maintain entire programs of cellular differentiation via 
proper regulation of the set of target genes that contain the 
cognate DNA recognition sequences. Essentially. the population 
of transcription factors which are present and active in a cell 
nucleus at a given time specifies the cellular phenotype. Thus, it is 
not surprising that deregulation of transcription factor function 
is a primary mechanism underlying neoplastic transformation 
and malignant progression. Many oncogenes and tumor-sup
pressor genes encode transcriptional regulators. Alteration of 
transcription factor function has the potential to generate novel 
cellular phenotypes, including phenotypes with frank oncogenic 
properties. 

This volume is dedicated to the molecular and biochemical 
mechanisms of transcription factor dysfunction that lead to cell
type and organ-specific loss of growth control and subsequent 
malignant progression. We have chosen to focus on transcription 
factors that are activated as apparently dominant oncogenes, 
originating from disease-specific chromosomal rearrangements 
and translocations. Our interest is to explore the biochemical 
functions that are targets for mutational alteration in transcrip
tion factors. These include alteration of (i) subcellular or sub
nuclear localization, (ii) DNA binding affinity or selectivity, (iii) 
protein-protein interaction via hetero- or homo-oligomerization, 
and (iv) transcriptional regulatory potency. Almost every class of 
DNA binding domain, including ETS domains, homeobox, ba
sic-helix-loop-helix, and zinc-fingers are represented among the 
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cancer-specific disrupted transcription factors. A common theme 
involves fusion of the sequence-specific DNA recognition module 
to novel effector domains that serve to deregulate the fused 
transcription factor and result in oncogenesis. Transcription 
factors are commonly mutated in human oncogenesis, and this 
volume deals with numerous tumor types, including myeloid and 
lymphoid leukemia, both pediatric and adult, and the spectrum 
of soft tissue sarcomas, including Ewing's sarcoma, peripheral 
neuroectodermal tumors and rhabdomyosarcoma. 

The volume opens with a chapter by P.M. Waring and M.L. 
Cleary on the homolog of Drosophila trithorax located at llq23 
in the human genome and involved in translocations to diverse 
other genes. As many as ten of these translocation partners of the 
trithorax homolog have now been characterized. Translocations 
involving 11 q23 typically occur in acute lymphoblastic leukemias 
and subsets of acute myeloid leukemias. The common feature of 
the llq23 translocations is a truncation of the trithorax homolog. 
In childhood B-cell acute lymphoblastic leukemia, a common 
translocation involves the transcription factor E2A that can be 
fused to the homeobox protein (Pbx) or to a member of the b-ZIP 
super-family known as hepatic leukemia factor (HLF). These 
translocations are reviewed in the chapters by M.P. Kamps and 
A.T. Look. An interesting property of the E2A fusion products is 
their ability to induce oncogenic transformation in experimental 
systems, a clear demonstration of their status as dominantly 
acting oncoproteins. The chapter by R. Baer, L.-Y. Hwang and 
R.O. Bash is devoted to the interaction of basic helix-loop-helix 
proteins and LIM domain proteins. Ectopic expression and ac
tivation of these transcription factors plays an important role in 
the development of T cell acute lymphoblastic leukemia. T.R. 
Golub, G.F. Barker, K. Stegmaier and D.G. Gilliland contribute 
a chapter on the TEL gene. TEL is another transcription factor 
disrupted in leukemias and able to fuse with an amazing variety 
of partners. It contributes DNA binding or HLA domains to 
fusion products that are important in myeloid and lymphoid 
leukemias in pediatric as well as adult populations. One of the 
now classical translocations involving two regulatory proteins is 
associated with acute promyelocytic leukemia. It is reviewed in 
the chapter by D. Grimwade and E. Solomon. This translocation 
fuses the retinoic acid receptor-a:, a member of the steroid re
ceptor family, with a novel gene, PML. The fusion product re
tains the ligand binding domain of the retinoic acid receptor. The 
wild-type PML gene is intriguing because it shows growth at
tenuating properties. The chapter by F.G. Barr then turns to solid 
tumors, reviewing the fusion of paired box and fork head family 
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genes in alveolar rhabdomyosarcoma. The transcription factor 
generated by this translocation carries the DNA binding domain 
derived from the paired box progenitor and the transactivation 
domain of the fork head protein. The chapter by D. Ron brings a 
new molecular function into focus, a protein, TLS, that binds 
RNA instead of DNA. TLS is fused to the CHOP gene to pro
duce a potent transcriptional activator important in myxoid li
posarcoma. TLS is closely related to the EWS gene reviewed in 
the chapter by W.A. May and c.T. Denny. EWS also contains an 
RNA recognition motif, and in Ewing's sarcoma it is fused to the 
ETS family transcription factor FU-l or less frequently to other 
ETS genes such as ERG or ETV -1. The final chapter of the 
volume by F.J. Rauscher is devoted to the fusion of EWSI and 
WTl in small round cell tumors. 

A major goal in gathering together these tales of transcrip
tion factor dysfunction in diverse neoplastic processes is to ad
dress the following questions: First, what are the molecular 
aspects of specificity which allow nonrandom alteration of a 
single transcription factor to lead to a highly specific disease 
process? Second, can these tumor-type specific transcription 
factor alterations be utilized for molecular diagnosis, prognosis 
or as disease-specific targets for cancer therapy? Designing small 
molecule or gene-based therapies that target the cellular onco
genic transcription factor is an attractive and potentially highly 
selective method of intervention. The models of altered tran
scription factor function collected in this volume will likely prove 
a fertile field for testing these concepts in the years to come. 

We would like to thank the authors who have spent their 
valuable time in contributing to this volume. Their cooperation 
and expertise was crucial in obtaining a comprehensive, state-of
the-art synopsis of a complex topic. 

Philadelphia, PA 
La lolla, CA 

FRANK l. RAUSCHER, III 
PETER K. VOGT 
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Based on cytogenetic studies, chromosome band llq23 was predicted to contain an 
important gene, disruption of which was suspected to play a crucial role in leu
kemogenesis. Within the past 3 years, one of these disrupted genes, HRX (also 
known as Htrxi, MLL or ALL-i), and ten of its fusion partner genes have been 
cloned. Insights into the physiological role of the HRX protein and the leukemo
genic consequences of its disruption are beginning to emerge from the observations 
that HRX is a homologue of the Drosophila home otic regulator trithorax and may 
exert its effects through recognition and modification of chromatin structure. 

Department of Pathology, School of Medicine, Stanford University, Stanford, CA 94305-5324, USA 
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2 The Identification, Cloning and Characterization of HRX 

2.1 HRX Is Identified by Its Involvement 
in llq23-Associated Leukemias 

Chromosome band IIq23 is a recurring site for cytogenetic alterations, mostly 
reciprocal translocations, in acute lymphoblastic leukemias (ALLs) and subsets of 
acute myeloid leukemias (AMLs). The physical location of the IIq23 leukemia 
locus was determined by fluorescence in situ hybridization (FISH) using a yeast 
artificial chromosome yB22B2 that spanned the HRX breakpoint (ROWLEY et al. 
1990) (Fig. I). A candidate gene on chromosome 11 was designated MLL (mixed 
lineage leukemia or myeloid/lymphoid leukemia) (ZIEMIN-VAN DER POEL et al. 
1991) and ALL-J (acute lymphocytic leukemia-I) (CIMINO et al. 1991). The gene 
disrupted by t(4;II)(q21;q23) (DJABALI et al. 1992; Gu et al. 1992b; DOMER et al. 
1993) and by t(II;19)(q23;pI3.3) (TKACHUK et al. 1992) was cloned and the full 
length cDNA sequence revealed a single long open reading frame of II 904 nu
cleo tides, encoding a protein that was named HRX (homologue of trithorax) 
(TKACHUK et al. 1992) and Htrxi (human trithorax 1) (DJABALI et al. 1992) in view 

~ Centromere Telomere~ 

CD3 N HRX N C4 

•• I I yB22B2 

Ii "f , 5' • 3' .. 3''''''-5' , .. , lOOkb , 
, , 

5' B B . 3' 

• II • , I I 11111. I • • • II • • HRXgene 
Exons: 2 3 4 5 678 9-13 14 15-17181920 21 , L-...J , 

IOkb , , , 

B 
TopoH: Breakpoint 

cluster region 
Alu: abc d e f g h L-...J 
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Fig. 1. The structure of the HRX-containing yeast artifical chromosome (yB22BS), the HRX gene, and 
HRX breakpoint cluster region. Black vertical bars represent exons 1-21; horizontal black bars represent 
scaffold attachment regions (SAR). B, BamH! site, defines the 8.3 kb breakpoint cluster region covered 
by the 0.84 kb cDNA probe; T, high stringency topoisomerase II consensus sites 
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of its partial sequence homology to the Drosophila melanogaster protein trithorax 
(trx). Due to the functional significance of this homology we prefer the term HRX, 
usage of which is not intended to diminish the contributions of others. 

2.2 Structure of the HRX Gene 

The HRX gene is composed of at least 21 exons spanning approximately 100 kb of 
genomic DNA (ZIEMIN-VAN DER POEL et al. 1991; Gu et al. 1992b; TKACHUK et al. 
1992) (Fig. 1). Several investigators have shown that almost all HRX breakpoints 
are tightly clustered in an 8.3 kb genomic region containing HRX exons 5~11 
(CHEN et al. 1991; Gu et al. 1992b; TKACHUK et al. 1992; DJABALI et al. 1992; 
MORGAN et al. 1992; CORRAL et al. 1993; HILDEN et al. 1993; bDA et al. 1993a; 
DOMER et al. 1995; BROEKER et al. 1996). The entire breakpoint cluster region has 
been sequenced (Gu et al. 1994) and found to contain eight Alu repeat elements in 
the same transcriptional orientation as HRX (DJABALI et al. 1992; Gu et al. 1994), 
several topoisomerase II (topo II) recognition consensus sites (DOMER et al. 1993, 
1995; NEGRINI et al. 1993; Gu et al. 1994; BROEKER et al. 1996), and a high affinity 
scaffold attachment region (SAR) (BROEKER et al. 1996) (Fig. 1). 

2.3 Predicted Structure of the HRX Protein 

The cloned HRX cDNA predicts a polypeptide of 3969 amino acids comprising an 
unusually large 431 kDa protein (TKACH UK et al. 1992) that is highly basic 
(pI=9.70) and rich in serine (13.8%) and proline (8.9%) residues. The murine 
homologue of HRX, mouse ALL-I, shows 90.8% overall identity with HRX and 
shares all of its structural motifs (MA et al. 1993). Within its NHr terminal third, 
HRX shows no homology to Drosophila trithorax but contains several distinctive 
motifs (Fig. 2) including: a triplet of Arg-Gly-Arg-Pro sequences that constitute 
three AT hook motifs; an acidic-basic repeat reminiscent of those found in RNA 
binding proteins, e.g., 70 kDa UI small nuclear ribonucleoprotein (snRNP) 
(THEISSEN et al. 1986) and the human RD protein (SUROWY et al. 1990); a cysteine
rich region with homology to DNA methyltransferases (MTases); and a lysine-rich 
region with homology to the COOH-terminal tail of late histone HI (TKACHUK et 
al. 1992; Gu et al. 1992b; DOMER et al. 1993; PARRY et al. 1993, PMW, unpublished 
observations). The central portions of HRX, murine ALL-I, and trx contain two 
regions that encompass several unusual zinc-finger-like domains (MAzo et al. 1990; 
MA et al. 1993; TKACH UK et al. 1992; Gu et al. 1992b; PARRY et al. 1993) which can 
be configured into the Cys4-His-Cys3 pattern of PHD fingers that share some 
features with the LIM and RING fingers that mediate protein-protein interactions 
(AASLAND et al. 1995). These structures are present in a diverse group of proteins 
(AASLAND et al. 1995) and are likely to be functionally important since deletion of 
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STRUCTURAL DOMAINS OF HRX 
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Fig. 2. The structural and functional domains of HRX 
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one of the zinc finger domains of trx was lethal to Drosophila (MAZO et al. 1990). 
The COOH-terminal215 residues ofHRX show 64% identity with the comparable, 
functionally uncharacterized, region of trithorax. The homology is highest (75% 
identity) in the last 132 amino acid segment, a region that also shows a high degree 
of homology with the COOH-terminals of the Drosophila proteins encoded by the 
enhancer of zeste (E(z)) (40% identity) (JONES and GELBART 1993), the suppressor 
of position-effect variegation (PEY) gene Sur var )3- 9 (34% identity) (TsCHIERSCH 
et al. 1994), the G9a gene located within the human MHC locus (35% identity) 
(MILNER and CAMPBELL 1993), and an uncharacterized yeast sequence, YHR9 
(50% identity) (Xiangmin Cui and MLC, unpublished observation). The region, 
termed a SET domain (suppressor of variegation, enhancer of zeste and trithorax) 
(TSCHIERSCH et al. 1994), has been conserved over great evolutionary distance 
suggesting an important functional role. 

Like HRX, Drosophila trx is also an unusually large protein, comprising 3759 
residues, and is predicted to exist in two isoforms (368 kDa and 404 kDa) (MAZO et 
al. 1990; SEDKOV et al. 1994; KUZIN et al. 1994). Notably, none of the NHrterminal 
motifs of HRX are conserved in the fly protein. AT-hook motifs are present in 
several DNA-binding proteins, including the high mobility group (HMG)-I(Y) of 
nonhistone chromosome -binding proteins that bind to AT -rich sequences within 
the minor groove of DNA (REEVES and NISSEN 1990). Nearby are two SPKK 
motifs belonging to the "Ser-Pro-basic-basic" consensus that are repeated several 
times in the tails of his tones HI and H2B which also bind to the minor groove of 
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DNA and are important for chromatin condensation (SUSUKI 1989; CHURCHILL 
and SUSUKI 1989). AT hook and SPKK motifs are both substrates for cdc2 kinase 
phosphorylation (WOLFE 1991; REEVES 1992) suggesting that HRX could be dif
ferentially phosphorylated during the cell cycle. The cysteine-rich region of HRX 
and murine ALL-l with similarity to mammalian DNA MTase (MA et al. 1993; 
DOMER et al. 1993) is a zinc-binding domain which comprises a portion of MTase 
that is partly responsible for discriminating methylated and unmethylated DNA 
(BESTOR et al. 1988; BESTOR 1992). Curiously, the region ofHRX with homology to 
the 70 kDa UI snRNP is also shared with MTase (LEONHARDT et al. 1992). These 
features suggest that the NHrterminal region of HRX may recognize methylation 
status among other structural features of mammalian DNA. Notably, Drosophila 
DNA is unmethylated and these regions are absent from trx. 

2.4 HRX Expression 

Northern blot analyses indicate that HRX is widely, perhaps ubiquitously, ex
pressed. Low abundance HRX mRNAs were detected in T and B lymphocytes, 
myeloid, erythroid, epithelial, fibroblast, hepatic and glial cell lines (ZIEMIN-VAN 
DER POEL et al. 1991; CIMINO et al. 1991, 1992; Gu et al. 1992a, 1992b; TKACHUK et 
al. 1992; DJABALI et al. 1992; PARRY et al. 1993; MCCABE et al. 1992; YAMAMOTO et 
al. 1993a). Like trx (MAZO et al. 1990; SEDKOV et al. 1994; KUZIN et al. 1994), HRX 
is usually expressed as two differentially spliced transcripts of 15 and l3 kb (ZIE
MIN-VAN DER POEL et al. 1991; CIMINO et al. 1991, 1992; Gu et al. 1992a, 1992b; 
TKACHUK et al. 1992; YAMAMOTO et al. 1993a; MCCABE et al. 1994), the smaller 
being the result of alternate splicing which removes a region containing the AT 
hook motifs (DOMER et al. 1993). Trx has up to five alternately spliced transcripts 
(11-14 kb) which have different developmental profiles (BREEN and HARTE 1991, 
1993). 

2.5 HRX Is a Nonclassical Transcription Factor 

Like HMG proteins, HRX appears to recognize the structure rather than the se
quence of its target DNA, suggesting that it is not a classical sequence-specific 
transcription factor. The AT hook region of HRX was shown to bind synthetic 
cruciform and SAR DNA in gel mobility shift assays (ZELEZINK-LE et al. 1994; 
BROEKER et al. 1995) suggesting that this portion of HRX is responsible for the 
recognition of bent DNA, e.g., in AT-rich regions. The functional significance of 
these interactions in vivo is, however, unclear. Functional transcriptional reg
ulatory domains have been identified (Fig. 2) and a region of HRX distal to the 
leukemia fusion sites was found to be a potent transcriptional activator whereas a 
region proximal to the fusion sites was shown to be a weak repressor of tran
scription (ZELEZNIK-LE et al. 1994). 
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2.6 Trx and HRX Are Both Positive Regulators 
of Homeotic Gene Expression 

Trithorax was the first known member of a group of approximately 40 trans-acting 
factors known as the trithorax group (Trx-G) which, together with the opposing 
Polycomb group (Pc-G), maintain the expression of homeotic (HOM-C) genes in 
Drosophila (Paro 1990, 1993; KENNISON 1993) by interacting with cis regulatory 
elements in their promoters (CASTELLI-GAIR and GARciA-BELLIDO 1990; ZINK et al. 
1991; KUZIN et al. 1994; CHAN et al. 1994; GINDHART and KAUFMAN 1995). In 
Drosophila, the home otic genes are clustered in two large loci, the Antennapedia 
(ANT-C) and bithorax (BX-C) complexes, which are differentially expressed along 
the anterior-posterior axis of the developing embryo and are responsible for de
termining the structures and appendages that are characteristic for each body 
segment of the fly (MCGINNIS and KRUMLAUF 1992). Complex genetic analyses in 
Drosophila demonstrated that members of the Trx-G and Pc-G are necessary for 
the maintenance, but not initiation, of home otic gene expression patterns that are 
predetermined by the transiently expressed gap and segmentation genes (PARa 
1990; KENNISON 1993). Pc-G gene products are required to maintain a repressed 
transcriptional state whereas Trx-G gene products ensure continued homeotic gene 
expression. Members of each group therefore appear to serve a sort of epigenetic 
memory function that fixes embryonic cell fate by imprinting a determined tran
scriptional state on their subordinate Hox genes. How this is achieved is unclear, 
but may reside in the ability of Trx-G and Pc-G gene products to somehow sense 
whether the chromatin conformation around the regulatory regions of their target 
gene is in a transcriptionally active "open" or an inactive "closed" form at the time 
of gap and segmentation gene activity and to fix that state so that it is inherited in a 
clonal manner throughout development (PARa et al. 1993). Such proteins are 
known to form large multi protein complexes that co localize on polytene chromo
somes at promoter sites of ANT-C, BX-C, and other loci (PARa 1993; KUZIN et al. 
1994); however, the molecular mechanisms of how the various Pc-G and Trx-G 
proteins interact and recognize and determine chromatin structure in the vicinity of 
the regulatory regions of Hox genes are unknown. 

Mutations in the fly Trx gene result in anterior home otic transformations of 
thoracic and abdominal segments like those seen in sex comb reduced (Scr), Antp, 
Ubx, abd-A and Abd-B mutants (BREEN and HARTE 1991), suggesting that Trx is 
required for the proper restricted expression of these genes. As in Drosophila, tight 
regulation of mammalian Hox expression boundaries and dosage are also critical in 
determining segment identity since altered expression of various Hox genes in 
mouse embryos result in homeotic transformations (MCGINNIS and KRUMLAUF 
1992; KRUMLAUF 1994). HRX-deficient mice generated by targeted disruption of 
HRX in embryonic stem cells also displayed a home otic phenotype (Yu et al. 1995). 
Homozygous HRX-deficiency is embryonic lethal and is accompanied by abolition 
of Hox expression. 

Heterozygous HRX-deficient mice are growth retarded, display hematopoietic 
abnormalities such as anemia and B cell aberrations, and exhibit axial skeletal 
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defects with anterior homeotic transformation manifest as loss of the most pos
terior pairs of ribs and posterior displacement of the anterior boundaries of Hox 
expression patterns. This contrasts with the posterior homeotic transformation of 
vertebral identity observed in bmi-I-deficient mice (VAN DER LUGT et al. 1994). 
Interestingly, the opposite phenotype, namely an anterior transformation, was 
observed in Ell-bmi-l transgenic mice (ALKEMA et al. 1995), illustrating the im
portance of dosage and restricted Hox expression patterns. Since HRX and bmi-l 
are, respectively, human homologues of Trx (TKACHUK et al. 1992) and posterior 
sex combs (Psc, a member of the Pc-G) (BRUNK et al. 1991; VAN LOHUIZEN et al. 
1991), these observations provide strong evidence that HRX, like trx, is a positive 
regulator of Hox genes and that the opposing regulatory pathways that control 
Hox expression and function in Drosophila have been conserved in vertebrates. 

3 The Role of HRX in Leukemogenesis 

3.1 HRX Involvement in De Novo ALL and AML 

The HRX gene has been shown to be rearranged by 11q23 abnormalities whose 
reciprocal partners are located at almost 30 cytogenetically diverse loci including 
Ip32, lq32, lq21, 2p21, 3q23-25,4q21, 5q31, 6pI2,6q27, 7p15, 7p22, 9pl1,9p22, 
lOp 11-13, lOq22, 11q13, 12p13, 15q15, 16p13, 17q21, 17q25, 18q21, 19p13.l, 
19p13.3, 22q12, and Xq13 (Gu et al. 1992b; KEARNEY et al. 1992; TKACHUK et al. 
1992; CORRAL et al. 1993; HUNGER et al. 1993; LIDA et al. 1993b; JANI SAIT et al. 
1993; KOBAYASHI et al. 1993; MORRISEY et al. 1993; NAKAMURA et al. 1993; PRASAD 
et al. 1993, 1994; THIRMAN et al. 1993a, 1994; BERNARD et al. 1994; HEIGHT et al. 
1994; LEBLANC et al. 1994; MCCABE et al. 1994; PARRY et al. 1994; RUBNITZ et al. 
1994a; SORENSEN et al. 1994; CHAPLIN et al. 1995a, b; FELIX et al. 1995; HERNANDEZ 
et al. 1995; MITANI et al. 1995; TSE et al. 1995). Notably, this degree of promiscuity 
is unprecedented among nonrecombinatorial genes and suggests that the break
point cluster region of HRX may be a recombination "hot spot" harboring highly 
recombinogenic sequences or structures. 

Reciprocal translocations disrupting HRX account for the majority of 11q23 
abnormalities seen in early B cell precursor ALL and myelomonocytic (FAB-M4) 
and monocytic (F AB-M5) AMLs (BOWER et al. 1994a; CHEN et al. 1993b; CIMINO 
et al. 1993, 1995a,b; PUI et al. 1994; RUBNITZ et al. 1994a; SORENSEN et al. 1994; 
STOCK et al. 1994). That HRX-associated leukemias can be of either lymphoid or 
myeloid lineage or express markers of both suggests that HRX mutations occur in 
hematopoietic stem or early progenitor cells. Although uncommon in adults 
(STOCK et al. 1994; BOWER et al. 1994a; CIMINO et al. 1995a), leukemias bearing 
HRX rearrangements account for 60%-80% of all infant leukemias (CHEN et al. 
1993b; CIMINO et al. 1993, 1995b; RUBNITZ et al. 1994a; PUI et al. 1994; SORENSEN et 
al. 1994; Cimino et al 1995a; MARTINEZ-CLIMENT et aI. 1995). Studies of infant 
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twins with concordant leukemia have shown that translocations disrupting HRX 
can occur in utero (FORD et al. 1993; GILL SUPER et al. 1994). The short latency in 
such cases suggests a recessive mechanism, however, whether mutation of HRX 
alone is sufficient for the development of the leukemia or instead renders the cells 
highly susceptible to further leukemogenic events remains unknown. 

3.2 Partial Duplication of HRX Is Common in Leukemias 
Without Cytogenetic Abnormalities of Uq23 

Several adult AMLs without obvious karyotypic abnormalities or with trisomy 11 
as the sole cytogenetic abnormality have now been described with partial tandem 
internal duplications of HRX in which the duplicated NHrterminal portion of 
HRX is fused in frame with itself just upstream of exon 2 (SCHICHMAN et al. 1994a, 
b, 1995). Such cases may represent a special subgroup since many of these leuke
mias were of myeloblastic (FAB-Ml) or myelocytic (FAB-M2) subtype (SCHICH
MAN et al. 1995) and AMLs with trisomy 11 characteristically have a stem cell 
phenotype (SLOVAK et al. 1995). Self-fusion potentially represents a new mechanism 
of leukemogenesis and indicates that mutation of HRX may be leukemogenic 
without a contribution from a heterologous fusion partner (SCHICHMAN et al. 1995). 

3.3 HRX Involvement in Therapy-Related AML 

HRX rearrangements are present in approximately 80% of therapy-related AMLs 
(t-AMLs) that arise following chemotherapy with epipodophyllotoxin derivative 
drugs (e.g., etoposide, tenoposide) for a primary unrelated malignancy, but, no
tably, are not present in t-AMLs that arise in patients treated with other agents 
(HUNGER et al. 1993; GILL SUPER et al. 1993; FELIX et al. 1993, 1995; LEBLANC et al. 
1994; BOWER et al. 1994b; DOMER et al. 1995). Since the epipodophyllotoxins target 
DNA-topoisomerase II and the breakpoint cluster region of HRX contains several 
topo II consensus binding sites, there is the intriguing possibility that this region 
may be readily subjected to double stranded DNA breaks induced by aberrant 
topoisomerase II activity (PEDERSEN-BJERGAARD and ROWLEY 1994). An in
sufficient number of t-AML breakpoints, however, have been sequenced to draw 
any conclusions about such potential mechanisms at present. 

3.4 Proposed Mechanisms 
of lliegitimate Recombination Involving HRX 

On the basis that HRX breakpoints in some de novo leukemias have been found to 
lie within or near to putative topo II and V-D-J recombinase recognition sites or 
Alu repeats or between SARs (Gu et al. 1 992b, 1994; DOMER et al. 1993, 1995; 
NEGRINI et al. 1993; SCHICHMAN et al. 1994a,b; BROEKER et al. 1996), it has been 
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suggested that the HRX breakpoint region might be susceptible to illegitimate 
somatic recombination as a result of aberrant topoisomerase II or recombinase 
enzyme activity or because of some peculiarity of DNA structure in that region. It 
is noteworthy, however, that such recognition sites are absent in the majority of de 
novo HRX-associated leukemias and that such sequences have in general proved to 
be poor matches to the topo II consensus or imperfectly spaced for proper re
cognition by the recombinase enzyme. Likewise, Alu - mediated homologous re
combination is an unlikely cause of reciprocal translocations involving HRX 
because the disrupted Alu elements do not reconstruct chimeric full length Alu 
sequences (Gu et al. 1994), although such a mechanism may underlie partial du
plications of HRX (SCHICHMAN et al. 1994b). 

4 HRX Fusion Proteins 

4.1 HRX Fusion Proteins 

Several HRX translocation partners have been recently cloned as cDNAs and 
characterized (Gu et al. 1992b; TKACHUK et al. 1992; CORRAL et al. 1993; IIDA et al. 
1993b; MORRISEY et al. 1993; NAKAMURA et al. 1993; PRASAD et al. 1993, 1994; 
McCABE et al. 1994; PARRY et al. 1994; THIRMAN et al. 1994; CHAPLIN et al. 1995a; 
MITANI et al. 1995; TSE et al. 1995; MARSCHALEK et al. 1995). They comprise a 
diverse group that is summarized in Table l. Some are structurally related (e.g., 
ENL and AF-9, AF-IO and AF-17, and AF-6 and AF-lp) (Fig. 3), and all have in 
common the fact that they encode novel, probably nuclear, proteins that are nor
mally expressed in hematopoietic cells. Furthermore in all cases the HRX fusion 
transcripts are predicted to form in-frame chimeric proteins. 

ENL and AF-9 are 82% identical at their NH2- and COOH-terminals (NA
KAMURA et al. 1993; hDA et al. 1993b; RUBNITZ et al. 1994b) and share this same 
structural homology with a yeast protein, Ancl, a nuclear protein with diverse roles 
(see below) (WELCH and DRUBIN 1994; RUBNITZ et al. 1994b). ENL and FEL both 
possess potential nuclear targeting motifs, several potential tyrosine phosphoryla
tion sites and potential ATPjGTP or GTP-binding sites (TKACHUK et al. 1992; 
YAMAMOTO et al. 1993b; MORRISSEY et al. 1993; DOMER et al. 1993; NAKAMURA et 
al. 1993), and are capable of activating transcription in transient cellular assays 
(RUBNITZ et al. 1994b; MORRISSEY and CLEARY, unpublished). AF-I0 (CHAPLIN et 
al. 1995a) and AF-17 (PRASAD et al. 1994) both contain NHrterminal triplets of 
imperfect PHD fingers (93% identical), similar to those of HRX (AASLAND et al. 
1995), and COOH-terminalleucine zipper (ZIP) (77% identical) motifs that lack 
the sequence-specific DNA-binding basic region of bZIP proteins suggestive of a 
role in protein dimerization. Both motifs are conserved in sequence and position 
with those of a human bromodomain-containing protein, BR140, that is homo
logous to the TAF250 subunit of TFIID (THOMPSON et al. 1994). AF-Ip is closely 
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MTase PHD fingers 
HRX NH2 - • COOH Ilq23 

+ 
FEUAF-4 I 4q21 Pre-B ALL 

I NTS 

AF-9 -I~ 9p22 AMUALL 

ENL ~ 19p13.3 Pre-B ALL 

AF-6 I I ~ • 6q27 AML-M4 

I aHCC OWP 

AF-Ip m Ip32 AML-MO 

I- I 1811 AF-IO IOp12 AML-MS 
PHD LZ 

AF-17 I- 881 17q21 AML 
PHD LZ 

ELL ~ 19p13.1 AML 

AFlq P Iq21 AML-M4 

AF-Xl II Xq13 T-ALL 
FHD 

+ L...-..J 
S008a 

Fusion sites 

Fig. 3. The structure of the ten cloned unrearranged HRX-fusion partners, their chromosomal location 
and disease association. The leukemogenic chimeric proteins are thought to be encoded on the derivative 
(II) chromosome in llq23 reciprocal translocations and comprise the NHrterminal portion of HRX 
fused to the COOH-terminal portions of the various translocation partners. The arrows and vertical 
dashed line represent the fusion point which uncouples the methyltransferase (MTase) and PHD finger 
domains of HRX. NTS nuclear targeting sequence; rxHCC, rx-helical coiled-coil; GLGF, OLOF repeat; 
LZ, lucine zipper; basic, basic amino acid region; FHD, forkhead domain. Note: AF-Xl has only been 
partially sequenced and is represented by horizontal dashed lines 

related to poly(A) nuclease (PAN) (47% identity) (BERNARD et al. 1994), which is 
involved in posttranscriptional modification of mRNA by shortening poly(A) tails 
(SACHS and DEARDORFF 1992), and murine epsJ5 (epidermal growth factor receptor 
pathway substrate 15) (88% similarity) (BERNARD et al. 1994), which is a cyto
plasmic phosphoprotein that is a target for the tyrosine kinase activity of the EGF 
receptor and, notably, has known transforming ability (FAZIOLI et al. 1993). AF-6 
and AF-Ip both contain heptad repeats (PRASAD et al. 1993; BERNARD et al. 1994) 
typical of the a-helical coiled-coil structure of various cytoskeletal (e.g., myosin 
heavy chains) and nuclear transcription factors (e.g., PML). ELL contains a highly 
basic, lysine-rich, domain that is homologous to similar regions of other DNA
binding proteins (THIRMAN et al. 1994; MITANI et al. 1995). AFXI shows strong 
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homology within its forkhead box to members of the forkhead transcription factor 
family, particularly ALV (FKHR) (CORRAL et al. 1993; PARRY et al. 1994). Cu
riously, AFXI is bisected at a comparable site as is FKHR in the t(2;13)(q35;qI4) 
translocation in alveolar rhabdomyosarcoma that forms a PAX3-FKHR chimera 
(GAUU et al. 1993). 

4.2 Pathogenic Role of HRX Fusion Proteins in Acute Leukemia 

Several lines of evidence indicate that it is the NHz-HRX-partner-COOH product 
encoded by the derivative (II) chromosome that is etiologically important in leu
kemias. First, the der (II) product is conserved in all complex II q23 translocations 
(ROWLEY 1992); second, the der (11) product is always expressed even when the 
reciprocal product is not (MORRISSEY et al. 1993; CHEN et al. 1993a; BORKHARDT et 
al. 1994; JANSSEN et al. 1994; DOWNING et al. 1994); and third, 3', but not 5', HRX 
sequences are frequently deleted from the breakpoint region in HRX trans locations 
(THIRMAN et al. 1993a,b). Given these observations, Ilq23-induced chimeras are 
predicted to retain the NHz-terminal portion of HRX containing the minor groove 
DNA-binding motifs, transcriptional repression domain, and the snRNP, MTase 
and histone HI homology regions. Leukemogenic HRX chimeric proteins would 
not retain the more highly conserved PHD and SET domains, present in Droso
phila trithorax and Polycomb-group proteins, and would lose the transcriptional 
activation domain. Furthermore, der(ll) chimeric HRX fusion proteins would be 
expressed under control of the, as yet, undefined regulatory regions that govern 
expression of the unrearranged HRX gene, which is active in hematopoietic cells. 

A major unresolved issue concerns whether the various HRX-chimeric proteins 
act through a gain-of-function or loss-of-function mechanism, and there are 
compelling arguments for both alternatives. The case for gain-of-function arises 
from observations that all known HRX chimeric proteins display in-frame fusions, 
despite the occurrence of deletions (THIRMAN et al. 1993a,b), inverted repeats 
(DOMER et al. 1993), and addition ofN- region nucleotides (NEGRINJ et al. 1993) at 
breakpoints. Furthermore, although quite heterogeneous, most of the presently 
characterized partner proteins possess features suggestive of a transcriptional role 
and some are closely related or share common structural features. Thus, there 
appear to be strong selective pressures for specific functional contributions by the 
various partner proteins with some contributing their potential trans-activation 
domains (e.g., FEL, ENL, AF-9, and AF-Xl), while others donate their dimer
ization motifs (e.g. AF-I 0, and AF -17), or protein-protein interaction domains (e.g. 
AF-Ip and AF-6). However, given the consistent inclusion of the NHz-terminal 
portion of HRX in Ilq23 chimeras, its functional contributions appear to be 
identical in all forms of leukemia and most likely relates to its nonclassical DNA 
recognition motifs. These may serve to inappropriately localize the various fusion 
partners to genomic sites normally occupied by wild-type HRX. Opponents of this 
model argue, convincingly, that given the variability of the multiple HRX fusion 
partners that do not appear to contribute any consistent structural features, it is 
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difficult to imagine how so many unrelated partners could contribute a common 
transforming function to the chimera. 

The loss-of-function hypothesis contends that the sole consistent event in all 
HRX translocations is disruption of HRX which alone may be a sufficient onco
genic mutation. Support for this view comes from the leukemias that possess partial 
tandem internal duplications of HRX in which a contribution is clearly not re
quired from a heterologous fusion partner. Additional support for the loss-of
function hypothesis comes from the observation that HRX + j- mice display he
matologic abnormalities indicating that expression of both HRX alleles are es
sential for normal hematopoiesis and that dosage is important. Thus, a 
contributing event in HRX-associated leukemogenesis may be functional loss of at 
least one allele. However, a simple loss-of-function mechanism does not adequately 
account for the consistent in-frame fusions invariably produced by l1q23 trans
locations. An intriguing possibility is that HRX trans locations produce a "double 
hit," by simultaneously inducing haplo-insufficiency for wild-type HRX and a gain
of-function mutation for the translocated HRX protein, but how this may con
tribute to leukemogenesis is unknown. 

5 Clues to the Function of Wild-Type HRX 

A growing body of structural and genetic evidence supports an association between 
trx family proteins and chromatin structure that may shed some light on the normal 
function of HRX and give some insight into the leukemogenic consequences of its 
disruption. Firstly, the PHD fingers and SET domains of HRX and trx are also 
present in other proteins implicated in the maintenance of home otic gene expres
sion patterns, e.g., Pcl (LONIE et al. 1994; AASLAND et al. 1995), and the regulation 
of chromatin structure, e.g., Su(var)3-9 and E(z) (TSCHIERSCH et al. 1994; RASTELLI 
et al. 1993). Notably, mutations of the E(z) gene resulted in disruption of the Pc-G 
complex and cause decondensation of chromatin (RASTELLI et al. 1993), and Su(
var)3-9 is a suppressor of PEV in Drosophila (TSCHIERSCH et al. 1994). 

Secondly, the NHz-terminal of HRX displays similarity to functional domains 
of some chromatin-associated proteins such as histones and HMG-I(Y) proteins. 
The AT hook domains of HMG proteins are required to establish an open chro
matin structure by competing with histone HI and/or nucleosomes for binding to 
AT -rich regulatory sequences (REEVES 1992), raising the possibility of a similar 
function for HRX. This may also apply to the SPKK motifs and the lysine-rich 
regions that are similar to those present in the minor groove-binding tails of some 
histones. IfHRX does indeed compete for such sites, then a likely competitor would 
be histone HI that has a general repressive effect on transcription (WOLFE 1991, 
1994; CROSTON et al. 1991). The AT hook region ofHRX may also act at a higher 
order of chromatin structure since this region also binds to SARs that organize 
interphase and mitotic chromatin into a series ofloop domains (GASSER et al. 1989). 
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Thirdly, the snRNP and MTase-like regions of HRX, which are similar to that 
part of mammalian DNA MTase that is able to distinguish hemimethylated from 
methylated CpG sites, might be able to read the methylation status of the promoter 
sequences within the target genes of HRX. Methylation patterns, established during 
early embryogenesis and gametogenesis, undergo characteristic changes during 
differentiation presumably in association with activation of many tissue-specific 
genes (CEDAR 1988). Such patterns govern gene activity and are determined by 
epigenetic factors (CEDAR 1988; LI et al. 1992). HRX may, therefore, provide a link 
between methylation patterns and chromatin structure (BESTOR and VERDINE 
1994), both of which are maintained in a clonally inherited, tissue-specific fashion 
throughout development (Ll et al. 1992; PARO et al. 1993). 

Genetic studies of other Trx-G genes in Drosophila and their homologues in 
yeast have provided some functional evidence of how HRX might work. A member 
of the Trx-G, trithorax-like (Trl), encodes the Drosophila GAGA factor which is 
required for the maintenance of homeotic gene expression and is an enhancer of 
PEV (FARKAS et al. 1994). GAGA binding sites are found in the promoter regions 
of several Drosophila genes and GAGA factor has been shown to bind in a site
specific manner to the promoter of Ubx and stimulates its transcription in vitro 
(BIGGIN and TUAN 1988). GAGA factor acts as an anti-repressor by counteracting 
the inhibitory activity of histone HI by preventing its nonspecific binding in critical 
regions of target promoters (CROSTON et al. 1991) and by generating, and pre
sumably maintaining, nucIeosome-free regions of DNA at promoters (TSUKIYAMA 
et al. 1994). Another Trx-G protein, brahma (brm), is homologous to the yeast 
protein, SW12 (T AMKUN et al. 1992; KENNISON 1993), and its human counterpart, 
BRGI (KHAVARI et al. 1993). These proteins are part of highly conserved, multi
component complexes (called SWI/SNF) that may enhance transcription by di
rectly modifying chromatin structure (CAIRNS et al. 1994; CcnE et al. 1994; K WON et 
al. 1994; IMBALZANO et al. 1994). Complexes composed of members of the SWI/ 
SNF family facilitate transcription by antagonizing the repressive effect of chro
matin by interacting with histones and HMG-like proteins (WINSTON and CARLSON 
1992) and by directly inducing alterations in nucIeosomal structure (COTE et al. 
1994; KWON et al. 1994; IMBALZANO et al. 1994). Genetic experiments in Drosophila 
suggest that brahma assists homeotic activators such as trx in relieving the re
pressive effect of chromatin, perhaps through a Drosophila counterpart of the SWI/ 
SNF complex (TAMKUN et al. 1992). Like HMG proteins and GAGA factor, HRX 
may act by preventing histone H I and other chromatin-associated proteins from 
incorporating into and condensing nucIeosomes of the regulatory regions of 
otherwise repressed genes, perhaps, in part, by interacting with a human SWI/SNF 
complex. 
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6 Clues to the Leukemogenic Action of HRX Chimeras 

Somewhat unexpectedly, some of the HRX fusion partners may also be compo
nents of, or interact with, chromatin-modifying protein complexes. The yeast 
protein Anc1, which is homologous to ENL and AF-9, has been shown to be 
present in the yeast SWI/SNF complex (Cairns B, personal communication) and is 
a component of two basal transcription complexes, TFIID (T AF30) and TFIIF 
(Tfg3) (HENRY et al. 1994). It is not yet known whether ENL and AF-9 are present 
in, or interact with, the basal transcriptional complexes or the human SWI/SNF 
complex that contains BRG-I. In addition, BR140, a relative of AF-lO and AF-17, 
is homologous to the TAF250 subunit ofTFIID and belongs to the bromodomain
containing family that also includes SWI2, brm, and BRG-l (THOMPSON et al. 
1994). These observations suggest that ENL, AF-9, AF-lO, AF-17 and potentially 
other proteins fused to HRX in leukemias may be members of, or interact with, the 
human SWI/SNF multimeric complex and/or the basal transcriptional apparatus. 
If this is the case, a gain-of-function could result from replacement of the COOH
terminal portion of HRX with those regions of the partner proteins that are es
sential for interaction with the SWI/SNF complex and/or basal transcriptional 
apparatus. Consequently, the normal regulated interactions of HRX with the SWI/ 
SNF or basal transcriptional complexes would be short-circuited allowing their 
constitutive localization to genomic sites by the NHrterminal portion of HRX. 
This may contribute to inappropriate expression or suppression of target genes, 
depending upon which factors were recruited into the chimeric HRX complexes. 
Alternatively, the partner proteins may, as a result of their fusion to HRX, be 
sequestered from the SWI/SNF and/or basal transcription complexes, leading to 
their functional compromise in support of a loss-of-function model. 

In either model, HRX dosage is reduced (which is sufficient to induce home otic 
mutations) but not completely abolished. However, HRX chimeras could theore
tically have dominant-negative properties and heterodimerize with wild-type HRX 
(or wild-type fusion partners) resulting in additional functional impairment. 
Whatever the mechanism, early hematopoietic cells bearing HRX mutations would 
fail to maintain, or appropriately alter, the correct chromatin pattern of Hox gene 
(or other) promoter regions during subsequent differentiation, with consequent 
altered Hox gene expression and disordered cell fate. Alterations to the fate of 
primitive hematopoietic cells are presumably coupled to continued proliferation, 
which likely renders them susceptible to further leukemogenic events. Additional 
events may include mutations in p53 or ras, or dysregulated bcl-2 function, which 
have been documented to accompany HRX rearrangements in some cases (LANZA 
et al. 1995; Pocock et al. 1995; Naoe et al. 1993). 
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7 Conclusion 

Recent work on transcriptional regulatory pathways in yeast, the genetic basis for 
the maintenance of the active or repressed state of Box gene expression in Dro
sophila, and the biochemical basis underlying the structure of chromatin have all 
been converging to provide new insights into the complex world of higher order 
gene regulation. Many of the structural features of HRX and its relationship to 
trithorax seem to touch upon aspects of this still incomplete picture. The unifying 
theme that emerges from considering these, as yet unproved, associations is that 
HRX may be a new type of target-specific epigenetic regulatory factor that is 
important in the recognition and maintenance of higher order chromatin structure. 
By studying the effects of disruption of HRX in leukemias, we predict that an 
entirely new mechanism of tumorigenesis will be revealed. 
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1 Perspective 

Arrested differentiation is a hallmark of progenitor cell leukemias as well as many 
other types of human cancer. It is hypothesized that such progenitor cell cancers 
express oncoproteins that block differentiation. The E2A-Pbxl oncoprotein that 
results from the t(1; 19) chromosomal translocation of childhood pre-B cell acute 
lymphoblastic leukemia (pre-B ALL) is a fascinating oncoprotein because it blocks 
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differentiation and physically interacts with homeodomain proteins, which are ef
fectors of normal differentiation. These properties suggest the attractive hypothesis 
that E2A-Pbxl blocks pre-B cell differentiation by interfering with the ability of 
other homeodomain proteins to orchestrate terminal B cell differentiation. 

2 Discovery of the pre-B ALL Phenotype 
and the (1;19) (q23;pI3.3) Chromosomal Translocation 

The pre-B cell phenotype of childhood ALL was first described in 1978 by VOGLER 
et al. This phenotype was distinctive from others in that the majority of leukemic 
progenitor cells expressed cytosolic immunoglobulin (cIg) J.l heavy chains but 
lacked expression of cell surface Ig (VOGLER et al. 1978). This same phenotype also 
typifies normal pre-B cells. Approximately 24% of newly diagnosed pediatric ALL 
(89 of 369 cases) exhibit the pre-B cell immunophenotype (CARROLL et al. 1984). In 
1984, the (1;19)(q23;pI3.3) chromosomal translocation was first described in pe
diatric pre-B cell ALL (WILLIAMS et al. 1984; CRIST et al. 1990). Since then, it has 
become apparent that 23% of pediatric pre-B ALL (5% of pediatric ALS) contain 
this translocation (CARROLL et al. 1984), making the t(1;19) the most common 
translocation in childhood ALL (CRIST et al. 1990), and one of the more common 
translocations in human leukemia. The t(1;19) is not observed in other leukemias, 
and children with pre-B ALL containing the t(I;19) have a poorer prognosis for 
responding to conventional therapy than do children whose pre-B ALL cells lack 
detectable chromosomal translocations (CRIST et al. 1990). Thus, it has been the
orized that an oncogene created by the t(1;19) induces a cellular phenotype that 
responds poorly to therapy. A more aggressive therapy has now proven more 
effective on these t( 1; 19) cases, offsetting the negative prognostic impact of this 
translocation (RAIMONDI et al. 1990). While some t(I;19) cells contain a balanced 
translocation, and therefore contain both the derivative 1(1-) and 19(19 + ) chro
mosomes, many times the der 1 chromosome is lost, suggesting that the der 19 
chromosome contains an oncogene at or near the translocation breakpoint. 

3 E2A, Pbxl, and the E2A-Pbxl Fusion Protein 

The (1;19)(q23;pI3.3) chromosomal translocation fuses the coding regions of the 
E2A transcription factor gene on chromosome 19 with the novel PBX] homeobox 
gene on chromosome 1, producing the chimeric gene E2A-PBX] and the chimeric 
protein E2A-Pbxl (Fig. IA). E2A was first identified as a transcriptional activator 
that bound to the immunoglobulin K light chain enhancer. It belongs to the family 
of transcription factors containing helix-loop-helix DNA-binding domains (MURRE 
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Fig. IA,B. A Structures of Pbxi and E2A-Pbxi. Stippled regions represent E2A sequences and open 
regions represent Pbxi sequences. The Pbxi homeodomain. indicated by "Pbx] HD", is blackened. and 
the unique COOH-terminal sequence of Pbx ib is designated by a cross-hatched region. B Comparison of 
the homebox genes contained in the Drosophila HOM-C complex with homologues contained in the four 
murine Hox gene clusters. The boxes representing Hox genes proven to exhibit cooperative binding with 
Pbxi are stippled 

et al. 1989), and it is strongly expressed in the B cell lineage. E2A was mapped to 
19p13.3, the precise location of the chromosome 19 breakpoint of the t(I;19) 
translocation, and an altered form of the E2A transcript was discovered in these 
t(1; 19) cells (MELLENTIN et al. 1989). This novel transcript encoded a fusion be
tween the upstream trans-activation domains of E2A and the majority of PBX] , 
including its homeodomain (KAMPS et al. 1990; NOURSE et al. 1990). Because PBX] 
is not expressed in the B cell lineage, translocation with E2A induces both ex
pression and mutation of Pbx 1. With few exceptions (PRIVITERA et al. 1994; N u
MATA et al. 1993) the same fusion point arises in chimeric E2A-Pbx1 mRNAs, 
resulting from breakpoints that lie within the same introns of E2A and Pbx1 
(HUNGER et al. 1991 ; PRIVITERA et al. 1992). Eliminated from the fusion protein are 
E2A sequences containing the helix-loop-helix, DNA-binding domain (MURRE et 
al. 1989), and the first 89 amino acids of Pbxl. Thus, the structure of E2A-Pbxl 
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suggests that it may be oncogenic because it activates transcription of Pbx1 target 
genes. Differential mRNA splicing produces two forms of Pbx1 in normal cells 
(Pbx1a and Pbx1b) and two forms of E2A-Pbx1 in pre-B ALL cells (E2A-Pbxla 
and E2A-Pbxlb; KAMPS et al. 1991; NOURSE et al. 1990). 

4 The PBX Gene Family and Interspecies Homologues 

PBXI is one member of a family of vertebrate homeobox genes that include PBX2 
and PBX3 (MONICA et al. 1991). Pbx1 exhibits 94% sequence identity with Pbx2 
and Pbx3 between residues 40 and 315, but diverges substantially from Pbx2 and 
Pbx3 at its NH2-terminal and COOH-terminal ends. While PBXI is expressed in all 
tissues except the Band T cell lineages, PBX2 and PBX3 are expressed ubiquitously 
(MONICA et al. 1991). The Drosophila gene extradentical (EXD) is a clear PBX 
homologue, exhibiting over 71 % sequence identity to PBXI (RAUSKOLB et al. 
1993). Likewise, the ceh-20 gene of C. elegans encodes a protein whose home
odomain is 90% identical to that of Pbx1 and in which 63 of 94 residues upstream 
of the homeodomain are identical to that of Pbx1 (BURGLIN and RUVKUN 1992). 
Recently, the copper homeostasis gene CUP9 of yeast was found to encode a 
homeodomain 47% identical to Pbx1 (KNIGHT et al. 1994). Thus, PBX genes have 
been conserved throughout eukaryotic evolution. 

5 Transcriptional Properties of Pbxl vs E2A-Pbxl 

Using recombinant proteins, the homeodomains of Pbx1, Pbx2, and Pbx3 were 
found to bind the DNA motif A TCAATCAA, which we designated the PRS, for 
Pbx1-responsive sequence (LEBRUN and CLEARY 1994; Lu et al. 1994; VAN DUK et 
al. 1993). E2A-Pbx1 strongly activates transcription through the PRS, while Pbx1 
does not (Lu et al. 1994), suggesting that E2A-Pbx1 causes transformation by 
activating expression of genes containing a sequence similar to the PRS, which may 
normally be regulated by Pbxl, Pbx2, or Pbx3. 

6 Transforming Abilities of E2A-Pbxl 

In animal models, expression of E2A-Pbxla induces both myeloid and T lymphoid 
leukemia (KAMPS and BALTIMORE 1993; DEDERA et al. 1993), and expression of 
either E2A-Pbxla or E2A-Pbx1b in mouse marrow cultured in the presence of 
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granulocyte-macrophage colony stimulating factor (GM-CSF) results in the rapid 
outgrowth of immortalized, GM-CSF-dependent, myeloblast cell lines (KAMPS and 
WRIGHT 1994). This suggests that E2A-Pbxl can block growth-factor induced 
differentiation in hematopoietic progenitor cells, therein maintaining the cell in an 
immature state in which it continues to proliferate in response to lymphokines in its 
environment. Both E2A-Pbxla and E2A-Pbxlb also induce tumorigenic conver
sion ofNIH3T3 fibroblasts, as assayed by tumor formation in nude mice (KAMPS et 
al. 1991). Thus, once a pre-B cell acquires the t(I;19) translocation, E2A-Pbxl may 
exert two transforming effects- blocking differentiation and inducing growth. 
Overexpression of Pbxl does not induce transformation in any of these models. 

Analysis of the importance of the trans-activation and DNA-binding functions 
of E2A-Pbxl has yielded an unexpected result. Although the presence of sequences 
possessing trans-activation function is essential, the DNA-binding activity of the 
Pbxl homeodomain is dispensable for both fibroblast transformation and for 
generation of T cell leukemia in transgenic mice (MONICA et al. 1994; KAMPS et al. 
1995). DNA-binding-independent transformation of fibroblasts has been observed 
both for mutants ofE2A-Pbx! in which the homeodomain is deleted (MONICA et al. 
1994), as well as in point mutants that disrupt hom eo domain-dependent DNA
binding (KAMPS et al. 1995). This suggests that E2A-Pbxl can exhibit a mitogenic 
function by activating transcription of certain target genes strictly through protein
protein interactions. DNA-binding mutants of E2A-Pbxl are, however, severely 
compromised in their ability to block myeloid differentiation in our cultured 
marrow assay (KAMPS et al. 1995), suggesting that blocking differentiation requires 
alteration of a different subset of target genes. This observation raises the issue that 
the T cell leukemias induced by expression of the DNA-binding mutant of E2A
Pbxl may contain a second oncogene that blocks T cell differentiation. Because the 
ability of E2A-Pbxl to block myeloid differentiation requires its DNA-binding 
function, we would suggest that DNA-binding will also be an essential feature for 
the full oncogenic role of E2A-Pbx! in human pre-B ALL. 

7 Does Pbxl Regulate Development? 

A variety of evidence suggests that Pbxl regulates transcription through its inter
actions with other transcription factors. Distinct but limited sequence homology 
between the Pbxl homeodomain and the primitive homeodomain of the yeast 
repressor protein al suggests that Pbxl may share biochemical features with aI, 
such as cooperative binding to DNA with other transcription factors (LEVINE and 
HOEY 1988; SCOTT et al. 1989; WRIGHT et al. 1989). The first indication that Pbxl 
was important for the appropriate regulation of normal development arose from 
identification of the extradentical gene (EXD) in Drosophila, whose mutation causes 
homeotic transformations by altering the morphological consequences of homeotic 
selector gene expression. When sequenced EXD exhibited 71 % identity with PBX] 
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(RAUSKOLB et al. 1993). In Drosophila, expression of homeobox genes of the an
tennapedia and bithorax complexes (ANT-C and BX-C, respectively, Fig. I B), 
which together are designated the homeotic complex (HOM-C), establishes ante
rior-posterior identity of larval structures (MCGINNIS and KRUMLAUF 1992). Ge
netic evidence suggests that Exd regulates normal differentiation, in part, by 
functioning in concert with the products of certain HOM-C homeobox genes to 
activate or repress target gene expression. For instance, both Exd and Ultra
bithorax (Ubx) are required to activate expression of the decapentaplegic (DPP) 
gene in parasegments posterior to number 7 (RAusKoLB and WIESCHAUS 1994). 
When Exd was found to bind DNA cooperatively with the Abdominal A (Abd-A) 
or Ubx homeodomain proteins, but not with Antennapedia or Abdominal B (Abd
B, V AN DUK and MURRE 1994; CHAN et al. 1994), it suggested that Pbx proteins 
may likewise contribute to differentiation in vertebrates through their cooperative 
interactions with Hox proteins on target genes. 

8 Cooperative Binding to ATCAATCAA 
by Vertebrate Hox Proteins and Pbxl or E2A-Pbxl 

In mice and humans, four loci (HOX-A, HOX-B, HOX-C, and HOX-D; Fig. 1B) 
contain linear arrays of homeobox genes that are similar to Drosophila HOM-C 
genes in their embryonic expression patterns and in the amino acid sequence of 
their DNA-binding homeodomains, but not in sequences outside the homeodomain 
(MCGINNIS and KRUMLAUF 1992). In mice, aberrant expression of these Hox genes 
produces homeotic transformations of structures along the anterior-posterior axis, 
indicating that Hox genes, like their Drosophila cognates, playa role in establishing 
differentiation of anterior-posterior structures (CHARITE et al. 1994; CHISAKA and 
CAPECCHI 1991; CHISAKA et al. 1992; CONDIE and CAPECCHI 1993; DOLLE et al. 
1993; JEANNOTIE et al. 1993; JEGALIAN and DEROBERTIS 1992; LEMoUELLIC et al. 
1992; LUFKIN et al. 1991, 1992; MORGAN et al. 1992; POLLOCK et al. 1992; RAMIREZ
SOLIS et al. 1993). Based on the physical interaction ofExd with Abd-A and Ubx in 
Drosophila and the similar functions of HOM-C genes and HOX genes, we in
vestigated whether Pbx1 and E2A-Pbx1 exhibit cooperative DNA-binding with 
specific homeodomain proteins encoded by genes of the four HOX loci. Thus far, 
we have examined three HOX genes that are positional homologues of Abd-A and 
Ubx (Hox-B7, Hox-B8, Hox-C8), two that are more closely related to the Droso
phila homeobox genes Sexcombs reduced (Scr) and Deformed (Dfd) (Hox-A5 and 
Hox-D4, respectively), and one homebox gene (Engrailed-2) that is not located in 
the Hox A, B, C, or D loci in humans and is unrelated to any of the homeobox 
genes of the ANt-C or BX-C in Drosophila. Hox-B7, Hox-B8, Hox-C8, and Hox-A5 
are also dominant oncoproteins in fibroblasts (MAULBECKER and GRUSS 1993), and 
Hox-B8, like E2A-Pbx1, arrests myeloid differentiation in murine marrow cultures 
(PERKINS and CORY 1993; PERKINS et al. 1990). Both Pbx1a and Pbx1b, as well as 
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E2A-Pbxla and E2A-Pbxlb, cooperated with Hox-A5, Hox-B7, Hox-B8, Hox-C8, 
and Hox-D4 to form a tight complex on DNA probes containing the PRS itself 
(Fig. 2). Only the ATCAATCAA sequence is required for these Hox proteins to 
bind cooperatively with Pbx I, and both factors must retain their ability to bind 
DNA to form the cooperative-binding complex (Lu et al. 1995). Thus, Pbx I binds 
cooperatively to A TCAA TCAA with many Hox proteins, suggesting that genetic 
targets for Pbxl and E2A-Pbxl include Hox target genes. 

Hox proteins that cooperate with Pbx I in binding A TCAA TCAA, however, 
fail to cooperate with Pbxl in binding other optimal Hox-binding sites. For ex
ample, mutation of the second C in the ATCAATCAA sequence to T (AT
CAATT AA) creates a sequence that binds Hox proteins five times more tightly; 
however, no Hox protein binds this variant cooperatively with either Pbx I or E2A
Pbxl. Methylation interference and DNase-protection assays have revealed that 
Pbx I is positioned 3' to the Hox protein in the cooperative-binding complex. Thus, 
this C residue is likely to be critical for Pbx I-binding. Together, these data suggest 
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Fig. 2A-B. Hox-B7. Hox-B8, Hox-C8, Hox-A5, and Hox-D4 cooperate with Phxl and E2A-Pbxl to form 
a tight complex on the Pbx I-responsive sequence (PRS) A Combinations of in vitro translated Pbxla or 
Pbx I band Hox proteins (as designated above each lane) were incubated with a probe containing the PRS, 
and protein: DNA complexes were analyzed by native gel electrophoresis. A total of 3 ~I of rabbit 
reticulocyte translation mix was added in all cases. A plus symbol represents addition of 1.5 ml of 
translation mix. The small plus sign in the Pbx 1 b row represents addition of 0.5 ml of translation mix. The 
amounts of Hox-B7, Hox-B8, Hox-C8, and Hox-A5 added to parallel reactions were equivalent; however, 
one tenth the amount of Hox-D4 was added due to inefficient expression of Hox-D4 from the vector. B 
Comparison of cooperative binding to the PRS by Hox proteins and E2A-Pbx1. The homeodomain 
proteins added to each of the binding reactions is indicated above each lane 
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that Hox proteins can mediate their effects by binding to cellular promoters in the 
presence or absence of Pbx proteins. 

9 Cooperative Binding Requires Specific Interaction Surfaces 
on Pbxl and Hox Proteins 

Cooperative binding of Pbxl and Hox proteins to the PRS suggests that each 
protein interacts with the other and binds a specific DNA sequence within the PRS. 
Pbxl sequences involved in such interactions map to the homeodomain and 20 
amino acids on the COOH-terminal side of the homeodomain; however, it is not 
yet clear which residues within this region are involved in protein-protein interac
tions (Lu, unpublished observations). By contrast, a highly localized interaction 
motif is found in Hox proteins. The sequences ofHox genes AI-A8, BI-B8, CI-C8, 
and DI-D8, when known, contain a ubiquitous pentapeptide sequence, YjF-PWM
RjK, located 5-56 amino acids to the NHz-terminal side of the homeodomain 
(Fig. 3A). Past studies have found no importance of this motif for the ability of 
Hox proteins to activate transcription from artificial promoters. By introducing 
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deletions and point mutations into the Hox-B8 and Hox-A5 proteins, we have 
found that this sequence is essential for cooperative interactions with Pbxl, even 
though it is absolutely dispensable for monomeric DNA-binding of Hox proteins 
(KNOEPFLER and KAMPS 1995). An example of such an analysis for Hox-A5, which 
contains the pentapeptide at residues 177-181, is illustrated in Fig. 3B. NHT 
terminal deletions to residue 147 do not alter the ability of Hox-A5 alone to bind 
DNA (lanes 4-S) or its ability to bind the PRS cooperatively with Pbxl (lanes 11-
12). While deletion to residue 172 substantially reduces monomeric DNA-binding 
(lane 6), the protein still exhibits a substantial ability to cooperate with Pbxl (lane 
13). However, while deletion to residue 184 produced a protein that actively bound 
DNA (lane 7), it was incapable of exhibiting cooperative binding with Pbxl (lane 
14). This deletion encompassed an additional 12 amino acids that also contained 
the pentapeptide motif. As with Hox-B8, elimination of the COOH terminus of 
Hox-A5 also reduces DNA-binding affinity (lane 3), but does not alter co
operativity with Pbx I substantially (lane 10). DNA-binding by the Hox-AS 
homeodomain is essential for cooperative binding with Pbx I, because a mutation 
that converts the invariant asparagine residue at position SI of the homeodomain 
to serine (N24SS mutant of Hox-A5) abrogates both DNA-binding (lane 8) and 
cooperativity with Pbxl (lane IS). Thus, the minimal sequence of Hox-AS required 
for cooperative binding with Pbx I is encompassed by residues I 72-2S6, which 
contain the homeodomain and pentapeptide motif. Introduction of point muta
tions within the pentapeptide motif of full-length Hox-AS reveal that tryptophan-
179 of the pentapeptide was essential for cooperative binding with Pbxl (Fig. 3B, 
mutant W179A, lane 23) but not for DNA-binding (lane 20). A larger series of 
point mutations, when introduced within the pentapeptide motif of Hox-B8, re
vealed that mutation of the tryptophan to either phenylalanine or alanine or mu
tation of the methionine to either isoleucine or alanine destroyed cooperative 
binding with Pbxl, while mutation of the proline to alanine had little effect. Such 
mutational analysis has confirmed the hypothesis that the pentapeptide is dis
pensable for DNA-binding but essential for cooperative binding with Pbx!. Like 
Pbxl, E2A-Pbxl also fails to exhibit cooperative DNA-binding with Hox proteins 
containing penta peptide mutations. 

Experiments with synthetic peptides containing the pentapeptide motif suggest 
that the pentapeptide physically binds to Pbx!. The synthetic peptide 
QPQIYPWMRKLH (PEP_ASWT), which is derived from Hox-AS and which 
contains this pentapeptide sequence (underlined), blocks formation of both Hox
Pbxl and Hox-E2A-Pbxl complexes on the PRS, while a point mutant version, 
QPQIYP!::MRKLH (PEP_A5MUT), does not (Fig. 3C). This was observed for 
complexes containing Hox-B7, Hox-B8, and Hox-AS. Mutations at this tryptophan 
residue also prevent the ability of Hox-AS to bind to the PRS cooperatively with 
Pbx! (Fig. 3B). This observation suggests that a portion of the pentapeptide in the 
Hox protein binds Pbxl and that this interaction is competed by addition of the 
penta peptide itself, resulting in complex dissociation. Another striking function of 
peptides containing the pentapeptide sequence is their ability to stimulate Pbx 1-
mediated DNA-binding. PEP_ASWT increases the ability of Pbxl to bind DNA at 
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Hox-A5 required for DNA-binding in the absence of Pbx1 (lanes 2-8, 18-20) and cooperative DNA
binding in the presence of Pbx 1 (lanes 9-15, 21-23). All proteins were produced by coupled transcription/ 
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is 270 amino acids long, its pentapeptide motif is contained between residues 177 and 181. A picture 
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least ten fold while PEP_A5MUT does not, indicating that the tryptophan residue is 
essential for protein-protein interaction and for increasing the affinity of Pbxl for 
DNA KNOEPFLER and KAMPS 1995. The binding of the pentapeptide sequence to 
Pbxl could enhance Pbx! DNA-binding through several mechanisms. First, it 
could directly contact the Pbx! homeodomain and stabilize the homeodomain
DNA interaction. Second, it could lead to the formation of a new DNA-binding 
surface in Pbx!. Third, it could relieve repression of DNA-binding by a negative 
regulatory structure within Pbxl and therein unmask an inherently stronger DNA
binding activity. 

Based on these data, we envision the pentapeptide sequence as a short protein 
loop that projects from the Hox protein and binds a surface of the adjacent Pbx! 
molecule, enhancing its ability to bind DNA and thus contributing to the overall 
stability of the trimeric complex. In fact, the penta peptide sequence was included in 
the analysis of the Ant homeodomain by NMR, and the authors concluded that it 
represented a disordered structure and proposed that it probably interacts with 
another transcription factor (QIAN et al. !992). In different Hox proteins, the 
penta peptide sequence is located at various distances from the homeodomain, and 
it is tempting to speculate that different Hox proteins will complex with Pbx! on 
different DNA targets based, in part, on the distance between this penta peptide and 
the homeodomain. In addition to the genes of the Hox loci, four other home
odomain transcription factors contain the pentapeptide core sequence upstream of 
their homeodomain: STF-l, which regulates insulin and somatostatin gene ex
pression in the endocrine pancreas; Hox-ll, which is transcriptionally activated as 
a consequence of chromosomal translocation in human T cell ALL; and Msx-l and 
Msx-2, which are implicated in developmental regulation of multiple structures. 
Indeed, we find that STF-l does bind the PRS cooperatively with Pbx! and E2A
Pbx!, and the complex containing STF-l and Pbx! or E2A-Pbx! can be dissociated 
by inclusion of PEP_A5wT. We have not yet tested these other proteins for their 
ability to bind the PRS cooperatively with Pbx!. Thus, homeodomain proteins 
containing this core sequence are likely to regulate transcription with Pbx in vivo. 
Hox proteins whose designation is numerically greater than 9 in Fig. I B have 
homeodomains that are more homologous to that of Abd-B of Drosophila, and 
they do not contain the penta peptide motif. 

10 Generating Diversity Through Cooperative Binding 
of Hox Proteins and Pbxl 

One explanation to account for how individual Hox proteins have specific devel
opmental functions yet contain homeodomains that bind very similar DNA se
quences is to suggest that association with other transcription factors provides 
target gene specificity. The model that Hox proteins bind Pbxl through their 
pentapeptide sequences and therein enhance DNA-binding by Pbx! suggests four 
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mechanisms that could generate selectivity in DNA-binding among a group of 
possible Pbxl-Hox heterodimers. First, the specificity of amino acids surrounding 
the pentapeptide of each Hox protein might provide a mechanism to alter both the 
affinity of the sequence for Pbxl as well as its ability to increase DNA-binding by 
Pbx!. This could provide a selective mechanism whereby different Pbxl-Hox het
erodimers could be targeted to different subsets of DNA-recognition motifs. Het
erodimers providing the strongest overall affinity could be targeted not only to 
high-affinity sites, but also to lower-affinity sites, while heterodimers providing a 
weak affinity could bind only high-affinity sites. Second, the interaction of the 
pentapeptide with Pbx] could induce amino acids located between the home
odomain and the pentapeptide to interact with DNA, therein extending the zone of 
DNA contact with the Hox protein. An analysis of optimal DNA-binding sites for 
different Pbxl-Hox heterodimers should reveal whether cooperation with Pbxl 
alters target specificity. If it does, it will be possible to identify Hox sequences that 
are responsible for generating such specificity. Third, differential spacing between 
the pentapeptide and the homeodomain could result in changing the optimal 
spacing between the homeodomains of Pbx 1 and Hox protein heterodimers on 
DNA, and thus varying the sequence of optimal DNA recognition targets. In 
addition to the large degree of variability in the distance between the pentapeptide 
and the homeodomain among different Hox proteins (Fig. 3A), individual home
odomain proteins, such as Drosophila Ubx, exhibit alternative mRNA splicing that 
results in the production of four different proteins that position the pentapeptide 
motif at different distances from the homeodomain. The result of such differential 
spacing is currently unknown, but will now be able to be addressed in terms of its 
effect on cooperative DNA-binding with Pbx I and alteration of target site speci
ficity. Finally, it is possible that, upon association with Pbxl, DNA-binding of a 
subset of Hox proteins is also elevated, resulting in preferential DNA-binding of 
this subset of Hox-Pbx 1 heterodimers. 

11 The Geometric Problem 

It is not clear how two different homeodomain proteins geometrically fit on a DNA 
element as short as the PRS. In the crystal structure of yeast (X2, bound to its DNA 
motif, the third rx helix of the homeodomain, which is termed the "recognition 
helix," contacts nucleotides 1-3 in the major groove and extends contacts to nu
cleotides 4-7 on the minor grove (WOLBERGER et al. 1991). Thus, one possibility is 
that each recognition helix of the two homeodomains are bound in the same or
ientation adjacent to each other. In this configuration, the upstream homeodomain 
would contact the minor grove just opposite the recognition helix of the down
stream homeodomain. This overlapping configuration could be constrained within 
II nucleotides. Alternatively, the homeodomains could be positioned in opposite 
orientations, occupying both faces of the DNA. In this case, only nine nucleotides 



38 M.P. Kamps 

would be required to form a binding site. Determination of the specific sequences 
contacted by both Pbxl and Hox proteins may become more evident upon identi
fication of an optimum site for cooperative binding. Distinguishing the exact geo
metry of Pbx and Hox proteins bound to the PRS will certainly yield new insights 
into the mechanisms of interaction between DNA and homeodomain proteins. 

12 Transcriptional Effects of Coexpression 
of Pbx1 and Hox Proteins 

Cooperative DNA binding between Pbxl and Hox proteins in vitro suggests that 
Pbxl may also cooperate with Hox proteins in vivo to regulate target gene ex
pression and therein contribute to normal differentiation in vertebrates. To in
vestigate whether Pbxl and Hox proteins can cooperate in vivo to influence 
transcription, we have performed cotransfection assays using expression constructs 
encoding Pbxl proteins and Hox-A5, Hox-B8, or Hox-C8. Hox-B8, Hox-C8 and 
Hox-D8 can suppress transcription activated by other Hox proteins (JONES et al. 
1992; ZAPPAVIGNA et al. 1994). The ability of Hox-D8 to repress transcription 
activated by Hox-D9 is DNA-binding independent, requiring only an NHz-term
inal effector domain and helix I of the Hox-D8 homeodomain (ZAPPAVIGNA et al. 
1994). Because helix I of the Hox-D8 homeodomain is also required for tight 
binding to Hox-D9 in vitro, it was suggested that repression by Hox-D8 is mediated 
by direct interaction with Hox-D9. In our assays, trans-activation of a PRS-CAT 
construct by E2A-Pbxl was repressed by Hox-A5 in a pentapeptide-dependent 
manner, suggesting that E2A-Pbxl can interact with Hox proteins in vivo and thus 
may alter transcriptional function of Hox proteins on target genes. 

13 Implications of Pbx1-Hox Cooperativity 
for Transformation by E2A-Pbx1 

When marrow-derived myeloblasts are cultured in GM-CSF, they exhibit con
current growth and differentiation and ultimately differentiate into nonmitotic 
macrophages and neutrophils within 4 weeks (KAMPS and WRIGHT 1994). However, 
when these cultures are infected with E2A-Pbxl virus, their terminal differentiation 
is blocked, and they proliferate continuously as GM-CSF-dependent progenitors 
(KAMPS and WRIGHT 1994). Because E2A-Pbxl exhibits cooperative binding with 
Hox proteins, E2A-Pbxl could abrogate normal differentiation by replacing Pbxl 
or other Pbx proteins in Pbx-Hox regulatory complexes, thus inducing constitutive 
transcription of specific Hox target genes. This model would be consistent with the 
facts that pre-B ALL cells express members of the Hox B locus, including Hox-B7 
(MATHEWS et al. 1991; PETRINI et al. 1992), and that transcriptional activation by 
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E2A correlates with the ability of E2A-Pbx I to block myeloid differentiation 
(Kamps et al. 1995). 

14 Implication of Hox-Pbxl Cooperativity 
for the Mechanism of Transformation by Hox Proteins 

Since Hox-AI, Hox-A5, Hox-A7, Hox-B7, and Hox-C8 induce malignant con
version of NIH3T3 cells (MAULBECKER and GRUSS 1993), the association between 
Pbxl and these Hox proteins is an association between protooncoproteins. This 
observation may lead to the elucidation of a common mechanism through which 
both E2A-Pbxl and Hox proteins induce transformation. Similar to E2A-Pbx, 
expression of Hox-B8 in marrow cultures produces factor-dependent outgrowths of 
myeloid progenitors (PERKINS and CORY 1993) and contributes to myeloid leuke
mia in mouse bone marrow reconstitution experiments (PERKINS et al. 1990). While 
E2A-Pbxl might physically replace a normal Pbx protein in a Hox complex, 
leading to transcriptional activation of a target gene, sufficient overexpression of a 
transforming Hox protein could substitute for multiple Hox proteins that regulate 
gene transcription in conjunction with Pbx!. In this manner, both E2A-Pbxl and 
oncogenic Hox proteins could alter transcription of the same or overlapping sub
sets of target genes and produce transformation by a similar mechanism. Ex
amination of this model must await identification of the target genes of E2A-Pbxl 
and oncogenic Hox proteins. 

15 Implications of Cooperativity with Hox Proteins 
for the Normal Developmental Role of Pbxl 

In addition to suggesting an attractive mechanism for transformation by E2A
Pbx1, cooperative DNA-binding with Hox proteins also suggests a profoundly 
important role for Pbx1 in the regulation of normal differentiation. Because axial 
differentiation in Drosophila requires the combined functions of Exd and certain 
homeobox genes of the HOM-C, Pbxl may likewise be essential for regulating 
normal vertebrate development through its cooperative binding with other home
odomain proteins. Mutations of Hox genes in mice that generate either gain of 
function (BALLING et al. 1989; J EGALIAN and DEROBERTIS 1992; LUFKIN et al. 1992; 
MORGAN et al. 1992; POLLOCK et al. 1992) or loss of function (CHISAKA and CA
PECCHI 1991; CHISAKA et al. 1992, CONDIE and CAPECCHI 1993; DOLLE et al. 1993; 
JEANNOTTE et al. 1993; LEMoUELLIC et al. 1992; LUFKIN et al. 1991; RAMIREZ-SOLIS 
et al. 1993) reveal that Hox genes, like their Drosophila counterparts, direct regional 
embryonic development and are involved in anterior-posterior axial pattern for
mation. For instance, the ectopic expression of Hox-A 7 induces conversion from 
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the normal seven cervical vertebrae to eight cervical vertebrae and is accompanied 
by variations in the most anterior vertebrae that suggest a posterior to anterior 
transformation (KESSEL et al. 1990). In addition, ectopic expression of Hox-B8 
causes duplication of forelimb structures and homeotic transformation of axial 
structures (CHARITE et al. 1994), and Hox-A5 is also essential for appropriate axial 
differentiation (JEANNOTTE et al. 1993). Although a direct mouse target gene for 
co regulation by both Pbxl plus a Hox protein has not yet been identified, the 
ability of Pbxl to associate with Hox proteins, including both Hox-B8 and Hox
A5, suggests that Pbxl and Hox proteins will likely cooperate to regulate normal 
transcription of certain Hox target genes. It is not likely that all Hox target genes 
will be coregulated by Pbx proteins because optimal Hox sites, such as TCAAT
TAATT, bind Hox proteins strongly, but fail to exhibit cooperative binding with 
Pbxl (Lv et al. 1995). Thus far, the bovine CYP17 gene is the only known gene to 
be transcriptionally regulated through a site that binds Pbxl (KAGAWA et al. 1994; 
LUND et al. 1990). 

Cooperative interactions between Pbxl and Hox proteins represent a form of 
interaction that was first predicted by sequence analysis of the Pbx1 homeodomain. 
When initially cloned, Pbxl was found to contain a divergent homeodomain that 
was most homologous to that of the distantly related homeodomain yeast al 
(KAMPS et al. 1990). Approximatley one third of residues are identical between the 
homeodomains of Pbx 1 and this yeast protein, including a stretch of 10 of 11 amino 
acids in the second helix of the homeodomain. al binds promoter elements co
operatively with !X2 in diploid cells, therein repressing haploid-specific genes 
(JOHNSON 1992). In haploid cells, !X2 binds DNA cooperatively with MCM1, re
pressing transcription of a-specific genes (JOHNSON 1992). Pbx and Hox proteins of 
vertebrates exhibit some functional homologies to the yeast al and !X2 home
odomain proteins. Interestingly, the core of the DNA sequence recognised by al is 
CATCA, and a similar sequence, ATCA, is contained within the PRS recognition 
motif of Pbx!. In addition, similar to the pentapeptide sequence of many Hox 
proteins, yeast !X2 contains a flexible NH2-terminal extension of its homeodomain 
that mediates cooperative binding with MCMl (VERSHON and JOHNSON 1993). An 
amino acid sequence on the COOH-terminal side of the !X2 homeodomain is in
volved in contacting al (MAK and JOHNSON 1993). Thus al and !X2 may represent 
early progenitors of a class of homeodomain proteins whose interactions with both 
DNA and other transcription factors control simple switches in differentiation 
programs. Pbx and Hox proteins may function in an analogous manner in verte
brates, maintaining both DNA-binding and protein-protein interactions with other 
transcription factors as key elements that target their transcriptional activities to 
specific genes. 
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Somatically acquired chromosomal translocations result in the abnormal expres
sion of proteins that may contribute to neoplasia by interfering with or mimicking 
the action of growth factors and their receptors, signal transducers, or nuclear 
regulatory proteins and transcription factors, which affect gene expression directly. 
Oncogenesis mediated by transcription factors is particularly important in the acute 
leukemias and sarcomas, malignancies in which chromosomal translocations and 
inversions commonly activate genes encoding transcriptional regulatory proteins 
(ROWLEY et al. 1993; RABBITTS 1994). The modular organization of transcription 
factors provides an ideal mechanism for mediating their multiple effects on cell 
lineage-specific gene expression: binding to DNA, trans-activation or trans-re
pression of target genes and protein-protein interactions within complex regulatory 
networks. 

The modular structure of these factors also permits recombination of func
tional regions between two such genes by chromosomal rearrangement, forming in 
the process hybrid transcription factors unique in nature to the tumorigenic clones 
harboring these chromosomal abnormalities. Two such chimeric oncoproteins are 
formed with the E2A protein in leukemias arising in early B lineage progenitors. 
The E2A-PBXI chimera, resulting from a t(1;19)(q23;p13) chromosomal translo-
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cation is perhaps the best known, affecting about one fourth ofleukemic blasts that 
are arrested at the pre-B cell stage of development, indicated by the fact that they 
express cytoplasmic but not surface immunoglobulin heavy chains. In this re
arrangement, the E2A gene on chromosome 19, which encodes a basic-helix-loop
helix (bHLH) transcription factor, is fused to a homeobox gene (PBXl) on chro
mosome 1, leading to the production of several different forms of hybrid E2A
PBXl, oncoproteins (KAMPS et al. 1990; NOURSE et al. 1990; IZRAELI et al. 1992; 
NUMATA et al. 1993). These hybrid proteins retain only the NHrterminal trans
activation domain of E2A; its bHLH domain is absent, replaced by the homeobox 
DNA-binding and protein interaction domain ofPBX1. This suggests that the gene 
targets of the chimeric E2A-PBX1 protein are recognized by the homeodomain of 
PBXl, whose normal tissue distribution does not include lymphoid or other he
matopoietic cells. In agreement with this interpretation, recent studies have de
monstrated that PBXl is a sequence-specific DNA-binding protein which is 
converted into a positive transcriptional regulator upon acquisition of the trans
activation domain of E2A (VAN DIJK et al. 1993; Lu et al. 1994; LEBRUN and 
CLEARY 1994). The transforming potential and biochemistry of E2A-PBX1 pro
teins are the subject of another chapter in this volume. 

This review will focus on a second fusion gene in ALL produced by a 
t(l7;19)(q22;p13) chromosomal translocation that incorporates the same NHr 
terminal sequences of E2A (including the trans-activation domain) as E2A-PBXl, 
in this case joined to the DNA-binding and protein dimerization regions of a 
previously unidentified member of the bZIP superfamily of transcription factors, 
which has been named hepatic leukemia factor (HLF) (INABA et al. 1992; HUNGER 
et al. 1992). Emerging insight into the actions of oncogenic transcription factors has 
led to a developmental model of hematopoietic progenitor cell transformation 
based on the disruption of transcriptional control (LOOK 1995) - an hypothesis that 
will be illustrated in this chapter by exploring the contributions of hybrid E2A
HLF proteins to acute pro-B cell leukemia in humans. 

2 Formation of E2A-HLF Chimeric Transcripts and Proteins 

The E2A-HLFfusion gene in pro-B cell acute lymphoblastic leukemia (ALL) arises 
from the translocation t(17;19)(q22;p13) (INABA et al. 1992; HUNGER et al. 1992) 
and affects approximately 0.5%-1.0% of childhood ALLs with this immuno
phenotype (RAIMONDI 1991). Rearrangements of these two genes affect approxi
mately half of the cases with the t(17; 19) translocation, suggesting that it, like the 
t(1;19) translocation (PRIVITERA 1992), is heterogenous at the molecular level 
(INABA et al. 1992; HUNGER et al. 1992; HUNGER et al. 1994a; DEVARAJ et al. 1994). 
Consistent features of E2A-HLF-associated leukemias include a pro-B cell im
munophenotype lacking cytoplasmic or surface immunoglobulin heavy chain ex
pression, onset of leukemia in early adolescence, hypercalcemia and disseminated 
intravascular coagulation at diagnosis, and a poor prognosis even with intensive 
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multiagent ALL chemotherapy (I NABA et al. 1992; HUNGER et al. 1992; 1994a; 
OHYASHIKI et al. 1991). Although cases with E2A-HLF chimeric genes are quite 
rare, additional examples were recently identified, including two in which alter
native E2A-HLF fusion proteins were detected (HUNGER et al. 1994a). 

Two types of genomic rearrangements leading to E2A-HLF fusion genes have 
been reported (INABA et al. 1995; HUNGER et al. 1992, 1994a). In the most common 
type, the breakpoints occur between E2A intron 13 and HLF intron 3. Because 
exon 13 of E2A and exon 4 of HLF would be joined in different translational 
reading frames by simple fusions of these two exons, a special joining region 
comprised of genomic sequences from intron 13 of E2A and N-region sequences, 
presumably added by terminal deoxynucleotidyl transferase, is included in the fu
sion mRNA between the coding sequences of these two genes. In the second type of 
E2A-HLFgene fusion, the breakpoints occur within E2A intron 12 and HLFintron 
3, which are in the same reading frame, so that direct splicing yields an in-frame 
fusion transcript (HUNGER et al. I 994a). The latter type of E2A-HLF fusion in
cludes the same sequences of HLF, but not E2A exon 13 or the cryptic exon formed 
at the breakpoint of the most common type of translocations affecting these two 
genes. In both versions, E2A sequences are joined with those of the HLF gene, 
which belongs to the basic region/leucine zipper (bZIP) superfamily of transcription 
factors (VINSON et al. 1989) (Fig. I). 

E2A 
[Chromosome 19] 

HLF 
[Chromosome 17] 

E2A·HLF 
[1(17;19)] 

Extenllon 

E2A Actlva110n ~I Zip 

DNA-Binding and 
Dimerization 

Pattern of Expression Domain 

Early B-Iymphold 
and many other 
cell types 

Liver, kidney, lung, 
but not normal lymphoid 
or myeloid cells 

Early B-lymphOid 
leukemia cells 

bHLH 

bZlp 

bZip 

E.2A Br •• kPOln:I~LF Breakpoint 

Joining Region 

Fig. 1. The recently discovered E2A-HLF hybrid transcription factor. This protein, a result of the t( 17; 19) 
translocation in pro-B Iymphoblasts, combines the Irans-activation domain of the E2A protein with the 
basic-region/leucine-zipper (bZIP) DNA-hinding and dimerization domain of HLF. a member of the 
bZIP family that normally regulates gene expression in hepatocytes, brain and renal cells. The chimera 
may bind to DNA sequences normally recognized by the HLF protein in the liver, brain and kidney, or 
perhaps competes with a close homologue for a vital developmental gene in pro-B lymphoid cells. The 
effector (or trans-activator) region appears to function in the same manner as it does in its normal context 
as part of the E2A protein. Thus, downstream responder genes may be dysregulated, leading to the 
development of ALL. (From INABA ct al. 1994) 
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3 E2A - A Master Regulator of B Cell Development 

The E2A gene was first identified by MURRE et al. (1989a), who cloned one of the 
cDNAs it encodes by virtue of the fact that it encodes a protein (E12) that binds to 
the K E2 regulatory site of the immunoglobulin K light chain gene promoter. E2A 
was subsequently shown to encode three differentially spliced products, E12, E47 
and E2-5, each of which belongs to the bHLH family of transcriptional regulatory 
proteins (MURRE et al. 1989a,b; SUN and BALTIMORE 1991; HENTHORN et al. 
1990a,b). The bHLH domain is encoded by ca. 60 amino acids that form a 
structural domain consisting of two amphipathic helices separated by a loop region 
of variable length (thus, helix-loop-helix), responsible for homo- and heterodi
merization, which is preceded by a basic region responsible for sequence-specific 
DNA binding (MURRE et al. 1989a,b). E2A proteins are members of a family of 
bHLH proteins, including those encoded by the daughterless Drosophila gene 
(CRONMILLER et al. 1988; CAUDY et al. 1988) and members of the MyoD family of 
myogenic proteins (WEINTRAUB 1993; BUCKINGHAM 1994). DNA-binding by E2A is 
mediated by either homodimers or heterodimers with other bHLH proteins, with 
the precise binding specificity to variations of the so-called E-box sequence motif 
determined by the dimerization partners of each complex (BLACKWELL and WEIN
TRAUB 1990). Recent structural analysis has supported the experimental observa
tions regarding the favoured conformations of homo- and heterodimers formed by 
the E2A bHLH domains (ELLENBERGER et al. 1994). In addition, the NHz-terminal 
sequences of E2A that are included in E2A-HLF fusion proteins (Fig. 1) have been 
shown to contain two discrete transcriptional activation domains (HENTHORN et al. 
1990a; ARONHEIM et al. 1993; QUONG et al. 1993), called ADI and ADII, the latter 
of which is also referred to as a loop-helix or LH activation domain. 

In most tissues, E2A heterodimerizes with tissue-specific types of bHLH pro
teins to regulate developmentally coordinated gene expression (MURRE et al. 1989b; 
LASSAR et al. 1991). The tissue-specific bHLH proteins include TAL/SCL family 
members, which heterodimerize with E2A (Hsu et al. 1994; XIA et al. 1994) and have 
been shown to be essential for normal erythropoiesis during development (SHIV
DASANI et al. 1995). Interestingly, the TAL/SCL proteins are capable of contributing 
to T cell acute leukemia when they are aberrantly expressed as a result of translo
cations involving the T cell receptor gene loci (BEGLEY et al. 1989; CHEN et al. 1990; 
XIA et al. 1991). In B cells, however, E2A is uniquely able to bind E-box sequences 
as a homodimeric complex (LASSAR et al. 1991; BAIN et al. 1993), apparently due to 
stabilization of the complex through an intermolecular disulfide bond, which is 
disrupted in non-B cells (BENEZRA 1994). The importance of E2A proteins in B cell 
development is indicated by the fact that homozygous mutant mice lacking func
tional E2A proteins have arrested B cell development at an early stage, but are 
otherwise developmentally normal (BAIN et al. 1994; ZHUANG et al. 1994). 

An important contribution of the E2A gene to E2A-HLF fusion proteins 
centers around the fact that it is expressed early in B cell development, because the 
E2A promoter drives expression of the chimera in leukemic cells harboring the 
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t(17;19) translocation. In addition, the inclusion of both E2A transcriptional ac
tivator regions within NH2-terminal sequences of the fusion protein (Fig. I) ap
pears to be critical for its ability to transform cells. By contrast, the bHLH domain 
of E2A does not appear to influence leukemogenesis by the E2A-HLF oncoprotein, 
because this region is not included in the chimera, as it has been replaced by the 
bZIP DNA binding and dimerization domain of HLF. 

4 HLF and Members of the PAR Family of bZIP Proteins 

The HLF gene encodes a member of the basic region/leucine zipper (bZIP) su
perfamily of transcription factors (VINSON et al. 1989), which bind DNA as 
homodimers and heterodimers held together by their leucine zipper domains. HLF 
belongs to the proline- and acidic amino acid-rich (PAR) bZIP subfamily (DROLET 
et al. 1991; KHATIB et al. 1994), which also includes DBP (MUELLER et al. 1990), an 
albumin gene promoter D-box binding protein, and TEF (thyrotroph embryonic 
factor), a protein expressed concurrently with the thyroid-stimulating hormone f3 
gene during anterior pituitary development (DROLET et al. 1991). HLF has recently 
been shown to encode two proteins from alternatively spliced transcripts that are 
regulated by different promoters (FALVEY et al. 1995). One isoform is abundant in 
brain, liver and kidney, while the other is restricted to hepatocytes; these proteins 
accumulate with different circadian patterns in the liver and have distinct promoter 
preferences in trans-activation experiments. The other known mammalian PAR 
bZIP proteins (TEF and DB F) have been shown to trans-activate reporter gene 
expression in each cell type tested, while HLF appears more restricted, in that it 
trans-activates gene expression in CVl and 293 cells, but not in mouse NIH-3T3 
fibroblasts, human HepG2 hepatic carcinoma or Nalm-6 early B lineage leukemia 
cells (INABA et al. 1994; HUNGER et al. 1994b). 

HLF and E2A-HLF recombinant proteins produced in vitro bind to the 
consensus sequence 5'-GTTACGTAAT-3', as do E2A-HLF proteins in nuclear 
extracts of a leukemic cell line harboring the t(17; 19) (INABA et al. 1994; HUNGER et al. 
1994b). E2A-HLF functions through this sequence motif as a potent trans-activator 
of reporter gene expression in pro-B cells. Although the UOC-Bl cell line that 
expresses E2A-HLF also expresses mRNA for TEF and DBP, both of the latter 
genes have been reported to be extensively posttranscriptionally regulated (DROLET 
et al. 1991; MUELLER et al. 1990), and neither TEF nor DBP, nor HLF, was 
detectable in leukemic cells in studies employing sensitive immunoprecipitation 
techniques (lNABA et al. 1994). Furthermore, because the E2A-HLF chimeric pro
teins lacks the NHrterminal extension of the HLF basic region that characterizes 
members of the PAR bZIP subfamily, E2A-HLF homodimers are even more 
restricted than HLF in their binding to the primary HLF consensus recognition 
sequence (GTT ACGTAAT) (HAAS et al. 1995). Research to identify the targets of 



50 A.T. Look 

E2A-HLF binding has yielded provocative clues. In the Baf-3 line of interleukin-3 
(lL3)-dependent murine pro-B cells, overexpression of the fusion protein prolonged 
cell survival after withdrawal of IL3, suggesting a primary effect on genes re
sponsible for the prevention of lineage-specific apoptosis (INABA et al. 1995). 

5 Transformation Mediated by E2A-HLF 

The oncogenic potential of E2A-HLF was recently established in murine NIH-3T3 
cells, in which the fusion protein induced anchorage-independent growth and 
rendered the cells tumorigenic in nude mice (YOSHIHARA et al. 1995). Proteins 
lacking the trans-activation domain of E2A or the leucine zipper dimerization 
domain of HLF were inactive, demonstrating a requirement for both elements in 
cell transformation. What is the role of E2A-HLF fusion proteins in pro-B cells? 
Do they function primarily as DNA-binding transcription factors or in protein
protein interactions? The chimeric protein appears to bind preferentially as a 
homodimer in leukemic cells, suggesting that its transcriptional regulatory effects 
may not require cross-dimerization with other bZIP or more divergent proteins 
(lNABA et al. 1994). Taken together, these findings suggest a model in which 
homodimeric E2A-HLF DNA-binding complexes positively subvert transcriptional 
programs that normally are quiescent or actively repressed during lymphoid cell 
development. Whether the gene targets of E2A-HLF-mediated transformation 
contain binding sites recognized by HLF in liver and kidney or similar sites ordi
narily bound by related transcription factors in developing B lineage cells remains a 
subject of future research. 

6 E2A-HLF in Development 

Although, for the most part, the mechanisms underlying the roles of chimeric genes 
in tumorigenesis remain unknown and are the focus of current research, intriguing 
similarities have emerged between conserved regions of mammalian transcription 
factors and those of "master" developmental proteins regulating the earliest stages 
of Drosophila embryogenesis (LOOK 1995; NUSSLEIN-VOLLHARD 1980,1987). These 
findings suggest a developmental model of progenitor cell oncogenesis based on the 
disruption of transcriptional control - an hypothesis that underlies our research 
into the contribution of hybrid E2A-HLF proteins to acute pro-B cell leukemia in 
humans. 
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Patients with T cell acute lymphoblastic leukemia (T-ALL) often harbor tumor
specific chromosome translocations in their malignant cells (reviewed by RAIMONDI 

1993). In an effort to understand the etiology of T-ALL, many investigators have 
sought to identify the genes that are altered as a consequence of these chromosomal 
defects (RABBITTS 1994). To date these studies have uncovered nine presumptive 
proto-oncogenes, each of which can be activated in T-ALL cells by aberrant jux
taposition with the T cell receptor sequences on chromosomes 7 or 14 (HWANG and 
BAER 1995). For instance, the (8; 14) (q24;q 11) translocation serves to deregulate the 
MYC gene on chromosome 8 by recombining it with the T cell receptor CI./(j chain 
locus on chromosome 14. The various proto-oncogenes implicated in T-ALL are 
listed in Table 1, along with the major chromosome translocations that are re
sponsible for their activation. 
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Table 1. The proto-oncogenes activated by chromosomal rearrangement in T cell acute lymphoblastic 
leukemia 

Chromosome Frequency in Gene Amino Acid Motif Probable function 
Translocation T-ALL(%) 

t(8;14)(q24;qll) 2 MYC bHLH-ZIP Transcription factor 
t(1O;14)(q24;qll) 4 HOXll Homeodomain Transcription factor 
t(lI; 14)(pI5;q 11) I LMOI LIM Transcription factor 
t(II;14)(P13;qll) 7 LM02 LIM Transcription factor 
t(1;14)(p34;q 11) 3 TALl bHLH Transcription factor 
t(7;9)(q34;q32) 2 TAL2 bHLH Transcription factor 
t(7;19) (q34;p13) <I LYLl bHLH Transcription factor 
t(7;9) (q34;q34) 2 TANI notch Signal transduction 
t(l ;7)(P32;q34) I LCK PTK Signal transduction 

The major chromosome translocation responsible for the activation of each proto-oncogene is listed, 
along with an estimate of its frequency among T-ALL patients. The proto-oncogenes are described 
according to gene symbols accepted by the HUGO Nomenclature Committee; alternative designations 
have been used for HOXll (TCL3) , LMOI (RBTNI/TTGI) , LM02 (RBTN2/TTG2) , and TALI 
(TCL5, tal, SCL). With the exception of TANI and LCK, the protein products of these genes possess 
amino acid motifs characteristic of known transcription factors (see text). TANI encodes a homolog of 
the Drosophila notch protein, and LCK encodes a protein tyrosine kinase (PTK). 
T-ALL, T cell acute lymphoblastic leukemia 

Some hematopoietic malignancies are characterized by common chromosomal 
defects that serve to activate a particular proto-oncogene in a vast majority 
(> 95%) of the affected patients; prominent examples include the translocations 
that deregulate MYC in Burkitt's lymphoma or BCL2 in follicular B cell lymphoma 
(GAIDANO and DALLA-FAVERA 1993; GAUWERKY and CROCE 1993). In contrast, 
each of the chromosome translocations listed in Table 1 is found in a small minority 
( < 10%) of T -ALL patients. The absence of a more common genetic lesion seems at 
odds with the homogeneity of presentation features and clinical outcomes shared 
by most T-ALL patients (PUI 1995). Nevertheless, recent studies imply the existence 
of a major pathway of T -ALL development which involves the ectopic activation of 
certain lineage-specific transcription factors. 

As indicated in the table, most of the genes implicated in T-ALL encode proteins 
with amino acid motifs characteristic of known transcription factors. These include 
the combined basic helix-loop-helix leucine zipper (bHLH-Zip) motif of MYC, the 
homeodomain (found in HOXll), the LIM domain (in LMOI and LM02), and the 
basic helix-loop-helix (bHLH) domain (in TALl, TAL2, and L YLl) (Table 1). This 
review will focus on the LIM and bHLH proteins; recent work suggests that these 
transcription factors play complementary roles in normal development and promote 
a common pathway ofleukemogenesis in patients with T-ALL. 

2 The LIM Proteins Implicated 
in T Cell Acute Lymphoblastic Leukemia 

The LIM motif is a cysteine-rich sequence of approximately 60 amino acids that 
was originally found in a subset of homeodomain transcription factors (WAY and 
CHALFIE 1988; FREYD et al. 1990; KARLSSON et al. 1990). More than a dozen "LIM-



Transcription Factors of the bHLH and LIM Families 57 

homeodomain" (LIM-HD) proteins have already been described, many of which 
control different aspects of cell-type determination during early embryogenesis 
(reviewed by SANCHEZ-GARCIA and RABBITTS 1994). The DNA-binding activity of 
LIM-HD proteins is mediated by the homeodomain, and their trans-activation 
potential generally resides in sequences outside the LIM moiety. Hence, the func
tional role of the LIM motif has been the subject of speculation. 

The LIM motif consists of two tandem metal-binding modules, each of which 
employs four conserved amino acid residues (primarily cysteines) to coordinate a 
single Zn(II) ion (SADLER et al. 1992; MICHELSEN et al. 1993; ARCHER et al. 1994; 
KOSA et al. 1994). The backbone conformation of the COOH-terminal module 
resembles the DNA-binding domains of the glucocorticoid receptor and GAT A-I 
transcription factors (PEREZ-ALVARADO et al. 1994). Despite this structural simi
larity, direct evidence of DNA recognition by LIM sequences has not been re
ported. Instead, LIM domains have been shown to mediate diverse types of 
protein-protein interaction, including both homotypic and heterotypic LIM/LIM 
assembly (FEUERSTEIN et al. 1994; SCHMEICHEL and BECKERLE 1994), as well as 
specific association with distinct amino acid motifs (see below). 

The RBTNl/TTGl and RBTN2/TTG2 genes were identified by analysis of 
chromosome translocations associated with T -ALL (Table I). These genes encode 
small polypeptides (156 and 158 amino acids, respectively) that are comprised 
almost entirely of two tandem LIM motifs (BOEHM et al. 1988; McGUIRE et al. 
1989; BOEHM et al. 1991; ROYER-POKORA et al. 1991). As such, they represent 
founding members of a distinct class of LIM proteins (the "LIM-only" proteins) 
that lack an associated homeodomain or, indeed, any other recognizable amino 
acid motif (SANCHEZ-GARCIA and RABBITTS 1993). RBTNl/TTGI and RBTN2/ 
TTG2 were recently assigned new gene symbols, LMOI and LM02 (for LIM-only 
proteins I and 2), by the HUGO Nomenclature Committee (P. McAlpine, personal 
communication). The proteins encoded by LMOI and LM02 localize to the nu
cleus (MCGUIRE et al. 1991; WARREN et al. 1994), a property consistent with their 
proposed function as regulators of RNA transcription (BOEHM et al. 1990). Al
though they display distinct expression patterns during normal development, both 
LMOI and LM02 are either poorly transcribed or entirely quiescent in normal T 
lymphocytes. Hence, the chromosome translocations involving these genes (Table I) 
are likely to promote leukemogenesis by inducing ectopic expression of LMOI or 
LM02 polypeptides in T lineage cells. The leukemic potential of these proteins has 
been fully established in transgenic models of T-ALL; hence, thymic malignancies 
are induced in mice by targeted T cell expression of either an LMOI or LM02 
trans gene (FISCH et al. 1992; MCGUIRE et al. 1992). 

3 The Basic Helix-Loop-Helix Proteins 

The bHLH motif is a conserved domain (55-60 amino acids in length) that me
diates sequence-specific DNA recognition for a large family of transcription factors 
(MURRE et al. 1989; KADESCH 1993). Individual bHLH polypeptides do not bind 



58 R. Baer et al. 

DNA by themselves; instead, they associate with other bHLH polypeptides to form 
homodimers or heterodimers with DNA-binding activity. The bHLH domain has 
the potential to form two amphipathic rx helices separated by an intervening loop 
(MURRE et al. 1989). Upon protein dimerization the associated bHLH domains fold 
into a parallel four-helix bundle that is stabilized by a hydrophobic core of con
served amino acid sidechains (FERRE-D' AMARE et al. 1993). 

The various bHLH transcription factors can be classified into different groups 
on the basis of their functional properties, expression patterns, and degrees of 
amino acid sequence homology. The earliest classification scheme described three 
groups of bHLH proteins (MURRE et al. 1989). Class A proteins, which are ex
pressed in a broad spectrum of tissues and cell types, have the ability to self
associate into homodimers with DNA-binding and trans-activation potential. Four 
distinct class A bHLH proteins are found in mammals: E47, E12, E2-2, and HEB. 
In contrast, class B proteins, which exhibit tissue-specific patterns of expression, do 
not homodimerize effectively. Hence, the functional properties of class B poly
peptides are dependent on class A proteins, with which they readily form bHLH 
heterodimers. Class B proteins include muscle-specific transcription factors that 
drive mammalian myogenesis (e.g., MyoDl), the proneural proteins encoded by the 
Drosophila achaete-scute locus, and the TALl-related proteins implicated in T -ALL 
(see below). Class C proteins (such as MYC) are distinct in that they possess 
tandem bHLH and leucine zipper motifs. In general, the bHLH-Zip proteins do not 
interact with class A or class B polypeptides, but instead form homo- or hetero
dimeric complexes with other class C proteins. Additional groups of bHLH pro
teins are now recognized, and these have been reviewed comprehensively by MURRE 
et al. (1994). 

4 TALI, TAL2, and LYLI: 
The Basic-Helix-Loop-Helix Proteins Implicated 
in T Cell Acute Lymphoblastic Leukemia 

Three genes encoding class B bHLH proteins were identified by analysis of the 
chromosome translocations associated with T-ALL (Table 1) (HWANG and BAER 
1995). During normal development, these genes (TALl, TAL2, and LYLl) display 
different patterns of tissue-specific expression; each, however, appears to be tran
scriptionally inactive within the major populations of thymocytes and peripheral T 
cells (Kuo et al. 1991; XIA et al. 1991; MOUTHON et al. 1993; KALLIANPUR et al. 
1994; PULFORD et al. 1995). Thus, in a manner reminiscent of the LMO genes, the 
chromosome abnormalities involving TALl, T AL2 and LYLl are likely to promote 
leukemogenesis by inducing ectopic expression of their gene products in T lineage 
cells. Moreover, the bHLH domains encoded by these genes exhibit a remarkable 
level of sequence homology (> 85% amino acid identity). Hence, activation of 
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either TALI, T AL2 or LYLI probably constitutes an equivalent step in the pa
thogenesis of T-ALL (BAER 1993). 

Chromosome translocations involving the TALI-related genes are found in 
fewer than 5% of T-ALL patients. Nevertheless, an additional 20%-25% of these 
patients carry tumor-specific alterations of TALI (termed talld rearrangements) 
that are not detected cytogenetically (BROWN et al. 1990; BERNARD et al. 1991; 
APLAN et al. 1992; BASH et al. 1993). The talld rearrangements arise from site
specific deletions that remove approximately 90 kilobasepairs of upstream sequence 
from the TALI gene, including transcriptional regulatory elements that are nor
mally repressed in T cells (BROWN et al. 1990; APLAN et al. 1990). As a result, the 
coding exons of TALI are juxtaposed with the 5'-untranslated exon of SIL, a 
neighboring gene which, unlike TALI, is transcriptionally active in T lymphocytes 
(APLAN et al. 1991). The talld allele encodes chimeric SILjTALl transcripts that 
initiate from the SIL promoter but direct the synthesis of TALI polypeptides. 
Hence, the talld rearrangement is functionally comparable to the chromosome 
translocations involving TALl in that it induces ectopic expression of TALI 
polypeptides in T lineage cells. 

Malignant expression of TALI is induced in approximately 25% of T -ALL 
patients by the aforementioned chromosome translocations and local DNA re
arrangements. In addition, we recently showed that TALI is ectopically expressed 
in the leukemic cells of most T-ALL patients (60%-65%), including many that do 
not display an obvious alteration of the TALI gene (BASH et al. 1995). Although we 
have not ascertained how ectopic TALI expression is induced in the absence of 
gross structural DNA alterations, this result suggests that TALI activation re
presents a major pathway in the development of T -ALL. In contrast, evidence 
supporting a broader role for the TALI-related genes (T AL2 and LYLl) has yet to 
emerge. Nevertheless, activation of either TALI, T AL2 or LYLI occurs in a ma
jority (at least 60%) ofT-ALL patients, and as such it represents the most common 
oncogenic lesion associated with this disease. 

5 The Properties of TALI Polypeptides 

At least two protein products of the TALl gene are detected in the leukemic cells of 
T-ALL patients: a full-length polypeptide (pp42TALI; amino acid residues 1-331) 
and a truncated species (pp22TAL; residues 176--331) (CHENG et al. 1993). Both 
polypeptides are phosphorylated in vivo, and both contain the bHLH motif. The 
dimerization and DNA-binding properties of the TALI polypeptides resemble 
those of other class B bHLH proteins. Thus, TALI polypeptides do not homo
dimerize effectively; instead, they preferentially associate with class A bHLH 
proteins to form heterodimers (e.g., TALljE47) that bind DNA in a sequence
specific manner and activate transcription of cognate reporter genes (Hsu et al. 
1991,1994a,c). These heterodimers are found in normal hematopoietic cells un-
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dergoing erythroid differentiation (CONDORELLI et al. 1995) as well as in the leu
kemic cells of T-ALL patients (Hsu et al. 1994b). Therefore, the normal and ma
lignant properties of TALl are both presumably mediated by its interaction with 
class A bHLH proteins such as E47. 

6 Collaboration Between TALI and LM02: Genetic Evidence 

At the cellular level, tumor development usually involves the accumulation of 
multiple genetic lesions which, together, elicit the full malignant phenotype 
(HUNTER 1991). In this regard, it is noteworthy that a subset of T-ALL patients 
harbor tumor-specific alterations of both the TALI and LM02 genes (WADMAN et 
al. 1994). Typically, the malignant cells of these patients carry an (11;14) (pI3;qIl) 
translocation involving LM 0 2, along with a talld rearrangement of the T ALI locus. 
The recurrent coactivation of TALI and LM02 in unrelated patients strongly 
suggests that these genes synergistically promote the pathogenesis of T-ALL. 
Furthermore, gene targeting experiments also support a cooperative relationship 
between TALI and LM02 during normal hematopoietic development. Hence, mice 
deficient for either gene display a severe failure in erythropoiesis that incurs em
bryonic lethality (WARREN et al. 1994; SHIVDASANI et al. 1995). Moreover, both 
genes are coexpressed during normal erythroid development, and their protein 
products co-localize to the nuclei of erythroid progenitors (WARREN et al. 1994). 

7 Collaboration Between TALI and LM02: Physical Evidence 

Coimmunoprecipitation experiments and two-hybrid assays have shown that the 
TALl and LM02 polypeptides avidly associate with one another in vivo (VALGE
ARCHER et al. 1994; WADMAN et al. 1994). Indeed, stable complexes containing 
both proteins are readily detected in erythroid cells and in the leukemic cells of T
ALL patients. Thus, the genetic relationship between TALl and LM02 during 
both normal (i.e., erythroid) and malignant (T-ALL) development presumably 
reflects a functional interaction between their protein products. 

The TALl/LM02 interaction requires sequences within the bHLH and LIM 
motifs of the respective polypeptides (WADMAN et al. 1994). Thus, the bHLH 
domain of TALl has the potential to associate with the LIM motifs of LM02 as 
well as bHLH sequences of class A proteins such as E47. However, these interac
tions are not mutually exclusive; two-hybrid experiments indicate that TALl can 
interact simultaneously with both LM02 and E47 to form a ternary complex 
(LM02/TALl/E47) (WADMAN et al. 1994). The ability of LM02 to associate with 
assembled T ALl/E4 7 heterodimers implies that the transcriptional regulatory 
properties of TALl may be subject to modulation by LM02. 
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OSADA et al. (1995) recently reported that LM02 polypeptides can interact in 
vivo with GATA-l, a tissue-specific transcription factor that is also essential for 
normal erythropoiesis (PEVNY et al. 1991). GATA-l binds DNA in a sequence
specific fashion, and it recognizes cis-acting regulatory elements in the promoters of 
most genes expressed in erythroid cells (ORKIN 1992). Significantly, LM02 has the 
potential to associate simultaneously with both GATA-l and TAll (OSADA et al. 
1995). Therefore, LM02 may serve to stabilize a multicomponent protein complex 
that includes the GATA-l and TAll polypeptides as well as a bHLH dimerization 
partner of TAll (such as E47). Through the combined specificities of its distinct 
DNA-binding components (e.g., GATA-l and the TALl/E47 heterodimer) this 
complex may recognize and regulate a unique subset of genes that are essential for 
normal erythropoiesis. 

8 Basic-Helix-Loop-Helix/LIM Interactions 
in Normal Development 

Given that the interaction between TAll and LM02 is mediated by sequences 
within their respective bHLH and LIM domains, it is important to ascertain 
whether other proteins bearing these motifs also interact in an analogous fashion. 
Initial assessments indicate that bHLH/LIM interactions are highly specific 
(WADMAN et al. 1994). Thus, TAll has the potential to associate with either of the 
two LIM proteins implicated in T-ALL (i.e., LMOI and LM02) but not with any 
of the other LIM proteins tested (CRP, CRIP, zyxin, testin). Likewise, LMOI and 
LM02 can associate with each of the TAll-related polypeptides (TAll , TAU, 
and LYLl) but not with other bHLH proteins, including E12, E47, bHLH-EC2, 
NHLH1, MyoDl, MAX, MYC, and AP4. The striking specificity of these inter
actions suggests that bHLH/LIM protein complexes play functional roles during 
normal development. Since the TALI and LM02 genes are both required for 
successful erythrogenesis, the TALl/LM02 complexes found in erythroid pro
genitors are likely to serve a critical function in this hematopoietic lineage. The 
other potential bHLH/LIM complexes (e.g., TALl/LMOl or TAL2/LMOl) may 
likewise contribute to normal development in distinct cellular lineages. 

9 A Common Pathway in the Development 
of T Cell Acute Lymphoblastic Leukemia? 

In addition to its normal function in erythrogenesis, the TALl/LM02 complex also 
appears to have an oncogenic potential that can be unleashed by its inappropriate 
appearance in T lymphocytes. This notion is supported by the fact that some 
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Fig. 1. A common pathway of T cell acute lymphoblastic leu
kemia pathogenesis? The postulated path by which a normal T 
lineage cell is transformed into a malignant T-ALL cell. 
Transformation along this pathway can be driven either in
dependently or synergistically by the ectopic expression of a 
TALI-related bHLH protein (TALI, TAL2, or LYLl) and a 
leukemic LIM-only protein (LMOI or LM02). Additional 
genetic lesions presumably contribute to T-ALL development 
along this pathway 

T-ALL patients possess tumor specific rearrangements of both TALI and LM02 
(WADMAN et al. 1994), and it should prove to be testable experimentally by targeted 
coexpression of TALl and LM02 transgenes in mice (LARSON et al. 1995). How
ever, many T-ALL patients display oncogenic rearrangements at only one of these 
two loci, implying that either gene can independently promote a common pathway 
of T cell leukemogenesis (Fig. 1). In this scheme, synergism between activated 
alleles of TALl and LM02 may facilitate, but would not be required for, the 
development of T-ALL. 

Finally, given that both LMOI and LM02 can potentially interact with any of 
the TALl-related proteins, it is reasonable to ask whether other combinations of 
LIM and bHLH proteins can also promote T cell leukemogenesis in a cooperative 
fashion. In this regard, it is intriguing that the T-ALL-derived cell line RPMI-8402 
has an (1l;14)(p15;qll) translocation that activates LMOI (BOEHM et al. 1988; 
MCGUIRE et al. 1989) as well as a talld rearrangement of the T ALI locus (BROWN et 
al. 1990). Thus, any combination of leukemic LIM protein (i.e., LMOI or LM02) 
and TALl-related bHLH protein (TALl , TAU or L YLl) may have the potential 
to promote T-ALL synergistically. 
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The TEL gene, originally cloned by virtue of involvement in the t(5;12) chromo
somal translocation associated with chronic myelomonocytic leukemia (CMML), 
has a remarkable capacity to contribute to the pathogenesis of human leukemias: 
(\) TEL has been implicated in both myeloid and lymphoid leukemias, acute and 
chronic leukemias, and leukemias of both pediatric and adult populations; (2) TEL 
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can contribute either its DNA binding domain or a putative helix-loop-helix (HLH) 
domain to fusion proteins, and (3) TEL has been associated with a surprising 
variety of fusion partners in human leukemias, including genes for transcription 
factors, receptor and non-receptor tyrosine kinases, and putative transcriptional 
activating domains. In addition, recent evidence suggests that loss of function of 
TEL may also contribute to pathogenesis of malignancy. In this report, the diverse 
molecular genetic mechanisms of leukemogenesis mediated by the TEL gene will be 
discussed. 

2 Structure of the TEL Gene 

TEL (for translocation, ets, leukemia) is a predicted 452 amino acid protein which 
has significant homology to the Ets family of transcription factors. The DNA
binding domain which defines Ets family members is located at the 3' end of the 
TEL gene (GOLUB et al. 1994). In addition, TEL is one of the approximately one 
third of Ets family members which has a 5' putative HLH domain (Fig. 1). The 
function of the HLH domain in Ets proteins is unknown, although deletion of the 
domain results in decreased transcriptional activation activity. The HLH domain is 
highly conserved, even in Ets family members in Drosophila such as yan/pok, and 
has weak homology with basic HLH (bHLH) domains in transcriptionally active 

WSRDDVAQWLKWAENEFSLRPIDSNTFEMNGKALLLLTKEDFRYRSPHSGDVLYELLQ 
eta-l 
/li-l 
yan/pol 

W V W WA NEFSL D F MNG AL L K F P .. GD L E L 
W V QWL WA E SL ID F.M GK L KEDF ......... VL L 
WSR DV L E L D F MNGKAL LLT DF R P GDVL LQ 

~S'HLH 
DNA-binding 

domain 

LWOYVYQLLSDSRYENFIRWBDKESKIFRIVDPNGLARLWGNHKNRTNMTYEKMSRALRHYYKLNIIRKEPGQRLLFRF 
eta-l 
/Ii-I 
yan/pol 

LW LL D .. I W DP AR WG KN M YEK SR LR YY NII. K G R RF 
LW LLSDS I WE DP AR WG K NM Y K SRALR YY NI K G R F 
LWO OLL D -- Y I W F IVDP GLA LWG KN M Y KMSRALR YY NI RK G R F 

Fig. 1. The structure of the TEL gene. There is significant homology between TEL and other ets family 
members, including the mammalian ets-l and jii-l genes, as well as the Drosophila gene yanjpok. The 
region of homology on the 5' end of the gene has weak homology with helix-loop-helix motifs and may 
mediate protein-protein interactions. The DNA-binding domain defines this class of transcription factors 
and is also highly conserved 
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proteins such as myoD and myc. It is tempting to speculate that the putative HLH 
domain is a protein-protein interaction motif, although such a function has not 
been demonstrated for Ets proteins. 

3 The TEL Helix-Loop-Helix Domain Is Fused 
to the Platelet-Derived Growth Factor Receptor-p 
Transmembrane and Tyrosine Kinase Domains 
in Chronic Myelomonocytic Leukemia Associated with t(5;12) 

CMML is one of the French-American-British (F AB) subtypes of myelodysplastic 
syndrome (MDS), is characterized by dysplastic proliferation of monocytes, and 
progression to acute myeloid leukemia (AML). A recurring translocation in 
CMML between chromosome bands 5q33 and 12p13. t(5;12)(q33;pI3) is of par
ticular interest because it occurs in regions of chromosome 5q and 12pl3 which are 
abnormal in a significant number of patients with hematologic malignancy. For 
example, approximately 10% of cases of acute lymphoblastic leukemia (ALL) of 
childhood are associated with 12p 13 deletions (PUI et al. 1992; RAIMONDI et al. 
1986). Since ALL is the most common cancer of children, (del)(12p) is perhaps the 
most frequent cytogenetic abnormality in pediatric malignancy. The t(5;12) 
(q33;12pI3) may therefore serve to localize genes involved in CMML, as well as in 
other hematologic malignancies. 

3.1 Cloning the t(5;12) Breakpoint Associated with CMML 

We identified a patient with t(5;12)(q33;p13) and CMML who subsequently de
veloped AML associated with acquisition oft(8;21)(q22:q22) in addition to t(5;12). 
The t(8;21) is identical at the cytogenetic level to t(8;21) seen in de novo AML. 
t(5;12) thus appears to satisfy criteria for an early molecular genetic abnormality 
which gives rise to AML by virtue of its recurring association with CMML. In this 
specific example, t(5;12) appears to be an early mutation antedating development of 
t(8;21) associated AML. 

The t(5;12) breakpoint was cloned with limited clinical material (GoLUB et al. 
1994). Fluorescence in situ hybridization (FISH) was performed with ordered 
chromosome 5q cosmid probes to localize the breakpoint between the c~lms and 
ribosomal protein S14 genes. PCR primers specific for c}ms and RPS14 were 
simultaneously used to screen the CEPH mega Y AC library, and identified a 600 kb 
YAC 745dlO containing both c~fms and RPS14. 964clO spanned the translocation 
by FISH, confirming the localization of the breakpoint and delineating a 600 kb 
genomic region within which the breakpoint must lie. Long range genomic maps 
were prepared by pulsed-field gel electrophoresis and regional probes, allowing 
localization of the breakpoint within the platelet-derived growth factor ~ 



70 T.R. Golub et al. 

(PDGFR{3) gene. Ribonuclease protection assays (RPAs) were then used to localize 
the breakpoint with PDGFR{3 RNA using PDGFR{3-specific probes on patient bone 
marrow RNA. RNA analysis localized a partial transcript for the 3' end of the 
PDGFR{3 gene, beginning near the transmembrane domain of PDGFR~ and ex
tending through the tyrosine kinase domains. Northern blot analysis of patient 
bone marrow using PDGFR{3 probes showed a single 5 kb transcript, which was 
larger than would be predicted by a partial PDGFR{3 transcript, consistent with a 
PDGFR{3 fusion partner derived from chromosome 12p13. 

3.2 The PDGFRfJ Fusion Partner in t(5;12) CMML 
Is a Novel ETS-Like Gene, TEL 

Anchored peR on patient marrow RNA was performed using nested PDGFR{3 
primers to obtain a partial eDNA for the chromosome 12 fusion partner. In
volvement of the partial eDNA in the t(5;12) translocation was confirmed by RPA 
of patient bone marrow, and the partial eDNA was used to screen a human K562 
eDNA library to obtain a full length eDNA. 

The PDGFR{3 fusion partner is a novel ETS-like gene, TEL. TEL is a 452 
amino acid protein which contains two functional domains: (1) a 3' DNA binding 
domain which defines Ets family members, and (2) a 5' predicted HLH domain 
which is shared by approximately one third of Ets family members (Fig. 1). The 
TEL HLH is conserved among other Ets family members, including Ets-l and fli-l 
and Drosophila yan/pok, a transcriptional repressor. The consequence of the t(5;12) 
translocation is a fusion transcript whose expression is driven by the TEL pro
moter, and results in fusion of the TEL HLH domain in frame to the PDGFR~ 
transmembrane and tyrosine kinase domains (Fig. 2). 

TEL 

PDGFRp 

TEL-PDGFRjJ 
fusion 

DNA 
HLH binding ----

rWJ ligand binding B tm_ split tyrosine kinase ~ 

HLH 

c:=.-'-----Jfffjr.a..-tm-l~=aaJ.l....s~P:..;;.lit;..:tyL;r...;;.os;;.;.in:..;;.e;..:k...;;.in..;.;;a;.:.se.;..u;~"" 

Fig. 2. The structure of the TEL·PDGFRp fusion associated with t(5;12) and chronic myelomonocytic 
leukemia. The TEL promoter drives the expression of the fusion transcript. The TEL helix-Ioop-he
lix(HLH) domain is fused in frame to the transmembrane and tyrosine kinase domain of the Platelet
derived growth factor receptor - P (PDGFRp). The reciprocal transcript is not expressed. The TEL HLH 
domain may mediate dimerization and constitutive activation of the tyrosine kinase domain of TEL
PDGFRp 
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3.3 Mechanisms of Transformation of TEL-PDGFRp 

The structure of the TEL-PDGFR~ fusion product suggests several possible me
chanisms of transformation. Wild-type PDGFR~ is known to signal a variety of 
cellular responses, including mitogenesis, on binding to its dimeric ligand, PDGF. 
PDGF mediates dimerization of PDGFR~, which activates the tyrosine kinase 
leading to autophosphorylation of the receptor on tyrosine residues. Phosphory
lated tyrosines on the PDGFR~ serve as docking sites for a number of proteins 
which initiate signal transduction cascades, including SRC, SYPjGrb2, PI3 kinase, 
and PLCy- It is plausible, based on the known function of wild-type PDGFR~, that 
the HLH domain of TEL-PDGFR~ mediates dimerization and constitutive acti
vation of the PDGFR~ tyrosine kinase domain. 

The TEL-PDGFR~ fusion was first tested for transforming activity in cultured 
mammalian cell lines. TEL-PDGFR~ confers factor-independent growth to the 
interleukin-3 (IL-3)-dependent hematopoietic cell line, BajF3. Consistent with a 
model of PDGFR~ tyrosine kinase activation, TEL-PDGFR~ is constitutively 
phosphorylated in factor-independent BajF3 cells transfected with TEL-PDGFRf3. 
Deletion of the HLH domain, or inactivation of the tyrosine kinase domain, ab
rogates transforming activity of the TEL-PDGFR~ fusion. Efforts are currently 
underway in our laboratory to delineate which signal transduction pathways are 
required for transforming activity by TEL-PDGFR~. 

Another plausible model for TEL-PDGFR~ transforming activity is that TEL 
has tumor suppressor activity and that TEL-PDGFR~ interferes with wild-type 
function. In this model, the TEL HLH domain would mediate heterodimerization 
between TEL-PDGFR~ and wild-type TEL, leading to TEL loss of function. In
direct evidence which supports TEL loss of function in pathogenesis of malignancy 
is provided below and includes translocations involving TEL in which the other 
TEL allele is deleted, such as the TEL-AMLl fusion. In these cases, there is no 
functional TEL in the leukemic cells: one TEL allele is deleted and the other is 
disrupted by translocation (GOLUB et al. 1995a). Other data supporting a role for 
TEL loss of function in hematologic malignancy is frequent loss of heterozygosity 
at the TEL gene locus in ALL (STEGMAIER et al. 1995). 

4 TEL Is Frequently Involved in Translocations at the 12p13 Locus 

One rationale for cloning the t(5;12) translocation breakpoint was to determine 
whether the translocation would identify genes in other translocations involving 
chromosome 12p13. To test this possibility, additional patients with cytogenetic 
evidence of 12p13 rearrangements were analyzed for evidence of involvement of the 
TEL gene locus. 

Yeast artificial chromosomes (Y ACs) containing the TEL gene were used to 
analyze patients with cytogenetic evidence of 12p13 abnormalities (SATO et al. 
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t(9;12) 

t(12;22) t(5;12) t(12;21) 

~ ~ ~ 

HLH DNA-binding 

Fig. 3. Translocation breakpoints occur at diverse locations in the TEL gene. Ribonuclease protection 
analysis demonstrates diverse breakpoints within the TEL gene at 12pl3 with various fusion partners on 
chromosomes 5q33, 9q34, 21q22, and 22ql1 

1995). The majority of patients (26/34) were shown to have abnormalities at the 
TEL gene locus. RPA was used to map to translocation breakpoints within TEL 
and disclosed unusual distribution of breakpoints within the TEL gene (Fig. 3). As 
noted earlier, translocation breakpoints within a given gene are usually highly 
conserved, even when different fusion partners have been identified. For example, 
the MLL gene at chromosome band l1q23 is associated with AML and has nu
merous fusion partners. However, the breakpoint with MLL is highly conserved, 
regardless of the fusion partner. 

In contrast, there are at least three different breakpoints within the TEL gene 
which give rise to fusion products which express different functional domains of 
TEL. For example, in contrast with the structure of the TEL-PDGFR~ which 
involves the TEL HLH domain, patients evaluated in our laboratory with the 
t(12;22) showed evidence of abnormal expression of the TEL DNA binding domain 
driven by the promoter of a chromosome 22 gene. The t(12;22) breakpoint has been 
cloned by Grosveld and coworkers and gives rise to a fusion transcript derived from 
the MNI gene fused in frame to the DNA binding domain of the TEL gene 
(Fig. 4)(BuIJS et al. 1995). 

The MN1-TEL fusion is analogous in structure to the EWS-fli 1 fusion asso
ciated with t(11;22) in Ewings sarcoma (SORENSEN et al. 1994) and the TLS-ERG 
fusion associated with t(16;21) leukemia (SHIMIZU et al. 1993), in which an Ets 
family DNA binding domain is aberrandy expressed. 

HLH DNA-binding 
----

TEL 

MNl:TEL~ 
fusIOn 

DNA-binding 

~ 

Fig. 4. t(12;22) fuses the MN] gene on chromosome 22qll to the TEL gene DNA-binding domain. The 
MN1-TEL fusion is analogous to the EWS-fli-l fusion associated with t(II;22) and Ewing's sarcoma, and 
the TLS-ERG fusion associated with acute myeloid leukemia and t(16;21) 
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5 TEL Is Fused to the Proto-oncogene ABL 
in t(9;12;14) Acute Undifferentiated Leukemia 

Ribonuclease protection assay was used as described above to delineate a break
point within the TEL gene in a patient with a complex t(9;12;14) translocation and 
acute undifferentiated leukemia with myeloid markers (AMoL). Anchored PCR 
with nested TEL primers was used to clone the TEL fusion partner, the ABL proto
oncogene on chromosome 9q34. The consequence of the translocation is fusion of 
the TEL HLH domain inframe to exon 2 of ABL (Fig. 5). The TEL-ABL fusion 
was recently cloned by Wiedemann and collaborators in a patient with pediatric 
ALL and t(9;12) (PAPADOPOULOS et al. 1995; GOLUB et al. 1996). 

The TEL-ABL fusion has several interesting features. TEL-ABL is similar in 
structure to the well characterized BCR-ABL fusion associated with chronic mye
logenous leukemia (CML) and t(9;22). TEL is the only other fusion partner that has 
been identified for ABL, and has important similarities and differences from BCR. 
For example, BCR contains a 5' predicted coiled-coil interaction motif which is 
necessary for tyrosine kinase and transforming activity of BCR-ABL. The coiled
coil motif of BCR and the putative HLH domain of TEL may both therefore serve 
dimerization or multimerization functions as a mechanism for constitutive activa
tion of tyrosine kinase activity. The theme of dimerization leading to constitutive 
tyrosine kinase activity and transformation might then be shared by TEL-PDGFR~, 
TEL-ABL and BCR-ABL. Consistent with this hypothesis, TEL-ABL transforms 
Ratl fibroblasts and is constitutively phosphorylated when stably expressed in these 
cells. In addition, like TEL-PDGFR~, TEL-ABL is capable of conferring IL-3-
independent growth to Ba/F3 cells. Deletion of the HLH domain or inactivation of 
the tyrosine kinase of ABL abrogates transforming activity (GOLUB et al. 1996). 

As another example of the usefulness of new fusion genes to elucidate func
tional domains which are relevant to transforming activity, TEL-ABL lacks a Grb2 
binding site on the TEL moiety. BCR-ABL contains a Yin Grb2 binding site on 
the BCR portion of the fusion, whose role in transformation has been debated 

HLH 

TEL-ABL ~ ( ABL ) 

BCR-ABL ~BCR~ ( ABL ) 

" coiled-coil motif 

Fig. S. The TEL-ABL fusion is analogous to the BCR-ABL fusion associated with t(9;22) chronic mye
logenous leukemia. The TEL helix-loop-helix (HLH) domain is fused in frame to the ABL kinase. The 
TEL HLH domain is fused in frame to the ABL kinase. The TEL HLH domain and the coiled-coil motif 
in the BCR moiety may both serve to activate the ABL kinase by dimerization or multimerization 



74 T.R. Golub et al. 

(PENDERGAST et al. 1993). Since TEL-ABL lacks a Grb2 binding site, at a minimum 
it can be stated that transformation of cultured mammalian cells mediated by ABL 
fusions does not require a functional Grb2 binding site on the ABL fusion partner. 

6 TEL Is Fused to the AMLI Gene in t(12;21) 
Associated with Pediatric Acute Lymphoblastic Leukemia 

As noted above, another TEL breakpoint involving the TEL HLH domain was 
identified in patients with ALL and t(12;21). The translocation breakpoint was 
cloned using anchored peR with TEL-specific primers. Based on our previous 
experience with cloning of TEL-PDGFRf3 and TEL-ABL, one might have predicted 
a tyrosine kinase fusion partner for TEL. However, in the case of t(12;21), TEL is 
fused inframe to the transcription factor AMLI (GOLUB et al. 1995a; ROMANA et al. 
1995) (Fig. 6). The AMLI gene on chromosome 21q22 was first cloned by virtue of 
its involvement with t(8;21) and t(3;21) associated with de novo AML and therapy
related AML, respectively (NUCIFORA et al. 1993). AMLl contains two functional 
domains; (1) a DNA binding domain with homology to the Drosophila pair-rule 
gene runt, and (2) a 3' transcriptional activation domain. The TEL-AMLl fusion 
consists of the TEL HLH domain fused in frame to AMLl to intron 2, with 
expression of both the AMLl DNA binding domain and the AMLl transcriptional 

AMLl 

TEL-AMLl 

1(12;21) 

AMLI-ETO 
t(8;21) 

DNA-binding 

transactivatin 

HLH 

ETO 

AMLl-EVIl L-_~ __ .....!.....~_L-__ --=E:....:.V1.:..-.:..1 ____ ---l 

t(3;21) 

Fig. 6. The TEL-AMLl fusion associated with t(12;21) and pediatric acute lymphoblastic leukemia 
(ALL). As noted in the text, this fusion is present in approximately 25% of cases of pediatric ALL, 
making it the most common gene rearrangement in childhood malignancy. The TEL-AMLI fusion 
retains the transactivating domain of AMLl, and thereby differs markedly from other fusions involving 
AMLI. AMLl was named by virtue of association with myeloid leukemias; the TEL-AMLI fusion 
demonstrates that AMLl can contribute to pathogenesis of lymphoid malignancy as well 
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activation domain. TEL-AMLl is fascinating from several perspectives. First, it 
suggests that the TEL HLH domain can contribute to pathogenesis of leukemia 
when fused either to a tyrosine kinase or to a transcription factor. Second, the 
structure of the TEL-AMLl fusion differs significantly from the AMLl fusions 
involved in t(8;21) and t(3;21) translocations. In these translocations, the 5' end of 
the AMLl gene, including the DNA binding domain, is fused to one of several 
partners just 3' of the runt domain (Fig. 6). Fusion partners include ETO in t(8;21), 
and various partners in t(3;21) including EVI-l, EAP and MDS-l. In each of these 
fusions, the AMLl trans-activation domain is lost. In contrast, in the TEL-AMLl 
fusion, the full length AMLl gene is expressed, including the runt and trans-acti
vation domains. Third, AMLl had previously only been associated with myeloid 
leukemias (hence the name of the gene). Two cases of TEL-AMLl reported from 
our laboratory and two cases subsequently reported by ROMANA et al. (1995) have 
been associated with lymphoid leukemias. In part, the difference in lineage speci
ficity of TEL-AMLl vs other AMLl fusions can be explained by the t(8;21) and 
t(3:21) AMLl fusions being driven by the AMLl promoter, whereas the TEL
AMLI fusion is driven by the TEL promoter. However, at a minimum it is clear 
that AMLl can contribute to the pathogenesis of both myeloid and lymphoid 
malignancies. Fourth, in each case of TEL-AMLI fusions characterized this far 
(GOLUB et al. 1995a; ROMANA et al. 1995), the other TEL allele is deleted. Thus, in 
these leukemic cells, there is no functional TEL: one TEL allele is deleted and the 
other is disrupted by translocation. Based in part on this observation, the possi
bility that TEL loss of function might contribute to pathogenesis of leukemia was 
evaluated in ALL patients, as described in the next section. 

7 Frequent Loss of Heterozygosity at the TEL Gene Locus 
in Pediatric Acute Lymphoblastic Leukemia 

To evaluate the possibility that TEL loss of function might contribute to patho
genesis of leukemia, a patient population was chosen for analysis that has frequent 
deletions in the 12p13 region. Approximately 10% of pediatric ALL cases have 
12p 13 deletions. Since the most common childhood malignancy is ALL, del(12p 13) 
is among the most common molecular genetic abnormalities of childhood cancer. 

To determine whether the loss of TEL function could be implicated in pa
thogenesis of ALL, we first determined the frequency of loss of heterozygosity 
(LOH) at the TEL gene locus. Genomic DNA was prepared from 81 pediatric 
patients at the time of diagnosis of ALL. Polymorphic micro satellite markers 
012589 and 012598 which flanked the TEL gene were then tested for LOH. LOH 
of two microsatellite markers which flank the TEL gene would provide convincing 
evidence for LOH at the TEL locus. As controls to confirm that ALL patients with 
a single microsatellite band had loss of heterozygosity, rather than simply being 
homozygous for that marker, paired leukemia and remission samples were ana-
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Table 1. Loss of heterozygosity at the TEL gene locus in ALL patients 

Marker 

Dl2589 
Dl2598 

Patients (n) 

81 
81 

Number informative 

63/81 (78%) 
53/51 (65%) 

Percent with LOH 

9/63 (14%) 
9/63 (17%) 

lyzed. Patients were considered informative only when remission samples docu
mented that the patient was heterozygous at that locus. 

As seen in Table 1, approximately 15% of ALL patients had LOH at the TEL 
gene locus (STEGMAIER et al. 1995). Of note, only one of the nine patients with TEL 
LOH had cytogenetic evidence of 12p13 loss. This is consistent with most studies of 
LOH in malignancy, in which cytogenetic analysis underestimates LOH at most 
loci. Taken together, these findings suggest that TEL LOH may occur in as many as 
20%-25% of ALL patients. 

To further delineate the region of LOH on 12p13, additional micro satellite 
markers telomeric and centromeric to TEL were evaluated. As shown in Fig. 6, the 
region of LOH includes TEL, but extends to the centromere and also invariably 
includes the gene KIPI, encoding the protein p27. p27 is a cyclin-dependent kinase 
CDK inhibitor which regulates the G liS transition in the cell cycle. Other CDK 
inhibitors, such as pIS and p16, have been strongly implicated in pathogenesis of 
cancer through loss of function. p27 is thus a superb candidate for loss of function 
in ALL. 

8 Loss of Heterozygosity Is Associated with TEL-AMLI Fusion: 
The Most Common Gene Rearrangement 
in Childhood Acute Lymphoblastic Leukemia 

We have recently obtained evidence which clarifies the finding of LOH at the TEL 
gene locus on 12p13 in pediatric ALL. As noted above, the t(12;21) associated with 
pediatric ALL results in fusion of TEL to AM LI. In each of the cases described in 
the literature thus far, the TEL-AMLl fusion has been associated with loss of the 
other allele of TEL. In addition, as noted above, the t(12;21) is a cryptic translo
cation: in most cases, there is no evidence at the cytogenetic level for the translo
cation. These considerations led us to explore the possibility that the frequency of 
t(12;21) translocations was higher than previously suspected. We first performed 
Southern blot analysis of the nine LOH patients described above and documented 
that, in addition to deletion of one TEL allele, the other TEL allele was rearranged. 
Furthermore, in patients for whom RNA was available, a TEL-AMLI fusion could 
be documented. These findings suggest that LOH in this patient population was a 
marker for the TEL-AMLI fusion. We then analyzed un selected pediatric ALL 
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Table 2. TEL contributes to the pathogenesis of human leukemias by diverse molecular genetic 
mechanisms 

TEL involvement 

TEL HLH + tyrosine 
kinase 
TEL-PDGFR~ 
TEL-ABL 

TEL HLH + transcription 
factor 

TEL-AMLl 

MNI + DNA binding 
domain 

MNI-TEL 

TEL translocation + TEL 
deletion 

TEL loss of function 

Cytogenetic abnormality 

t(5;12) 
t(9;12) 

t( 12;21) 

t(12;22) 

t(9;12), t(12;21) 

Clinical phenotype 

CMML 
AML, ALL 

25% of pediatric ALL; 
B-lineage 

AML 

AML, ALL 

HLH, helix-loop-helix; CMML, chronic myelomonocytic leukemia; PDGFR, platelet-de
rived growth factor receptor; AML, acute myeloid leukemia; ALL, acute lymphoblastic 
leukemia 

cases for evidence of the TEL-AMLl fusion. Of 42 pediatric patients with ALL, 10 
(24%) were found to have TEL-AMLl fusions by RT-PCR (GOLUB et al. 1995b). 

To put these findings into perspective, the most common cytogenetic ab
normality in pediatric ALL is t(1; 19), associated with E2A-PBX fusion, and ac
counts for 5%-6% of cases. The cryptic t(12;21) which gives rise to the TEL-AMLl 
fusion would therefore appear to be the most common molecular genetic ab
normality in any childhood malignancy. 

The reason for the association of the TEL-AMLI fusion with frequent, if not 
invariant, loss of function of the other TEL allele is unclear. Since the TEL HLH 
domain may serve as a homodimerization motif, one possibility is that the residual 
TEL allele would be capable of interfering with the oncogenic potential of the TEL
AMLI fusion. If this hypothesis is correct, this would represent a novel mechanism 
of carcinogenesis related to loss of function. Our laboratory is currently in the 
process of investigating this hypothesis. 

9 TEL Contributes to the Pathogenesis of Leukemia 
by Diverse Molecular Genetic Mechanisms 

In summary, we have presented evidence that the TEL gene, which we first cloned 
in association with t(5;12) CMML (GOLUB et al. 1994), can contribute to patho
genesis of leukemia by remarkably diverse mechanisms. The TEL HLH domain 
may be fused to the tyrosine kinase domains of PDGFR~ and ABL in myeloid 
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leukemias, or may be fused to the transcription factor AMLl in lymphoid malig
nancies. In contrast, the TEL DNA binding domain may be aberrantly expressed in 
t(12;22) leukemias in a manner analogous to other Ets DNA binding domain 
fusions, such as EWS-flil and TLS-ERG. 

Perhaps the most fascinating finding has been the frequent involvement of the 
TEL-AMLl fusion in pediatric ALL. Characterization of the biological properties 
of TEL-AMLl should add insight to our knowledge of the molecular pathogenesis 
of ALL and may be useful in diagnosis and monitoring response to therapy. 

The diversity of molecular genetic mechanisms by which TEL can be trans
forming suggests an important role for TEL in cell growth and differentiation 
(Table 2). Further analysis of TEL and its related oncogneic fusion genes, may 
provide further insight into the role of TEL in normal physiology of mammalian 
cells. 
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Acute pro myelocytic leukaemia (APL; F AB AML M3, BENNETT et al. 1976) re
presents a unique example of a disease in which a successful treatment approach, in 
the form of all-trans retinoic acid (ATRA), has been developed that directly ad
dresses and overcomes the causative molecular abnormality. For over a decade, 
retinoids have been noted to possess therapeutic activity which is virtually specific 
to the acute promyelocytic form of acute myeloid leukaemia (AML) (BREITMAN et 
al. 1981). Subsequent clinical trials have shown that A TRA can achieve remission 
rates of over 90% in APL (HUANG et al. 1988; CASTAIGNE et al. 1990; CHOMIENNE 
et al. 1990), representing an apparent significant improvement on results obtained 
with conventional chemotherapy; indeed a number of patients in these studies were 
chemoresistant or treated in relapse. Parallel in vitro studies have demonstrated 
that remission is achieved by terminal differentiation of the leukaemic clone rather 
than by a cytotoxic effect (H UANG et al. 1988; CASTAIGNE et al. 1990; CHOMIENNE 

Somatic Cell Genetics Laboratory, Imperial Cancer Research Fund, 44, Lincoln's Inn Fields, London, 
WC2A 3PX, UK 
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et al. 1990). This has been confirmed using clonal analysis of APL blasts and 
peripheral blood neutrophils following ATRA therapy (ELLIOTT et al. 1992). 

Since the late 1970s it has been appreciated that APL is characterised by a 
reciprocal translocation, involving chromosomes 15 and 17, present in virtually all 
cases (ROWLEY et al. 1977). However, it was not until 1990 that the APL breakpoint 
region was ultimately cloned, and the significance of the response to retinoids 
became apparent (BORROW et al. 1990; DE THE et al. 1990; LEMONS et al. 1990; 
ALCALAY et al. 1991). The translocation was found to disrupt a previously un
characterised gene, PML, on chromosome 15 and the retinoic acid receptor-ex gene 
(RARrx) on chromosome 17. RARex belongs to the steroid hormone receptor su
perfamily and acts as a transcription factor, mediating the effect of retinoic acid at 
specific response elements (GIGUERE et al. 1987; LEID et al. 1992a). The translo
cation leads to the formation of PML-RARrx and RARex-PML chimaeric genes. 
PM L-RARex transcripts derived from add( 15q) are invariably present and are 
thought to mediate leukaemogenesis, whereas RARrx-PML is transcribed in ap
proximately 80% of cases (ALCALAY et al. 1992; GRIMWADE et al. 1996b) and its 
significance remains unclear. 

The realisation that the PML-RARrx fusion protein retains the retinoic acid 
ligand binding domain suggested that it may not only mediate leukaemogenesis, 
but that it may in some way account for the unique sensitivity of APL to differ
entiation by retinoids such as 9-cis retinoic acid and ATRA. Therefore over the last 
few years research has been aimed at determining: (I) the normal function ofPML, 
(2) the role of retinoid receptors in haematopoietic differentiation, (3) how the 
rearrangement of PML and RARrx might promote leukaemogenesis and (4) the 
mechanisms by which A TRA reverses the leukaemic phenotype. 

2 Clinical Features of Acute Promyelocytic Leukaemia 

Acute promyelocytic leukaemia is one of the commoner forms of AML, accounting 
for approximately 10% of de novo cases, typically presenting in early middle age 
(STONE and MAYER 1990; AVVISATI et al. 1992). The disease is believed to represent 
a clonal expansion of haematopoietic precursor cells associated with a differ
entiation block in myeloid development that leads to an accumulation of abnormal 
promyelocytes (GRIGNANI et al. 1993). Two major morphological subtypes of APL 
can be distinguished: (1) "classical" M3 (BENNETT et al. 1976) and (2) the M3 
variant (M3v) (GOLOMB et al. 1980), although a much rarer hyperbasophilic form 
has also been described (McKENNA et al. 1982). In the majority of patients, the 
marrow is replaced by hypergranular promyelocytes, which often have numerous 
Auer rods, so-called faggot cells (BENNETT et al. 1976). Patients with classical APL 
typically present with pancytopaenia with scanty abnormal cells in the peripheral 
blood. Approximately a quarter of patients demonstrate the variant morphological 
form (STONE and MAYER 1990), in which leukaemic cells, particularly in the 
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peripheral blood, appear less heavily granulated by light microscopy with con
ventional MGG staining and typically have bilobed nuclei (GOLOMB et al. 1980). 
Nevertheless, electron microscopy and immunocytochemistry reveal that the leu
kaemic cells still contain numerous granules, which are smaller than those of 
classical APL (GOLOMB et al. 1980); hence the term hypo granular or micro granular 
variant APL (M3v) has arisen. Patients with M3v often present with leucocytosis 
(AVVISATI et al. 1992) and the peripheral blood picture may be confused with that 
of myelomonocytic or monocyticjmonoblastic leukaemias (AML M4j5). These 
distinct entities may be readily distinguished by immunocytochemistry, im
munophenotyping and cytogenetic assessment (BAIN 1990), without necessarily 
resorting to molecular diagnostic techniques. The immunophenotypes of classical 
APL and M3v are broadly similar, being characterised by the presence of CD9, 
CDI3, CD33 and sialylated CDI5, with poor expression of HLA-DR (AVVISATI et 
al. 1992; PAlETTA et al. 1994; DI NaTO et al. 1994; VAHDAT et al. 1994). It has 
recently been appreciated that patients with M3v may aberrantly express the T cell 
antigen, CD2 (BIONDI et al. 1993; 1995). The division of APL into classical and 
variant morphological subgroups may be somewhat artificial, since they are 
probably extreme ends of a spectrum. Furthermore, the morphological appearances 
may be interchangeable, since patients with classical APL may demonstrate re
duced granularity on relapse, whereas culture of variant cells may be associated 
with an increase in granularity more typical of classical morphology (CASTaLDI et 
al. 1994). 

The heavy granulation associated with APL cells has been considered to un
derlie the severe haemorrhagic problems that typify the disease (LINCH et al. 1994). 
Patients often experience morbidity and mortality relating to a bleeding diathesis 
that is more severe than would be predicted from the level of thrombocytopaenia 
alone (LINCH et al. 1994). This is believed to reflect some degree of activation of the 
coagulation cascade and more importantly increased fibrinolytic activity due to 
release of plasminogen activators and proteolytic enzymes (AVVISATI et al. 1992; 
TALLMAN and KWAAN 1992). The coagu10pathy may be exacerbated on com
mencement of chemotherapy, presumably due to further release of procoagu1ant 
and fibrinolytic factors as APL cells become disrupted (TALLMAN and KWAAN 
1992). ATRA, associated with remission induction by differentiation rather than 
cell lysis, has been found to ameliorate the coagulopathy (CASTAIGNE et al. 1990), 
leading to a rapid improvement in hyperfibrinolysisjproteolysis, although the excess 
procoagulant activity leading to thrombin generation may be more persistent 
(RODEGHlERO and CASTA MAN 1994). 

Despite the risk of early mortality secondary to the bleeding diathesis, a 
number of studies using conventional chemotherapy have demonstrated that APL 
represents a relatively favourable prognostic group of AML (SWANSBURY et al. 
1994; BURNETT 1994). This reflects both a reduced risk of relapse and often a good 
response to reinduction therapy should relapse occur. Remission induction 
achieved with A TRA, in contrast to chemotherapeutic agents, does not induce 
marrow aplasia, reflecting its differentiating effect on the leukaemic clone with a 
probable concomitant stimulation of normal colony forming activity (SAKASHITA 
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et al. 1993). Marrow aplasia increases the risk of death from haemorrhage and 
infection. Therefore, it was hoped that initial treatment of APL with ATRA, by 
both ameliorating the coagulopathy and achieving remission without marrow 
aplasia, might lead to further improvements in complete remission rates and hence 
overall survival. However, it is now clear that early benefits of ATRA may be offset 
due to morbidity or mortality caused by a constellation of clinical features, known 
as the "ATRA syndrome", that develop in about 30% of patients (FRANKEL et al. 
1992). This phenomenon, which curiously appears to be less common amongst 
patients treated in China, may be secondary to the modulation of surface markers 
as differentiation occurs (DI NOTO et al. 1994). ATRA syndrome may lead to the 
development offluid retention associated with pleural and pericardial effusions and 
pulmonary infiltrates which can precipitate death due to respiratory failure 
(FRANKEL et al. 1992); although this may be averted if steroids are started promptly 
(VAHDAT et al. 1994). An even more significant problem with the use of ATRA as a 
single agent therapy is that it does not lead to the eradication of the disease-related 
clone: hence responses are not durable without consolidation chemotherapy. 
However, recent trials have demonstrated that treatment with ATRA and che
motherapy is far superior to chemotherapy alone (FENAUX et al. 1994). In a French 
trial, chemotherapy-treated patients had a disease free survival of 42% at 4 years as 
compared to 70% in patients receiving combined therapy (FENAUX et al. 1994). 
This has led to the development of trials such as the UK Medical Research Council 
ATRA study which seeks to address the most efficacious means of combining 
ATRA and chemotherapy. 

3 Characterisation of the Acute Promyelocytic Leukaemia 
Breakpoint Regions 

The APL breakpoint region was successfully characterised by employment of two 
distinct approaches namely, positional cloning and candidate gene screening. 
BORROW et al. (1990) used a Notl linking library from an interspecies hybrid, 
containing 17q as its only human material, to identify Notl sites in the region of the 
APL breakpoint. Notllinking clones were generated which were found to flank the 
breakpoint and used as probes on pulsed field gel electrophoresis. A subclone was 
isolated which identified rearrangements on Southern blots made from somatic cell 
hybrids incorporating the APL 15q derivative chromosome and from material 
derived directly from APL patients. Ultimately, screening an HL60 eDNA library 
revealed that the gene rearranged on 17q was RARct, with disruption occurring 
within the second intron (numbering system of BRAND et al. 1990). 

RARct was screened independently as a candidate gene by other groups, 
knowing its proximity to the APL breakpoint region on 17q and bearing in mind 
the unique sensitivity of the disease to retinoids such as A TRA (LONGO et al. 1990; 
DE THE et al. 1990; ALCALAY et al. 1991). 



Characterisation of the PM L;RARrx Rearrangement 85 

RARr:t was found to be fused to a novel gene on chromosome 15q, initially 
known as myl and subsequently renamed PML (DE THE et al. 1990, 1991; ALCALAY 
et al. 1991; GODDARD et al. 1991; KAKlZUKA et al. 1991). Characterisation ofPML 
led to the identification of a number of motifs, initially suggesting a role as a 
putative transcription factor (Fig. 1) (KAKIZUKA et al. 1991; DE THE et al. 1991; 
GODDARD et al. 1991). The NHr terminal region of PML is proline-rich, as pre
viously found in the transcriptional activation domain of CTF (MERMOD et al. 
1989) and in a number of other transcription factors (MITCHELL and THAN 1989). 
Adjacent to this region are three cysteine-rich motifs, followed by a coiled-coil 
domain (KAKIZUKA et al. 1991; DE THE et al. 1991; GODDARD et al. 1991; FREE
MONT 1993). The most NHrterminal of these domains has a C3HC4 configuration 
of cysteine and histidine residues which is homologous to the zinc finger motif first 
identified in RING 1 (FREEMONT et al. 1991). This motif, which has subsequently 
been identified in an ever-increasing number of proteins, including recently the 
predicted product of the BRCA 1 breast cancer susceptibility gene (MIKI et al. 
1994), has become known as the RING finger domain (FREEMONT 1993). PML 
belongs to a subgroup of RING finger containing proteins that are characterised by 
two further cysteine/histidine-rich regions with homology to the RING finger itself, 
known as HB-boxes", which are immediately adjacent to the r:t-helical coiled-coil 
domain (FREEMONT 1993). Towards the COOH-terminal of PML is a serine/pro
line-rich region which has been considered a potential site of phosphorylation by 
casein kinase II (KAKIZUKA et al. 1991; KASTNER et al. 1992). 

By comparison of the predicted amino acid sequence of RARr:t with that of 
steroid and thyroid hormone receptors, six regions have been defined on the basis 
of sequence conservation (GIGUERE et al. 1987; LEID et al. 1992a). At the NHr 
terminal is the A/B domain which is considered to have a ligand-independent 
transactivation function ("AF-I") (LElD et al. 1992a), modulating and augmenting 
the relatively more important ligand-dependent trans-activation function ("AF-2") 
mediated by COOH-terminal regions of the receptor (NAGPAL et al. 1992). Studies 
using truncated retinoic acid receptors (RARs) have demonstrated that the func
tional activity attributable to the NHrterminal varies considerably depending upon 
the retinoid response element and promoter employed (NAGPAL et al. 1992). This 
suggests that the A/B domain may influence the pattern of retinoid responses, 
which is of interest considering that in APL RARr:t is disrupted between the A and 
B domains (BORROW et al. 1990). The adjacent C domain contains two zinc finger 
motifs which are required for DNA binding; the stem of the most NHrterminal 
finger confers specificity of the interaction, lying within the major groove of DNA 
(LUISI et al. 1991; SCHWABE et al. 1993). In steroid hormone and retinoid receptors, 
the adjacent D domain may provide a nuclear localisation signal (BEATO 1989). The 
E region, in addition to containing the ligand-binding domain and conserved 
amphipathic r:t-helical motif conferring AF-2 activity, demonstrates a series of 
hydrophobic heptad repeats which form an important dimerisation domain, 
mediating the interaction between RARs and retinoid-X receptors (RXRs) (BEATO 
1989; LEID et al. 1992a,b; DANTELAN et al. 1992; Au-FLIEGNER et al. 1993; DURAND 
et al. 1994). The integrity of the ninth heptad repeat has been found to be essential; 
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mutations of the first and eighth hydrophobic residues of this repeat abolish the 
RARjRXR interaction, although in functional studies mutations of the first amino 
acid can be overcome by the presence of ligand (Au-FLIEGNER et al. 1993). The role 
of the COOH-terminal F domain of RARs is not clear, particularly as it is absent in 
the RXRs (LEID et al. I 992b). 

The 15; 17 translocation leads potentially to the formation of three different 
abnormal products: PML-RARrx derived from add(l5q), RARrx-PML from 
del(l7q) and aberrant truncated PML, (see Fig. I) (DE THE et al. 1990; GODDARD 
et al. 1991; DE THE et al. 1991; KAKIZUKA et al. 1991 ; PANDOLFI et al. 1992; BORROW 
et al. 1992; ALCALAY et al. 1992). The PML-RARrx product involves fusion of the 
NHrterminal portion of PML, including the proline-rich region and tripartite 
motif of RING finger, B-boxes and coiled-coil to the B domain of RARrx. Hence 
the fusion protein includes the DNA binding, ligand binding and heterodimerisa
tion motifs of RARrx. RARrx-PML retains only the RARrx trans-activation domain 
(A) and variable COOH-terminal portions of PML including potential phosphor
ylation sites (ALCALAY et al. 1992; BORROW et al. 1992). Aberrant COOH-term
inally truncated PML proteins, lacking either part of the rx-helix or the whole 
rx-helix and second B-box motif (B2), may be transcribed (PANDOLFI et al. 1992; 
FAGIOLI et al. 1992). These could potentially disrupt wild-type PML function and 
possibly playa contributory role in leukaemogenesis. However since PML-RARrx 
is invariably present, this is the most likely mediator of leukaemic transformation. 
The product retains all the functionally important domains that confer the activity 
of RARrx, but transcription is no longer under the control of the RARrx promoter. 
Furthermore the retention of RING, B-box and coiled-coil motifs of PML in the 
fusion protein is reminiscent of two other RING family members: TIFI (MIKI et al. 
1991; LE DOUARIN et al. 1995) and RFP (TAKAHASHI et al. 1988), which are also 
capable of forming oncogenic fusion products (KASTNER et al. 1992; FREEMONT 
1993). This suggests that these motifs play an important role in the transformation 
potential of these proteins. 

The APL breakpoint on chromosome 17 invariably occurs within the RARrx 
second intron (BORROW et al. 1990; PANDOLFI et al. 1992). Recently a study of three 
patients has suggested that some breakpoint cluster within a 50bp region associated 
with a high frequency of topoisomerase I and II sites. An in vitro transfection
recombination assay suggested that this region may represent a hot spot for ille
gitimate recombination (TASHIRO et al. 1994). In contrast to RARrx, two major 
breakpoint regions have been delineated within PML. In approximately a third of 
patients a 5' breakpoint occurs (bed), usually within intron 3 (PANDOLFI et al. 1992; 
BIONDI et al. 1992), (Fig. 2). This leads to the formation of a fusion product 
comprising the NHrterminal 372 amino acids of PML linked to the COOH
terminal 403 residues of RARrx (GODDARD et al. 1991; KAKlZUKA et al. 1991), 
predicting a 90kDa protein (Fig. I). In the remaining two thirds of cases the PML 
breakpoint occurs more 3' (BIONDI et al. 1992). In the majority of these patients and 
in the APL cell line NB4 (LANOTTE et al. 1991) the breakpoint lies within intron 6 
(beri), whereas in approximately 10% of patients disruption occurs within exon 6 
(bcr2) (PANDOLFI et al. 1992; GALLAGHER et al. 1995). The berl pattern leads to the 



88 D. Grimwade and E. Solomon 

add(15q) 

1 2 

PML 

5' Breakpoint 
Region 

3 

ber 
3 

! 
4 5 

RARa 

3' Breakpoint 
Region 

ber ber 

II 
6 

\~ 
Proline RING B2 Coiled 
-rich Bl -coil 
domain 

deI(17q) 

a -helix 

RARa 

RI.l 
LItJ 

A 

serine- B 
proline 
-rich 
region 
? phosph
orylation site 

C 

PML 

exon 

7 8 9 

Alternative splicing amongst 
3' PML exons generates a series 01 
alternative PML carboxy terminI. 

Fig. 2. The genomic organisation at the chromosome 15 and 17 breakpoint regions of a patient with a 3' 
(ber I) PML breakpoint. The positions of other potential PML breakpoints (ber 2 & 3) are denoted. Bcr 3 
breakpoints lead to the translocation of PML exons 4--9 to chromosome 17. In patients with a ber 2 
breakpoint the RARa.-PML reciprocal fusion gene includes variable portions of PML exon 6 in addition 
to exons 7-9. Exons 4--9 of PML are subject to alternative splicing, generating multiple PML-RARa. & 
RARex-PML fusion products and up to 13 PML isoforms. (From GODDARD et al. 1991; PANDOLFI et al. 
1992; ALCALAY et al. 1992; BORROW et al. 1992) 



Characterisation of the PM Lj RA Rcr Rearrangement 89 

fusion of the NHrterminal 530 aminoacids of PML to RARrt predicting a protein 
of 105 kDa (GODDARD et al. 1991, PANDOLFI et al. 1991; 1992). Patients with a ber2 
pattern usually have a fusion protein of 96-105 kDa, the size being partly de
termined by the breakpoint position within exon 6 (PANDOLFI et al. 1992). A 
number of studies have demonstrated no significant correlation between PML 

breakpoint pattern and various disease parameters such as presence of coagulo
pathy or variant morphology (BORROW et al. 1992; FUKUTANI et al. 1995). How
ever, a trend towards increased frequency of ber3 breakpoints in patients with M3v 
has been noted in some series (BIONDI et al. 1992; 1994) and this may explain the 
contentious association with CD2 expression (CLAXTON et al. 1992; BIONDI et al. 
1993, 1995; MASLAK et al. 1993). 

PML-RARrt fusion products are subject to considerable heterogeneity gener
ated not only by three possible PML breakpoints, but also due to alternative 
splicing involving exons 3,4,5 and 6 of PML in addition to the use of two alter
native RARrt polyadenylation region (PANDOLFI et al. 1992), (Fig. 2). PM L exons 
3-5 encode the rt-helix, the most NHr terminal part of which forms the coiled-coil 
domain, exon 6 corresponds to part of the COOH-terminal serine/proline-rich 
potential phosphorylation region and may also encode a nuclear localisation signal 
(F AGIOLI et al. 1992; KASTNER et al. 1992). Therefore, the bcr3 breakpoint generates 
fusion products lacking the COOH-terminal phosphorylation region associated 
with some reduction in rt-helix length; products in which exon 3 is spliced out lack 
the coiled-coil domain altogether (PANDOLFI et al. 1992) (Fig. I). Patients with a 
ber 1 pattern generate a series of fusion products which contain a longer PML 
rt-helix than in ber3 and may retain part of the COOH-terminal phosphorylation 
region. The domains present in her2 patients depend upon the position of the exon 
6 breakpoint. The alternative splicing of exons 3-6 noted in patients with 3' PML 

breakpoints is also present in the reciprocal RARrt-PM L transcripts of patients 
with 5' (ber3) breakpoints (BORROW et al. 1992). 

This heterogeneity in fusion products generated by t(l5; 17) creates confusion 
as to their relative roles in mediating leukaemogenesis and raises concerns re
garding the selection of appropriate constructs for functional studies. However, 
since the majority of PML-RARrt fusion products retain the proline-rich, RING
finger, B-boxes and the coiled-coil motif, there may be little functional difference 
between them with regard to the ability to cause leukaemic transformation. More 
subtle differences between fusion products, for example altered length of rt-helix, 
the variable retention of domains containing potential sites of phosphorylation or 
conferring nuclear localisation and whether there is concomitant expression of 
RARrt-PML might account for any differences in disease characteristics of patients 
with different breakpoint patterns. In this regard it has recently been noted that 
patients with a ber3 pattern have a worse prognosis, associated with an increased 
risk of relapse (VAHDAT et al. 1994), although this remains contentious (FUKUTANI 
et al. 1995). 
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4 The Wild-Type PML Protein 

The discovery of the PML-RARrJ. rearrangement in APL paved the way for further 
characterisation of wild-type PML, the precise function of which still remains 
unclear. It is expressed in a wide range of tissues and haematopoietic cell lines as a 
bewildering array of isoforms that range in molecular weight from 48 to 98 kDa 
(GODDARD et al. 1991; FAGIOLI et al. 1992; BORROW and SOLOMON 1992; TERRIS et 
al. 1995; FLENGHI et al. 1995). Isoform variability is generated by alternative 
splicing within the central exons (4,5 and 6) in addition to the utilisation of a series 
of potential COOH-terminals (exons 7, 8 and 9) (GODDARD et al. 1991; FAGIOLI et 
al. 1992; BORROW and SOLOMON 1992). The significance of this variability is un
clear, particularly as all isoforms retain the cysteine-rich motifs and coiled-coil 
domains that are considered of functional importance (GODDARD et al. 1991; FA
GIOLI et al. 1992). Alternative splicing between the central exons could influence the 
distribution of PML within the cell, by an effect on the nuclear localisation signal 
(KASTNER et al. 1992; FLENGHI et al. 1995). It has also been suggested that COOH
terminal variability might alter the biological activity of PML by inserting regions 
with potential phosphorylation sites that could alter the function of the serine/ 
proline-rich domain (F AGIOLI et al. 1992). 

The presence of the NH2-terminal proline-rich region, three zinc finger motifs 
and the adjacent coiled-coil domain with homology to the Jun/Fos dimerisation 
interface suggested to many groups that PML is a putative transcription factor 
whose function is disrupted in APL (GODDARD et al. 1991; KAKIZUKA et al. 1991; 
DE THE et al. 1991; KASTNER et al. 1992). However, further study of many RING
finger proteins including PML has revealed no direct evidence for specific DNA 
binding (FREEMONT 1993). The RING finger proteins represent a large group with a 
variety of regulatory functions including a number involved in development and 
cell differentiation (FREEMONT, 1993). In proteins such as yeast PEP3 (PRESTON et 
al. 1991; ROBINSON et al. 1991) and PEP5 (DuLlc and RIEZMAN 1989; WOOLFORD et 
al. 1990), which belong to the RING H2 family and are involved in vacuolar 
biogenesis, the RING-finger domain is clearly not involved in an interaction with 
either DNA or RNA and is a site of protein-protein or protein-lipid interaction 
(FREEMONT 1993). The function of other RING-finger proteins more clearly implies 
a close relationship with DNA processing. RAG 1 is involved in the activation of 
V(D)J recombination in lymphoid cells (SCHATZ et al. 1989), RAD18 is required for 
postreplicative repair ofUV damaged DNA in yeast (JONES et al. 1988) and TIFI is 
a putative mediator ofligand-dependent transactivation of steroid hormone nuclear 
receptors (LE DOUARIN et al. 1995). It is possible that these effects are not mediated 
by direct DNA binding of the RING finger itself, but may involve the formation of 
complexes with other proteins that are responsible for binding to DNA. Hence, 
RING finger proteins could influence transcription rates by dimerising with tran
scriptional activators and/or repressors and possibly form complexes with basal 
transcription machinery. In this regard the RING finger and B-box domains could 
represent potential sites of protein-protein interaction. The homology of the coiled-
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coil domain of PML to the JunjFos dimerisation motif suggests a further potential 
site of association with transcription factors and may account for the apparent 
interaction between PML-RARet and API signalling (DOUCAS et al. 1993). How
ever, there have been no reports investigating any interplay between wild-type PML 
and API responsive pathways. 

More insight into the normal function of PML has been provided by the 
development of PML antisera, which have characterised its intracellular distribu
tion. PML has been found to localise predominantly to discrete structures within 
the nucleus, known variably as nuclear bodies, NDlO, Kr bodies and PODs 
(STUURMAN et al. 1992; KASTNER et al. 1992; DANIEL et al. 1993; DYCK et al. 1994; 
WEIS et al. 1994; KOKEN et al. 1994; BORDEN et al. 1995), although cytoplasmic 
aggregates of PML may also be detected in 10%-20% of cells (FLENGHI et al. 
1995). The nuclear bodies are composed of several proteins, including NDP52 
(KORIOTH et al. 1995; PIC 1, a novel ubiquitin-like protein BODDY et al. 1996) and 
SPI00, a 75 kDa auto antigen recognised by anti-Kr sera (WEIS et al. 1994). Anti
bodies to SPIOO may be detected in some patients with autoimmune diseases, 
particularly primary biliary cirrhosis (WEIS et al. 1994). The function of these 
nuclear bodies is ill-defined at present: there are usually 10--30 per nucleus, they lie 
in a close relationship to chromatin, are distinct from nucleoli and spliceosomes 
(WEIS et al. 1994) and do not associate with metaphase chromosomes (FLENGHI et 
al. 1995). 

Recent studies have demonstrated that the PML nuclear bodies form a target 
for a variety of viral infections, including herpes simplex (EVERETT and MAUL 
1994), adenovirus (PUVION-DuTElLLEUL et al. 1995; CARVALHO et al. 1995; DOUCAS 
et al. 1996), and cytomegalovirus (KELLY et al. 1995). For example, in the case of 
herpes simplex, VmwlIO, an immediate early viral protein required for reactivation 
of latent virus and also incidentally a RING finger protein, colocalizes with PML 
nuclear bodies early in the course of infection (EVERETT and MAUL 1994). With 
subsequent progression, VmwilO and PML are ultimately translocated together to 
the cytoplasm (EVERETT and MAUL 1994), although it is unclear at present whether 
other constituents of the nuclear domain are also transported in this process. 
However, this phenomenon has led to the suggestion that the PML-containing 
nuclear bodies may mediate a storage function or possibly be involved in trafficking 
between nucleus and cytoplasm (EVERETT and MAUL 1994). This redistribution of 
PML in viral infection is interesting, in the context of recent studies demonstrating 
marked expression of PML in macrophages, particularly associated with various 
inflammatory and neoplastic processes (FLENGHI et al. 1995; TERRIS et al. 1995). 
PML expression appears to be upregulated in neoplastic cells of a wide range of 
tumours, in cells affected by various inflammatory processes, in normal tissues 
associated with proliferation and in promonocytic cells induced to differentiate 
with combinations of vitamin D3 and transforming growth factor (TGF)~I with or 
without interferon-y (FLENGHI et al. 1995; TERRIS et al. 1995). Whether these 
findings are of any functional significance, perhaps indicating that PML is a marker 
of the proliferative state of the cell and possibly implying that it is involved in cell 
growth, or whether they merely reflect a nonspecific cytokine mediated effect is 
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unclear at present. However, it is now apparent that at least three nuclear body 
proteins are upregulated by interferons (KORIOTH et al. 1995; CHELBI-ALIX et al. 
1995); more detailed investigation ofPML has revealed that at least in this case the 
phenomenon is mediated through specific response elements contained within the 
promoter region (STADLER et al. 1995). 

Recently, the structure of the RING motif of PML in solution has been solved 
by NMR. Zinc binding was confirmed and found to be essential for folding of the 
domain, which contains two zinc atoms held in a cross-brace pattern, stabilised by a 
hydrophobic core region (BORDEN et al. 1995). This analysis has permitted very 
specific site-directed mutagenesis studies exploring the function of the PML RING 
finger and its role in nuclear body formation (BORDEN et al. 1995). Mutations of 
cysteines involved in either the first or second zinc binding site led to inability to 
form PML nuclear bodies (KASTNER et al. 1992; BORDEN et al. 1995), whereas 
mutations involving surface amino acids far from the zinc binding sites had no such 
effect (BORDEN et al. 1995). These studies lend weight to the view that the RING 
finger domain is important for protein-protein interactions which may be essential 
for the integrity of the nuclear bodies. This interaction may involve other PML 
molecules or other components of the nuclear domain. Electrostatic surface po
tential calculations indicate that the PML RING domain is nearly uniformly po
sitive and hence a surface charge component may also be important for nuclear 
body formation (BORDEN et al. 1995). Studies involving mutations of the coiled-coil 
domain of PML or PML-RARrx have implicated this region in PML-RARrx/PML 
heterodimer and PML-RARrx homodimer formation (KASTNER et al. 1992; PEREZ 
et al. 1993). More recent work suggests that the coiled-coil may also represent an 
important interface for wild-type PML homodimerisation (N. BODDY, personal 
communication; BORDEN et al. 1996), possibly leaving the RING finger and B-boxes 
free to interact with other motifs within the nuclear body. In support of this view, 
point mutations in either B-box domain also prevent PML nuclear body formation, 
without actually disrupting dimerisation with wild-type PML (BORDEN et al. 1996). 
It is becoming clear that understanding the role of the nuclear bodies, their com
position, the determinants of their stability and the relationship with PML may be 
critical to understanding the pathogenesis of APL and its response to ATRA. 

5 The RARe< Protein and Retinoid Signalling Pathways 

In order to understand the significance of RARrx disruption in APL it is important 
to consider the normal mechanisms mediating retinoid signalling within the cell and 
their functional role. For many years it has been appreciated that retinoids exert 
profound effects on morphogenesis and differentiation which suggest they play an 
important role in embryogenesis (BROCKES 1990, for review and references therein). 
Furthermore, retinoids can achieve significant differentiating effects in several tu
mour cell types, including teratocarcinomas and myeloid leukaemias. Retinoid 
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activity is mediated by two distinct families of nuclear receptors: the retinoic acid 
receptors (RARs : RARC'l, RAR~, RARy), which can bind both ATRA and 9-cis 
RA, and the retinoid-X receptors (RXRs : RXRct, RXR~, RXRy), for which 9-cis 
RA is the only high affinity ligand (LEHMANN et al. 1992; LEIO et al. I 992a). The 
retinoid receptors may exist as monomers. homodimers or RAR/RXR hetero
dimers (LEID et al. 1992a; Au-FLIEGNER et al. 1993), conferring their activity by 
binding to specific DNA response elements which leads to the activation or re
pression of target genes (BEATO 1989; LEIO et al. 1992a; STUNNENBERG 1993 for 
reviews and references therein). 

Steroid hormone receptors may be divided into two broad groups on the basis 
of their preferred dimerisation partner, DNA binding characteristics and features 
of the DNA binding motif (BEATO 1989; STUNNENBERG 1993). Hormone receptor 
response elements are composed of a hexanucleotide motif that may be repeated in 
a direct, inverted or palindromic pattern, separated by a variable number of spacer 
nucleotides (BEATO 1989; LEIn et al. 1992a; STUNNENBERG 1993). Analysis of 
naturally occurring and synthetic response elements linked to reporter genes sug
gest that type I receptors, such as glucocorticoid, progesterone and oestrogen re
ceptors, bind preferentially to palindromic motifs separated by three nucIeotides. 
Hence such receptors are believed to bind DNA as homodimers in a "head to 
head" fashion with dimerisation occurring at the DNA binding domains (STUN
NENBERG 1993). In contrast, type II receptors, such as those for thyroid hormone 
(TR), vitamin D (VDR) and the RARs, require the presence of RXR for high 
affinity DNA binding (ZHANG et al. 1992; KLIEWER et al. 1992; LEID et al. 1992a,b; 
STUNNENBERG 1993). RXR/type II receptor heterodimers bind to response elements 
which form a direct repeat pattern, favouring a "head to tail" binding model 
(STUNNENBERG 1993). The specificity of the DNA interaction is conferred by dif
ferences in the sequence and orientation of the hexanucIeotide motif and also by 
variation in the number of spacer nucIeotides (U MESONO et al. 1991; LEID et al. 
1992a; STUNNENBERG 1993). Hence, VDR/RXR binds preferentially to a DR + 3 
motif (direct repeat with three spacer nucIeotides), TR/RXR to a DR + 4 element 
and RAR/RXR to DR + 1, DR + 2 or DR + 5 motifs. In contrast RXR homo
dimers bind preferentially to a DR + 1 element (UMESONO et al. 1991; STUNNEN
BERG 1993; KUROKAWA et al. 1994). Although RXR binds to a range of response 
elements in partnership with RAR, recent studies suggest that RXR ligand re
sponses are not mediated through such a complex; indeed, the formation of RAR/ 
RXR heterodimers renders the interaction of RXR with its specific ligands un
favourable (KUROKAWA et al. 1994; FORMAN et al. 1995). RXR responses may, 
therefore, be mediated through RXR homodimers acting at DR + 1 response ele
ments (KUROKAWA et al. 1994; FORMAN et al. 1995) and possibly through RXR/ 
Nurr-l or RXR/NGFI-B heterodimers at NGFI-B response elements (FORMAN et 
al. 1995). Ligand-bound RXR homodimers lead to transcriptional activation at 
DR + 1 sites, in contrast to RAR/RXR heterodimers that bind such elements with 
greater affinity but have a repressive effect (KUROKAWA et al. 1994). Recent studies 
have demonstrated that the orientation of RAR/RXR heterodimers at DNA 
binding sites is a critical determinant of response, influencing release of the co-
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represser N-COR from the RAR hinge region in the presence ofligand (KUROKAWA 
et al. 1994, 1995; HORLEIN et al. 1995). At DR + I elements RAR binds the motif 
upstream of RXR, associated with transcriptional repression with persistent N
COR binding despite the presence of ligand to RAR. Whereas at DR + 5 elements, 
RXR is the upstream partner and RAR ligand binding leads to N-COR release and 
transcriptional activation. 

Review of the mechanisms of retinoid induced signalling reveals multiplicity at 
all levels of the pathway which may be essential to achieve their wide ranging and 
far-reaching effects (LEID et al. 1992a). First, there is variability in ligand pre
ferences for activation of a particular retinoid pathway. Both ATRA and 9-cis RA 
can activate RARs, whereas only 9-cis RA can bind to RXRs (LEHMANN et al. 
1992). It can be envisaged that a relative excess of a particular retinoid might lead 
to changes in response element activation patterns. For example, a rise in 9-cis RA 
in the cell might favour increased RXR homoduHer activation at DR + I elements, 
possibly triggering a different repertoire of responses than if RAR/RXR-mediated 
responses had been favoured (LEID et al. 1992a; SCHRADER et al. 1993). Levels of 
retinoids within the cell may be modulated by binding proteins, whose activity in 
the adult and during embryogenesis may be temporally and spatially restricted 
(LEID et al. 1992a). Cellular retinol binding proteins (CRBPs) bind preferentially to 
retinol; whereas cellular retinoic acid binding proteins (CRABPs) bind ATRA ra
ther than 9-cis RA (LEID et al. I 992a). The CRABPs contain a retinoic acid in
ducible promoter region and have been considered to contribute to resistance to 
long-term ATRA therapy in APL (WARRELL 1993). 

The RARs and RXRs exist in a series of subtypes which share significant 
sequence homology across species, but show little similarity between subtypes 
within the same species (LEID et al. 1992a). They vary in their pattern of dis
tribution: for example, RARIX is ubiquitously expressed, RAR~ is present in a 
variety of epithelial cell types, whereas expression of RARy appears to be largely 
confined to the skin (COLLINS et al. 1990). These spatial differences may be im
portant for pattern formation during embryogenesis (LEID et al. 1992a). Further 
variability amongst the retinoid receptor subtypes may be generated as a result of 
two alternative promoter sites, which vary in retinoic acid inducibility, as well as by 
using alternative splicing amongst the 5' exons. This creates a series of isoforms 
with variable NHrterminal A domains fused to common B to F regions (LEROY et 
al. 1991). This is particularly interesting since the rearrangement in APL also 
preserves the B to F domain of RARIX, substituting the A domain for PML se
quence. The A domain of the RARs may confer tissue specificity and ligand in
dependent trans-activation function (LEROY et al. 1991; LEID et al. 1992a). 

Therefore, in summary, the diversity demonstrated at all levels of the retinoid 
pathway is believed to facilitate the wide range of influences retinoids have on 
development (LEROY et al. 1991; LEID et al. 1992a). A series of RAR isoforms that 
vary in their tissue distribution and possibly in their developmental stage of ex
pression can potentially heterodimerise with a range of variably expressed RXR 
isoforms to generate a considerable repertoire of functional responses (LEID et al. 
1992a). Heterogeneity within the system is further enhanced by the potential di-
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versity of the response elements created by the sequence and orientation of the 
recognition motif with variable spacing elements. The binding affinities and pre
ferences of various RAR/RXR isoform heterodimers might be expected to differ 
across a range of potential retinoid response elements (LEID et al. I 992a; STUN
NENBERG 1993). The character of the response may also be influenced by the re
lative activity of co-activator and co-repressor proteins that bind nuclear receptors 
in a ligand- and polarity-dependent fashion (LE DOUARIN et al. 1995; KURoKAwA et 
al. 1995; HORLEIN et al. 1995; DON CHEN and EVANS 1995); by the nature of the 
isoform A domain and further modulated by the relative ambient levels of ATRA, 
9-cis RA or other retinoids (LEROY et al. 1991; LEID et al. 1992a; SCHRADER et al. 
1993). Further diversity may be created by the tendency for RARs to hetero
dimerise with TRs and competition for limiting amounts of RXR for optimal DNA 
binding (BARRETINO et al. 1993). 

Characterisation of the retinoid receptors has permitted more detailed in
vestigation to determine whether they possess a physiological role in cellular 
function and tissue development. Knockout experiments in mice suggest that in
tegrity of the RXROt pathway is fundamental to normal embryonic development. A 
homozygous defect proved lethal in utero due to cardiac malformation, mimicking 
the phenotype of vitamin A deficiency (KASTNER et al. 1994; Sucov et al. 1994). 
Similar experiments involving RARs have led to more subtle defects; therefore the 
severe manifestations associated with loss of RXROt function could partly reflect 
disruption of VDR, TR and possibly Nurr I/NGFI-B-dependent pathways in 
addition to any effect on retinoid response elements. Experiments achieving tar
geted expression of mutant RARs, associated with dominant negative activity, have 
demonstrated that integrity of the retinoid pathways is essential for normal em
bryonic skin development (IMAKADO et al. 1995; SAITOU et al. 1995). It is likely that 
this approach will further clarify and define the role of retinoid pathways not only 
in normal embryonic development but also in the postnatal period (ANDERSEN and 
ROSENFELD 1995). For example, transfection of COOH-terminally truncated 
RAROt into mouse bone marrow cells or the FDCP haematopoietic pluripotential 
cell line inhibits the activity of wild-type receptor and leads to maturation arrest at 
the promyelocyte stage (TsAI and COLLINS 1993). It is this phenomenon that sug
gests that RAROt is essential for normal myeloid differentiation and that disruption 
of the retinoid pathways plays a critical part in the pathogenesis and subsequent 
phenotype of APL. 

6 Variant Translocations in Acute Promyelocytic Leukaemia 

In APL, t(15; 17) is frequently the only cytogenetic abnormality detected (MITEL
MAN 1994; BERGER et al 1991). This has led to the suggestion that this reciprocal 
translocation with its associated P ML/ RAROt rearrangement is by itself sufficient to 
cause leukaemic transformation (GRIGNANI et al. 1993) particularly as concomitant 
ras or p53 mutations in APL are extremely rare (LONGO et al. 1993). This view 
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initially appears to contrast with that considered to underlie other acute leukae
mias, in which a multistep process is envisaged leading to defects in both growth 
and differentiation (SAWYERS et al. 1991). 

Some patients with APL have been found to exhibit a normal karyotype. In 
many cases this may represent a failure of cytogenetic technique, in which purely 
direct examination has been employed that only effectively analyses the karyotype 
of normal marrow elements. However, in some patients the karyotype may be 
normal despite prior culture of the cells; in these cases RT-PCR or FISH may 
detect the PML/RARrx fusion suggesting the presence of a cryptic rearrangement 
below the resolution of conventional cytogenetic assessment (GRIMWADE et al. 
1 996b). Similarly, in occasional cases in which variant cytogenetic abnormalities 
have been detected with no apparent t(15;17), or situations in which chromosomes 
15 and/or 17 are involved as part of a three- or four- way translocation, molecular 
studies have nevertheless demonstrated a PML/RARrx rearrangement, consistent 
with the view that it is this mediating the disease (CHEN et al. 1994b; McKINNEY et 
al. 1994; BORROW et al. 1994; HIORNS et al. 1994). 

Recently, two rare variant translocations have been described in patients with 
morphological APL, in which RARrx is disrupted but fused to a partner other 
PML. The t(II;17)(q23;q21), which is described in detail in another review in this 
volume, involves a novel zinc finger gene PLZF (CHEN et al. 1993a,b, 1994a). This 
disease, in contrast to that mediated by a PML/RARrx rearrangement, appears to 
demonstrate a poor response to ATRA and is considered to confer an adverse 
prognosis, although the number of cases of t(1l; 17) APL described so far is small 
(LICHT et al. 1995). More recently, a case of APL has been described involving a 
5; 17 translocation (q32;q21), which leads to the formation of a nuc1eophosmin
RARrx fusion product (REDNER et al. 1996). Nucleophosmin (NPM), a nucleolar 
phosphoprotein thought to be involved in RNA processing or packaging, has also 
been found to be fused to a tyrosine kinase catalytic domain of a novel gene, ALK, 
in Ki-I-positive anaplastic large cell lymphoma associated with t(2;5) (MORRIS et al. 
1994; also described in detail in this volume). Further elucidation of the functional 
characteristics of these variant fusion proteins is likely to provide considerable 
insight into the pathogenesis of t(15;17) associated APL and the mechanisms 
mediating A TRA response. That no cases of APL with variant cytogenetics have 
been found with PML, PLZF or NPM fused to a novel gene suggest that disruption 
of these genes is not critical to the development of the promyelocytic phenotype, 
but may be essential for the process of leukaemic transformation. The involvement 
of RARrx in 15; 17 and the 5; 17 and II; 17 cytogenetic variants suggest that dis
ruption of this gene may be a prerequisite for the differentiation block in myeloid 
development that characterises APL. 
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7 Mechanisms of Leukaemogenesis 
and the All-trans Retinoic Acid Response 

The t(15; 17) translocation is unique to APL and hence is considered critical to the 
development of this subtype of AML. The condition usually arises de novo, al
though occasional secondary cases have been reported, particularly following the 
use of cytotoxic agents that interact with topoisomerases (BHAVNANI et al. 1994). 
This is interesting in view of the topoisomerase I and II sites in the breakpoint 
regions (DONG et al. 1993; TASHIRO et al. 1994). PML-RARet is the only fusion 
product resulting from the translocation that is invariably transcribed and it retains 
the potential important functional domains of both PML and RARet; thus, it is the 
most likely mediator of leukaemic transformation. Initially, PML was considered 
to be a transcription factor in view of its zinc finger domains, hence APL was 
thought to result from disruption of PML- and/or RARet- dependent transcription 
pathways. The recent characterisation of the rare APL cytogenetic variants t(5; 17) 
and t(11; 17) demonstrates that disruption of RARet is a prerequisite for the disease. 
Furthermore, in both t(5; 17) and t( II; 17) variant translocations, the breakpoint lies 
within the second intron of RARet as in the t( 15; 17) (REDNER et al. 1996; CHEN et 
al. 1993a,b), consistent with the view that this region represents a recombination 
hot-spot (TASHIRO et al. 1994). It also suggests that recombination at this break
point site, which results in retention of the DNA binding, heterodimerisation and 
ligand binding regions of the receptor, is essential for the functional activity of the 
fusion protein. The involvement of RARet, even in APLs with variant cytogenetics, 
suggest that disruption of this gene is critical to the development of the promye
locytic leukaemia phenotype and implicates RARet in the normal process of mye
loid differentiation. 

For many years it has been appreciated that pharmacological doses of retinoids 
can cause differentiation of myeloid leukaemic blasts, particularly those with M2/ 
M3 morphology (BREITMAN et al. 1981; HUANG et al. 1988; CASTAIGNE et al. 1990; 
CHOMIENNE et al. 1990; SAKASHITA et al. 1993). Recently, an HL60 cell line (HL60R) 
that is relatively resistant to the differentiating effects of retinoids, in comparison to 
wild-type HL60, was found to harbour a COOH-terminally mutated RARet (Ro
BERTSON et al. I 992a). This leads to a reduction in ligand binding affinity, but 
probably has little effect on the ability to form RXR heterodimers. It was found that 
the differentiation response of HL60R to A TRA could be restored by transfection of 
wild-type RARs or RXRet (ROBERTSON et al. I 992b). This indicates that integrity of 
the retinoid receptor pathways, of which RARet and RXR~ are probably the major 
components in haematopoietic cells (ROBERTSON et al. I 992b; SAKASHITA et al. 1993), 
is essential for mediating the response to A TRA in HL60 cells and suggests that 
physiological levels of retinoic acid might be important to sustain normal myeloid 
differentiation. In favour of such a hypothesis, it was found that transfection of 
dominant negative mutant RARet , with an interrupted ligand-binding domain, into 
murine pluripotential factor-dependent haematopoietic stem cells (FDCP) or into 
mouse bone marrow led to a block in differentiation at the promyelocyte stage which 
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could be overcome by pharmacological doses of ATRA (TSAI and COLLINS 1993). 
This A TRA response was presumably mediated by residual normal RAR/RXR 
heterodimers or RAR/RAR homodimers. Similarly, transfection of PML-RARrx 
into the U937 promonocytic cell line prevented vitamin DTinduced monocytic dif
ferentiation, a block which could also be overcome by addition of ATRA (GRIGNANI 
et al. 1993; TESTA et al. 1994). Expression of PML-RARrx in U937 cells serves as a 
model, appearing to reproduce features of APL: the chimaeric gene leads to in
creased proliferation associated with a reduced rate of apoptosis and introduces a 
block in differentiation that can be overcome by ATRA. This model provides fur
ther, indirect evidence that PML-RARrx is the leukaemogenic transcript. 

It has been assumed that PML-RARrx mediates leukaemogenesis by exerting 
"dominant negative" activity on PML- and/or RARrx-dependent pathways. The 
aforementioned studies of ATRA-resistant HL60R cells (ROBERTSON et al. 1992b) 
and transfection studies in FDCP cells or mouse bone marrow (TsAI and COLLINS, 
1993) demonstrate that aberrant RARrx receptors can lead to such "dominant 
negative" activity. However, in all of these systems the receptor defect lies within 
the ligand binding site, which therefore does not fully mimic the situation in APL in 
which ligand binding and RXR heterodimerisation regions of RARrx remain intact. 
A number of groups have attempted to address whether PML-RARrx can mediate a 
"dominant negative" effect on retinoid signalling using transient transfection stu
dies. The experiments have not proved particularly enlightening as to the processes 
underlying leukaemogenesis in APL or the mechanisms mediating ATRA-induced 
differentiation since the results were highly dependent upon the cell type and re
porter construct/retinoid response element employed. This is not unexpected since 
heterogeneity within the retinoid signalling pathway is believed to confer functional 
diversity within the system (LEID et al. 1992a). DE THE et al. (1991) found that 
PML-RARrx is a relatively poor trans-activator at physiological levels of ATRA, 
suggesting that it could block normal retinoic acid-dependent myeloid differ
entiation, which could be overcome by supraphysiological levels of ATRA. The 
results of PANDOLFI et al. (1991) also implicated PML-RARrx as a repressor of 
normal retinoid signalling in the absence of ligand; but in these experiments the 
presence of A TRA led to more potent trans-activation of retinoid response ele
ments by the fusion protein than wild-type receptor. Again these experiments 
suggest that the differential activity of PML-RARrx in the presence or absence of 
ligand may account for the cause of the leukaemia and its response to A TRA. 
KAKIZUKA et al. (1991) found that in some cell types, e.g. CV1, the fusion protein 
led to activation at retinoid response elements and that exposure to ATRA led to 
further enhancement of this phenomenon in comparison to wild-type receptor 
activation. By contrast, in myeloid cell lines such as HL60, PML-RARrx had a 
repressive effect in the absence of ligand and caused activation upon treatment with 
ATRA, consistent with the findings of DE THE (1991). Using an NHrtruncated 
RARrx construct lacking the A domain, KASTNER et al. (1992) demonstrated that 
the trans-activation properties of the fusion protein are modulated by the presence 
of PML and do not merely reflect an effect of NHrterminal truncation. 
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Although no consistent message emerges from this series of experiments they 
do demonstrate a number of points. PML-RARrx is clearly capable of activating or 
repressing various retinoid response elements and has both promoter and cell type 
specificities. The fusion product is capable of binding retinoic acid which may alter 
its response at retinoid response elements, suggesting that a differential effect of 
PML-RARrx at physiological and pharmacological levels of ATRA might explain 
the differentiation block at low levels of ligand, with induction of differentiation at 
therapeutic doses. Furthermore, the experiments of KASTNER et al. (1992) suggest 
that APL is not solely the result of NHrterminal truncation of RARrx. The pre
sence of PML in the fusion protein clearly influences its behaviour at retinoid 
response elements and more recent data suggest that PML may play an important 
role in leukaemic transformation (M u et al. 1994; LIU et al. 1995; KOKEN et al. 
1995). 

With the development of PML antisera, which demonstrated inclusion of wild
type PML within nuclear bodies, it became apparent that in APL there is significant 
disruption of nuclear architecture (KASTNER et al. 1992; DANIEL et al. 1993; DYCK 
et al. 1994; WEIS et al. 1994; KOKEN et al. 1994). In normal cells there are ap
proximately 10--30 nuclear domains, whereas in APL cells the majority of domains 
are disrupted, leading to a micro particulate pattern of PML within the nucleus 
(DYCK et al. 1994; WEIS et al. 1994; KOKEN et al. 1994). Electron microscopy 
studies demonstrate the presence of some residual 0.3-0.5 flm nuclear domains lying 
adjacent to chromatin; however these are mostly replaced by large numbers of 
small electron dense particles not greater than 0.1 flm which are tightly bound to 
chromatin (WEIS et al. 1994). These smaller structures appear to correspond to the 
micro particulate pattern of PML and some at least contain other nuclear domain 
constituents such as SPIOO (WEIS et al. 1994). Immunofluorescence studies have 
demonstrated that PML-RARrx also colocalises to the disrupted nuclear bodies 
(WEIS et al. 1994), reflecting its ability to heterodimerise with PML (DYCK et al. 
1994). Transfection studies suggest that PML-RARrx is also capable of forming 
heterodimers with RXR (PEREZ et al. 1993). This interaction has been confirmed in 
vivo and may account for the sequestration of RXR within the nuclear domains 
noted in immunofluorescence studies performed in APL cells (W EIS et al. 1994). 
With subsequent treatment with ATRA, RXR becomes dissociated from the ab
normal APL-associated nuclear bodies and nuclear structure returns to normal 
with the reconstitution of 10-30 nuclear domains (WEIS et al. 1994). This effect is 
not the result of a significant change in the levels of PML, RARrx or PML-RARrx 
induced by ATRA (WEIS et al. 1994; SARKAR et al. 1994). 

This sequence of events suggests a further model, based on the sequestration of 
RXR, that can explain both the block in myeloid differentiation associated with 
APL and the response to ATRA therapy. Sequestration of RXR by PML-RARet 
into the abnormal nuclear bodies may have two potential effects. First, less RXR 
may be available to mediate the high-affinity DNA binding, not only of residual 
wild-type RARrx but also of VDR and TR to their respective response elements. 
Their activity may be critical to achieve normal myeloid differentiation and account 
for the block at the promyelocyte stage associated with APL. RARrx, VDR and TR 
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all seem to playa role in myeloid differentiation and may be important in mod
ulating its pattern. Integrity of RARtX function may permit progression along the 
granulocytic pathway (TSAI and COLLINS 1993), vitamin D-mediated responses 
appear to drive differentiation down the monocytic pathway (GRIGNANI et al. 1993; 
TESTA et al. 1994), whereas the integrity of TR activity may be important for 
erythroid differentiation (DAMM et al. 1989). Second, as PML-RARtX/RXR het
erodimers are capable of binding to retinoid response elements (PEREZ et al. 1993), 
it is possible to envisage that the binding specificities and trans-activation properties 
of the fusion product might differ from those of wild-type RARtX/RXR and hence 
abnormal patterns of activation and/or repression of retinoid response pathways 
might contribute to the leukaemic phenotype, as was suggested by various transient 
transfection studies (PANDOLFI et al. 1991; DE THE et al. 1991; KAKIZUKA et al. 
1991; KASTNER et al. 1992). Treatment of APL cells with ATRA might lead to a 
conformational change in PML-RARtX that enables reformation of nuclear bodies 
and impairs PML-RARtX/RXR heterodimer formation such that RXR is released. 
Free RXR might then facilitate differentiation by interacting with wild-type RARtX, 
VDR and TR. It is also possible that part of the ATRA effect occurs independently 
of RXR, mediated by RARtX homodimers. 

This model therefore proposes sequestration of RXR as the major factor un
derlying the differentiation block in APL with its release on ATRA therapy then 
mediating terminal myeloid differentiation. In support of such a model are the 
results of experiments whereby U937 cells were transfected with PML-RARtX 
(GRIGNANI et al. 1993; TESTA et al. 1994). This cell line can normally be induced to 
differentiate into more mature monocytic cells in the presence of vitamin D3, but 
this response is blocked on expression of the fusion protein (GRIGNANI et al. 1993; 
TESTA et al. 1994). Since VDR requires RXR for optimal activity (KLIEWER et al. 
1992), this failure in differentiation may also be explained by sequestration of RXR 
in the transfected cells. On treatment with ATRA, monocytic differentiation to D3 
exposure is restored (TESTA et al. 1994), presumably secondary to release of se
questered RXR. 

It has also been suggested that disruption of the PML-containing nuclear 
bodies may be the primary phenomenon in APL pathogenesis and that failure to 
reconstitute the nuclear domains is associated with resistance to ATRA and hence 
failure to achieve differentiation (DYCK et al. 1994). In this context it is possible to 
envisage that the abnormal localisation of one or more factors associated with the 
nuclear domains might lead to leukaemogenesis; this could involve PML, RXR or 
another as yet uncharacterised nuclear domain constituent. The disruption of nu
clear domains in APL is likely to be mediated by the fusion protein and possibly 
aberrant PML molecules which have variable COOH-terminal truncations invol
ving coiled-coil and B-box domains. Mutational analyses suggest that the integrity 
of RING, B-box and coiled-coil domains of wild-type PML is important for the 
stability of the nuclear domains (KASTNER et al. 1992; BORDEN et al. 1995,1996). 
The coiled-coil is known to be important for PML/PML-RARQ( heterodimer and 
PML-RARtX homodimer formation (KASTNER et al. 1992; PEREZ et al. 1993). Re
cent studies suggest that it is also required for PML homodimerisation (N. BODDY, 
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unpublished), leaving RING and B-box domains free to interact with other PML 
molecules or other constituents of the nuclear domain. Electrostatic charge is also 
believed to be important for the stability of the nuclear bodies (BORDEN et al. 1995); 
therefore, the differences in structure and/or charge characteristics of the fusion 
proteins might account for their disruption in APL. Treatment with A TRA with 
consequent ligand binding might induce a further conformational change in PML
RARcr, rendering the interaction with RXR less favourable and permitting re
constitution of normal nuclear domains. 

Such a scheme suggests that disruption of the nuclear bodies is not the primary 
abnormality mediating leukaemogenesis, but merely a secondary phenomenon re
flecting an association between PML-RARcr and PML within the nuclear domains. 
Whether this view is valid will become apparent with further characterisation of the 
role of PLZF and NPM in variant trans locations in APL and whether these con
ditions are associated with disruption of PM L nuclear bodies. There is already early 
evidence to suggest that PLZF, although localised within the nucleus, is not as
sociated with the nuclear bodies (LICHT et al. 1995). 

The normal role of PML, apart from representing a constituent of the nuclear 
domains, is unclear. However, recently PML has been found to demonstrate anti
oncogenic activity in a variety of transformation assays (M u et al. 1994). Trans
fection of PM L into APL-derived NB4 cells suppressed their anchorage-indepen
dent growth on soft agar and tumourigenicity in nude mice. PML was found to 
suppress transformation of rat embryo fibroblasts by Ha-ras in the presence of 
mutant p53 or c-myc. Furthermore PML prevented the transformation of NIH 3T3 
cells by activated neu oncogene, an effect that was abrogated by cotransfection with 
PML-RARcr. Whether this activity is directly attributable to PML or is a secondary 
phenomenon due to PML aggregates functioning in a manner analogous to the 
nuclear bodies is unclear. The coiled-coil domain ofPML shares homology with the 
Jun/Fos dimerisation interface and could form a potential site of interaction with 
transcription factors that could be involved in mediating this growth-suppressive 
activity. That PML plays an active role in leukaemogenesis is suggested by the 
involvement of other RING finger proteins such as RFP and TIFI in oncogenic 
fusion products. 

Leukaemia is considered to develop as a result of a multistep process com
bining defects of growth and differentiation (SAWYERS et al. 1991). In APL t( 15; 17) 
is often the sole cytogenetic abnormality (MIT ELMAN 1994; BERGER et al 1991) and 
associated p53 or ras mutations are rare (LONGO et al 1993). Since PML appears to 
demonstrate growth suppressor activity, the PML/RARcr rearrangement may be 
sufficient by itself to mediate leukaemogenesis (M u et al. 1994). Disruption of PM L 

could lead to cell transformation associated with reduced apoptosis and con
comitant interruption of RARcr responsive pathways and sequestration of RXR 
cause the characteristic differentiation block at the promyelocyte stage (Fig. 3). 
This differentiation block may be enforced by inhibition of AP-I activity by PML
RARcr (DoucAs et al. 1993)and high annexin VIII levels that inhibit phospholipase 
A (SARKAR et al. 1994); both of these factors are subsequently reversed on treat
ment with ATRA. Whether PML plays an active or merely permissive role in the 
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Fig. 3. Model for the pathogenesis of acute promyelocytic leukemia (APL) and the response to retinoids 
(ATRA) 



Characterisation of the PMLjRARrx Rearrangement 103 

development of APL will become apparent with further characterisation of the 
structure and function of the nuclear domains, establishment of the normal role of 
PLZF and NPM and determination of their structural and functional similarities to 
PML. 

8 The Role of Molecular Techniques in the Management 
of Patients with Acute Promyelocytic Leukaemia 

Molecular studies may prove a useful adjunct to the care of patients with APL. 
Demonstration of the presence of a PM Lj RARr:t rearrangement, by techniques 
such as RT-PCR, is particularly valuable in patients in whom cytogenetics at di
agnosis has failed or revealed a variant or normal karyotype. This serves to confirm 
the diagnosis of APL at the molecular level and identifies a group with a favourable 
differentiation response to ATRA (MILLER et al. 1992). 

Recent studies have suggested that characterization of the PML breakpoint 
pattern may also provide independent prognostic information. A subgroup of APL 
with PML exon 6 (bcr2) breakpoints has been found to exhibit reduced sensitivity 
to ATRA, at least in vitro; whether this is of any clinical significance remains to be 
determined in a larger number of cases (GALLAGHER et al. 1995). Furthermore, two 
groups have suggested that the 5' (bcr3) pattern is associated with a worse prog
nosis, although these studies involved patients that had received rather hetero
geneous treatment approaches (BORROW et al. 1992; HUANG et al. 1993). More 
recently, the bcr3 pattern was found to predict an increased risk of relapse in a 
group of patients treated more uniformly with A TRA and chemotherapy (VAHDAT 
et al. 1994). Should this phenomenon be confirmed in larger ongoing trials, it would 
suggest that all patients with APL should have the PML breakpoint pattern 
characterised at diagnosis. Furthermore, modifications to the treatment protocol of 
patients with a bcr3 breakpoint should be considered, such as transplantation in 
first complete remission (CR), which is not currently recommended for the treat
ment of APL. 

The sensitivity of nested RT-PCR techniques also affords the opportunity to 
monitor minimal residual disease (MRD) during the treatment period and after 
completion of consolidation therapy. Early studies of MRD suggested that per
sistent PCR positivity 2~ months after achievement of CR predicted relapse; 
whereas PCR negativity was associated with a good prognosis (Lo Coco et al. 
1992). Accordingly patients with APL in long-term remission were found to be 
PCR negative (DIVE RIO et al. 1993). However, a number of early studies of MRD in 
APL contained significant numbers of patients treated in relapse or in whom 
ATRA was the sole therapy. Such a group would be expected to demonstrate an 
increased rate of persistent PCR positivity associated with a high risk of relapse. It 
is now clear that combined therapy with ATRA and chemotherapy represents 
optimal management of APL at present (FENAUX et al. 1994) and is associated with 
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the achievement of PCR negativity in the vast majority of patients (MILLER et al. 
1993). Therefore the conclusions relating to the predictive power of PCR results 
alluded to in the early studies can not be directly transposed to apply to current 
treatment protocols. Indeed it is now clear that a significant number of A TRA and 
chemotherapy treated patients may relapse despite a series of PCR negative bone 
marrow examinations in remission (GRIMWADE et al. 1996a). This highlights the 
relative insensitivity of RT-PCR assays currently employed in APL, compared to 
those for diseases such as chronic granulocytic leukaemia. This may reflect the 
fragility of APL cells containing a relatively high concentration of inherent RNase 
activity, but is probably largely due to inefficiency of the reverse transcription step 
(SEALE et al. 1994). Attempts to increase PCR sensitivity in APL have only suc
ceeded in identifying PCR positivity in patients in long-term remission (TOBAL et 
al. 1995). This is interesting from the point of view of the biology of leukaemia 
remission and agrees with the presence of detectable Runt-MTG8 transcripts in 
t(8;21) AML M2 patients in long-term remission (NUCIFORA et al. 1993); however, 
such information is of little value in planning the care of individual patients, since 
the prognostic significance of such low-level PCR positivity is unclear. In fact it is 
the relative insensitivity of generally employed RT-PCR assays, which can detect 
one APL cell in 104_105 normal cells, that may actually prove to be advantageous, 
enabling finer tailoring of care to individual patients. At the sensitivity level of 
current assays it is clear that, in patients treated with chemotherapy and ATRA, 
persistent PCR positivity on completing consolidation therapy predicts relapse 
(MILLER et al. 1993). The optimal treatment for such patients is currently being 
addressed by the Italian AIDA study (AVVISATI et al. 1994). Recurrence of PCR 
positivity for PML-RARr:t. transcripts whilst in remission has been found to herald 
relapse within 1 year, although in some cases relapse occurs within only a few 
weeks (KORNINGER et al. 1994; GRIMWADE et al. 1 996a). There is currently no 
evidence that reinstituting therapy at the time of recurrence of PCR positivity 
confers any survival advantage, compared to treatment commenced at the time of 
frank relapse. Therefore there may be little merit in performing frequent marrow 
aspirates in remission for PCR assessment purposes unless the patient has an 
allogeneic transplant option. In view of the failure to detect MRD post con
solidation in all patients who ultimately relapse, current trials are addressing 
whether the rapidity of clearance of PCR-detectable disease is a better indicator of 
long-term prognosis. Should this prove to be the case it may permit further ra
tionalisation of treatment to individual patients in addition to that afforded by 
breakpoint characterisation. Ideally those patients with a significant risk of relapse 
may be selected for more aggressive therapy, whereas those considered to have a 
good prognosis might be spared excessive treatment associated with increased 
morbidity and expense. 
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9 Summary 

The vast majority of cases of APL are associated with t(15; 17) leading to the 
formation ofPML-RARrx, RARrx-PML and aberrant PML fusion products. PML
RARrx is invariably transcribed and is believed to mediate leukaemogenesis. PML 
was initially considered to be a transcription factor. However, characterisation of 
other RING finger containing proteins shows no direct evidence for DNA binding. 
The RING, B-box, and coiled-coil domains are more likely to represent sites of 
protein-protein interaction and may be critical for the stability of the multiprotein 
nuclear domains of which PML is an integral part. In APL the nuclear bodies 
become disrupted, presumably as a consequence of the presence of PML-RARrx 
and aberrant PML proteins that might render the structure unstable. PML-RARrx 
is capable of binding RXR and sequestering it into the disrupted nuclear domains. 
Sequestration of RXR would be expected to limit high affinity binding ofVDR, TR 
and residual RARs to DNA response elements and might account for the block in 
myeloid differentiation at the promyelocyte stage that characterizes APL. Recently 
PML has been found to have growth suppressor/anti-oncogenic activity. It is un
clear whether this is a property of PML itself or reflects a nonspecific function of 
the PML-associated nuclear domains. Hence the PML/RARrx rearrangement alone 
may be sufficient to cause APL. Abnormal PML function may prevent its growth
suppressor activity, leading to leukaemic transformation; concomitant disruption 
of retinoid pathways due to sequestration of RXR and/or an abnormal repertoire 
and character of response element activation mediated by the fusion protein, 
causing the block in myeloid differentiation (Fig. 3). Disruption of RARrx would be 
expected to account for the similar leukaemic phenotype associated with the t(5; 17) 
and t(11; 17) APL cytogenetic variants. Further characterisation of NPM and 
PLZF at the structural and functional level will determine whether PML and other 
proteins disrupted in APL associated translocations play an active or purely per
missive role in leukaemogenesis and will help dissect the events leading to trans
formation from those causing blockade of myeloid differentiation and mediating 
the response to A TRA. 
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Rhabdomyosarcoma (RMS) is a soft tissue tumor with striated muscle differ
entiation which usually presents in pediatric patients (RANEY et al. 1993). Though 
histopathologic classification has evolved over time, two major forms of childhood 
RMS are consistently recognized, embryonal (ERMS) and alveolar (ARMS). These 
two histopathologic entities have distinct clinical behaviors. ERMS presents mainly 
in children less than 10 years old; occurs predominantly in the head and neck, 
genitourinary tract, and retroperitoneum; and is associated with a favorable 
prognosis. In contrast, ARMS presents mainly in adolescents and young adults, 
often occurs in the extremities, and is associated with an unfavorable prognosis 
(TsoKos et al. 1992). This unfavorable prognosis is related to the propensity for 
early and wide dissemination, often involving bone marrow, and to the poor re
sponse to chemotherapy. 
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Philadelphia, PA 19104-6082, USA 



114 F.G. Barr 

Diagnosis of RMS is often complicated by a paucity of features of striated 
muscle differentiation (TsoKos 1994). Furthermore, the histologic criteria for dis
tinguishing the ERMS and ARMS subtypes are relatively subtle. The problem is 
compounded by the fact that a variety of pediatric solid tumors including RMS, 
neuroblastoma, Ewing's sarcoma, and non-Hodgkin's lymphoma can present as 
collections of poorly differentiated cells. To detect more subtle evidence of muscle 
differentiation, these tumors are stained with immunohistochemical reagents spe
cific for muscle proteins (such as MyoD, desmin, myoglobin, or muscle-specific 
actin) or examined by electron microscopy for myofilaments. However, there is no 
well-established ultrastructural or immunohistochemical marker that will distin
guish ERMS and ARMS tumors. 

Cytogenetic analysis of numerous RMS cases has demonstrated nonrandom 
chromosomal trans locations associated with the ARMS SUbtype: The most pre
valent finding is a translocation involving chromosomes 2 and 13, t(2;13)(q35-
37;qI4) (Fig. 1), which was detected in approximately 70% of published ARMS 

Chrom 13 

37 

Chrom 2 

Chrom 13 

Der2 

Der 1 Chrom 1 

Fig. 1. The t(2;13)(q35;qI4) (left) and t(I;13)(p36;qI4) (right) chromosomal translocations. Translocation 
breakpoints are indicated by horizontal arrows 
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cases (TURC-CAREL et al. 1986; DOUGLASS et al. 1987; WANG-WUU et al. 1988; 
WHANG-PENG et al. 1992). In addition, there have been several reports of a 
t(1;13)(p36;qI4) variant translocation (Fig. I) (BIEGEL et al. 1991; DOUGLASS et al. 
1991; WHANG-PENG et al. 1992), as well as single reports of cases with other related 
alterations (WHANG-PENG et al. 1986; DOUGLASS et al. 1991; SAWYER et al. 1994). 
The t(2;13) and t(1;13) translocations have not been associated with any other 
tumor and thus appear to be specific markers for ARMS. Though no consistent 
chromosomal alterations have been associated with ERMS (HElM and MITELMAN 
1995), loss of heterozygosity (SCRABLE et al. 1989) and chromosome transfer studies 
(KOI et al. 1993) have indicated the presence of a putative tumor suppressor gene in 
chromosomal region llpl5, inactivation of which is involved in development of 
ERMS but not ARMS. 

In summary, clinical and basic research investigations of RMS have demon
strated significant problems from diagnostic, therapeutic, and biological perspec
tives. This review will focus on the molecular genetics of ARMS and specifically 
address the importance of the characteristic chromosomal translocations in in
vestigating these diverse perspectives. Elucidation of the molecular basis of these 
chromosomal translocations has provided a valuable opportunity to investigate an 
important step in ARMS pathogenesis and to explore the utility of these genetic 
alterations as diagnostic markers or therapeutic targets in clinical management. 

2 Genomic Mapping and Cloning of Genes 
Disrupted by the t(2;13) Translocation 

Several laboratories developed strategies to localize the t(2; 13) breakpoint on 
physical maps of chromosomes 2 and 13 (Fig. 2). For chromosome 13 studies, a 
panel of somatic cell hybrid and lymphoblast cell lines with constitutional deletions 
and unbalanced translocations involving chromosome 13 was assembled (BARR et al. 
1991). Probes from the 13q12-14 region were situated by Southern blot analysis 
within physical intervals delimited by the constitutional breakpoints in genomic 
DNA isolated from these cell lines. In addition, the probes were localized with respect 
to the t(2; 13) breakpoint in ARMS cell lines or somatic cell hybrids containing one of 
the translocated chromosomes (VALENTINE et al. 1989; BARR et al. 1991; MITCHELL et 
al. 1991; SHAPIRO et al. 1992). These experiments localized the t(2; 13) breakpoint 
within a physical interval defined by the proximal deletion breakpoints in lympho
blast lines GMOl484 and GM07312 (Fig. 2). From a comparison of the physical data 
with the genetic linkage map of human chromosome 13 (BOWCOCK et al. 1991), the 
t(2;13) breakpoint is most closely flanked by loci D13S29 and TUBBP2. Using the 
available linkage and other mapping data, the distance between these loci is estimated 
to be less than 9 eM. 

The t(2; 13) breakpoint was sub localized on a physical map of chromosome 2 
by similar strategies (BARR et al. 1992). These experiments localized the t(2; 13) 
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Fig. 2. Localization of t(2; 13) translocation breakpoints by physical mapping analyses of chromosome 13 
(left) and chromosome 2 (right). Names of cell lines with constitutional deletions or unbalanced trans
locations of chromosome 2 or 13 are shown at the top of each figure. A schematic representation of the 
rearranged chromosome in each cell line is shown as vertical bars adjacent to the chromosome diagrams. 
The breakpoints in these cell lines are extended by horizontal lines to identify small physical mapping 
intervals. Chromosome 2 and 13 loci were localized to the appropriate interval by Southern blot analysis 
of the cell lines (BARR et al. 1991; BARR et al. 1992). The shaded bar indicates the position of the t(2;13) 
translocation breakpoint determined by Southern blot and PCR assays of alveolar rhabdomyosarcoma 
cell lines and somatic cell hybrids derived from these tumor lines. The order of the loci within these 
physical intervals has been determined by linkage analysis (BOWCOCK et al. 1991; MALO et al. 1991) 

breakpoint to a physical interval delimited by the distal deletion breakpoint in 
lymphoblast line GM09892 and the t(X;2) breakpoint in somatic cell hybrid 
GMl1022 (Fig. 2). These results demonstrated a physical order of human loci 
consistent with the order of loci derived from genetic linkage analysis of human 
chromosome 2 (O'CONNELL et al. 1989) and the linkage order in the syntenic region 
on mouse chromosome 1 (MALO et al. 1991; WATSON et al. 1992). The linkage data 
predicted that the human loci that most closely flank the t(2;13) breakpoint are 
INHA and ALP!. The distance between the murine counterparts on mouse chro
mosome 1 has been calculated to be 5.7-13.4 cM. 

Linkage studies of mouse chromosome 1 have indicated that Pax-3, which 
encodes a member of the paired box transcription factor family (GOULDING et al. 
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1991), maps between the mouse homologues of INHA and ALP! (EpSTEIN et al. 
1991). Using a chromosome 2 mapping panel, the human homologue (termed 
P AX3 or HuP2) (BURRI et al. 1989) was localized to the human 2q region adjacent 
to the t(2; 13) breakpoint (Fig. 2) (BARR et al. 1993). Somatic cell hybrids derived 
from an ARMS were then analysed by polymerase chain reaction (PCR) with 
oligonucleotide primers specific for the 5' and 3' ends of P AX3. These PCR studies 
indicated that P AX3 is split by the t(2; 13) such that the 5' P AX3 region is located 
on the derivative chromosome 13 [der(l3)] and the 3' PAX3 region is on the deriv
ative chromosome 2 [der(2)]. Structural alterations of P AX3 were confirmed by 
Southern blot analysis of genomic DNA from ARMS cell lines. Therefore, P AX3 is 
the chromosome 2 locus rearranged by the t(2; 13). The rearrangements in three 
ARMS cell lines were then localized to the 3' end of the P AX3 gene. Fine mapping 
of this 3' region demonstrated that the final three exons are contained within a 40 
kb region. The translocation breakpoints in the t(2; 13)-containing cell lines are 
situated within a 20 kb intron between the final and penultimate exons. 

Northern analysis with a PAX3 probe demonstrated a novel 7.2 kb transcript 
unique to the cell lines with the t(2; 13) (BARR et al. 1993; SHAPIRO et al. 1993a). This 
transcript only hybridizes to P AX3 sequences 5' to the t(2; 13) breakpoint indicating 
that it is the transcription product of the rearranged P AX3 gene located on the 
der(l3). To further characterize this transcript, clones containing the expected 
PAX3 cDNA sequence 5' to the t(2; 13) breakpoint fused to a novel sequence (Fig. 3) 
were isolated from cDNA libraries constructed from ARMS cell lines (BARR et al. 
1993; SHAPIRO et al. 1993a). This novel sequence was localized on chromosome 13 
to the region that contains the t(2; 13) breakpoint (Fig. 2). Northern blot analysis of 

PAX3 
chrom 2 

Transcriptional 
DNA Binding Activation 

Domain Domain 

II PB II Fol 
Transcriptional 

Repression Domains 

0.5 kb 

P AX3-FKHR rr----yTT-.---T:;;-r--....-----.. 

der(13) 

FKHR-PAX3 
der(2) 

FKHR 
chrom 13 

DNA Binding 
Domain 

Transcriptional 
Activation 
Domain 

Fig. 3. Maps of the wild-type and chimeric coding regions associated with the t(2; 13) translocation. In 
PAX3, the conserved paired box (PB), octapeptide, and homeodomain (HD). and in FKHR. the con
served fork head domain (FD) are shown as open boxes. The fusion point is marked by a vertical dashed 
line. Functional domains are shown as solid horizontal hars 
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ARMS cells with this sequence demonstrated hybridization to the same novel band 
detected by the 5' PAX3 probe. These findings indicate that the t(2;13) results in a 
chimeric transcript composed of 5' PAX3 sequences fused to sequences from a 
chromosome 13q 14 gene. 

A full-length cDNA from the wild-type chromosome 13 gene was isolated as 
overlapping clones from several libraries (GAuU et al. 1993; SHAPIRO et al. 1993a). 
This cDNA detected a 6.5 kb transcript in lympnob1asts, fibroblasts, and numerous 
fetal and adult tissues, and thus corresponds to a widely expressed gene. Sequence 
analysis revealed a 1965 bp open reading frame (ORF) encoding a 655 amino acid 
protein (Fig. 3). A BLAST database search showed homology to the fork head or 
winged-helix transcription factor family, and thus the chromosome l3 gene has 
been named FKHR (fork head in rhabdomyosarcoma) (GAuu et al. 1993). This 
gene has also been referred to as ALV (SHAPIRO et al. 1993a). 

3 P AX3 and the Paired Box Transcription Factor Family 

The P AX3 gene is a member of the paired box or PAX transcription factor family 
which is characterized by the highly conserved paired box DNA binding domain 
that was first identified in Drosophila segmentation genes (STRACHAN and READ 
1994; TREMBLAY and GRUSS 1994). Nine human members of this family have been 
subsequently identified. Several of these genes also contain a complete or truncated 
version of a second conserved DNA binding domain, the homeobox, as well as a 
short conserved octapeptide motif distal to the paired box. The P AX3 gene encodes 
a protein containing an NH2-terminal DNA binding domain consisting of a paired 
box, octapeptide, and complete homeodomain, and a COOH-terminal serine- and 
threonine-rich transcriptional activation domain (Fig. 3) (GOULDING et al. 1991). 
An identical organization and highly homologous coding sequence are also found 
in the PAX7 gene (JOSTES et al. 1991; DAVIS et al. 1994; SCHAFER et al. 1994), and 
thus P AX3 and P AX7 constitute a subfamily within the paired box family (Fig. 4). 

The paired box family is postulated to function in the transcriptional control of 
development (STRACHAN and READ 1994; TREMBLAY and GRUSS 1994). Each of the 
genes has a specific temporal and spatial pattern of expression during early devel
opment, and some are also expressed with a very restricted distribution in the adult. 
In situ hybridization analysis of murine embryos has revealed PAX3 expression in 
the developing nervous system as well as the dermomyotome and limb bud mes
enchyme, which contain skeletal muscle precursors (GOULDING et al. 1991). In 
contrast, PAX3 expression was not detected in the adult mouse. Other studies have 
demonstrated that PAX7 is expressed during murine embryogenesis in similar areas 
but is activated later and persists longer than that of PAX3 (JOSTES et al. 1991). 

The important developmental role of the paired box genes is further empha
sized by the association of mutations in several of the paired box genes with 
heritable murine and human developmental defects (STRACHAN and READ 1994; 
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Fig. 4. Comparison of wild-type and fusion products associated with the t(2;13) and t(1;13) transloca
tions. The conserved motifs are shown as open hoxes as described in Fig. 3. The fusion points are marked 
by a vertical dashed line 

TREMBLAY and GRUSS 1994). Point mutations and deletions affecting the DNA 
binding domain of the Pax-3 gene have been identified in the splotch mouse (Ep
STEIN et al. 1991; STRACHAN and READ 1994; TREMBLAY and GRUSS 1994), which is 
characterized by abnormalities of the neural tube, neural crest-derived structures, 
and peripheral musculature. The human disease Waardenburg syndrome, char
acterized by deafness and pigmentary disturbances, is also caused by mutations 
affecting the functional domains of the P AX3 gene (BALDWIN et al. 1992; T ASSA
BEHJI et al. 1992; STRACHAN and READ 1994; TREMBLAY and GRUSS 1994). Muta
tions causing splotch and Waardenburg syndrome appear to alter or abolish the 
DNA binding activity (CHALEPAKIS et al. 1994a; UNDERHILL et al. 1995) and 
therefore result in a loss of function during important periods of development. 

4 FKHR and the Fork Head Transcription Factor Family 

The fork head domain was initially identified as an approximately 100 amino acid 
region of sequence similarity between the Drosophila homeotic gene fork head and 
the rat gene encoding the hepatocyte transcription factor HNF-3x (WEIGEL et al. 
1989; LAI et al. 1990; WEIGEL and JACKLE 1990). During the past few years, over 30 
genes which share this conserved motif have been isolated from species ranging 
from yeast to human (LAI et al. 1993), Several studies have demonstrated that the 
fork head domain is necessary and sufficient for DNA binding activity, whereas 
other divergent regions of the proteins confer transcriptional regulatory function. 
Crystallographic analysis of the HNF-3y fork head domain revealed an arrange
ment of two long loops attached to a compact core of three x-helices; this ar
rangement has been named the winged-helix (CLARK et al. 1993). 
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Comparison of FKHR with other members of the fork head family suggest that 
it is a relatively divergent member (GALILI et al. 1993). The fork head domain of 
FKHR (Fig. 3) lacks the NHrterminal KPPY common to most fork head genes 
(CLEVIDENCE et al. 1993) and contains a novel five amino acid insert in the middle 
of the motif. FKHR does not show homology with family members outside the 
fork head domain. In the COOH-terminal, there is an acidic region which functions 
as a transcriptional activation domain (Fig. 3) (BENNICELLI et al. 1995). Other 
motifs in FKHR include a ten amino acid NHrterminal proline-rich sequence 
similar to a potential SH3 binding site (REN et al. 1993) and an NH2-terminal 
alanine-rich sequence which has been associated in other proteins with transcrip
tional repression (HAN and MANLEY 1993). 

Genetic, expression, and functional analyses of fork head genes have indicated 
diverse roles in control of embryonic development and adult tissue-specific gene 
expression (LA! et al. 1993). In the immunodeficient nude phenotype of mice and 
rats, mutations disrupting the DNA binding domain have been identified in a fork 
head gene termed whn (NEHLS et al. 1994). Identification of the avian retroviral 
oncogene qin as a fork head gene has also raised the possibility of growth-reg
ulatory function (LI and VOGT 1993). In addition, the fork head family member 
AFXI has an oncogenic role as indicated by the finding of fusion of AFXI to the 
MLL gene by a t(X;11)(q13;q23) chromosomal translocation in acute leukemia 
(PARRY et al. 1994). 

5 P AX3-FKHR Chimeric Transcripts and Proteins 
in Alveolar Rhabdomyosarcoma 

Sequence analysis of the chimeric PAX3-FKHR cDNA cloned from an ARMS cell 
line revealed that the 5' PAX3 and 3' FKHR coding sequences are fused in-frame 
(GALILI et al. 1993; SHAPIRO et al. 1993a). The cDNA contains an open reading 
frame of 2508 nt encoding an 836 amino acid fusion protein (Fig. 3). The FKHR 
breakpoint occurs within the fork head domain, whereas the P AX3 breakpoint 
occurs distal to the homeodomain. Therefore, this fusion protein contains an intact 
PAX3 DNA binding domain, the COOH-terminal half of the fork head domain, 
and the COOH-terminal FKHR region. The consistency of this chimeric transcript 
was confirmed by reverse transcriptase (RT)-PCR experiments with oligonucleo
tide primers specific for the 5' PAX3 and 3' FKHR sequences (GALILI et al. 1993; 
SHAPIRO et al. 1993a). The predicted PCR product was detected in eight of eight 
ARMS cell lines, including one line without a cytogenetically identifiable t(2; 13) 
translocation. Sequence analysis of several PCR products confirmed the presence 
of the PAX3-FKHR fusion and demonstrated an invariant fusion point (SHAPIRO 
et al. 1993a; DAVIS et al. 1994; DOWNING et al. 1995). Together with the previous 
finding that the chromosome 2 breakpoints consistently occur in the same PAX3 
intron, these data suggest that the chromosome 13 breakpoints occur within a 
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single FKHR intron, resulting in a consistent fusion of 5' PAX3 to 3' FKHR 
exons. 

The reciprocal translocation product, the der(2) chimeric transcript consisting 
of 5' FKHR and 3' PAX3 exons, was not detected in ARMS lines by northern blot 
analysis (BARR et al. 1993). Using a more sensitive RT-PCR assay, a 5' FKHR-3' 
PAX3 fusion was detected in six of eight ARMS lines (GALTLT et al. 1993). Southern 
blot analysis of these PCR products confirmed that a 5' FKHR-3' PAX3 fusion was 
expressed in a subset of the ARMS lines. Thus, a spliced chimeric transcript can be 
expressed from the der(2) and encodes a protein consisting of the NHz-terminal of 
FKHR, the NHz-terminal half of the fork head domain, and the COOH-terminal 
PAX3 region (Fig. 3). Although the 5' FKHR-3' PAX3 fusion is expressed in some 
tumors, the findings of higher and more consistent expression of the 5' PAX3-3' 
FKHR fusion (BARR et al. 1993; GALTLT et al. 1993) suggest that the der(13) en
codes the product involved in the pathogenesis of ARMS. 

To identify the fusion protein, polyclonal antisera specific for the PAX3 and 
FKHR proteins were prepared (GAULT et al. 1993; FREDERICKS et al. 1995). Im
munoprecipitation of proteins from t(2;13)-containing ARMS cell extracts showed 
that both antisera detected a 97 kDa protein which was not present in t(2; 13)
negative cells. The molecular mass of 97 kDa agrees well with the predicted 837 
amino acid PAX3-FKHR fusion protein. Sequential immunoprecipitation con
firmed that both PAX3- and FKHR-specific antisera detect the same 97 kDa 
polypeptide, showing conclusively that a PAX3-FKHR fusion protein is produced 
in ARMS. In accord with RNA expression results, an FKHR-PAX3 protein cor
responding to the der(2) product was not detectably expressed. 

6 PAX7-FKHR Fusion Resulting 
from Variant t(1;13) Translocation 

Though the t(2;13)(q35;qI4) translocation was found in most cases of ARMS, 
several cases were reported with a variant t(I;13)(p36;qI4) translocation (Fig. I) 
(BIEGEL et al. 1991; DOUGLASS et al. 1991; WHANG-PENG et al. 1992). In these 
t(I;13) cases, a PAX3-FKHR fusion was not detected by RT-PCR analysis (DAVIS 
et al. 1994), indicating that the t(l; 13) is not a complex translocation masking 
involvement of chromosomal region 2q. An alternative possibility is that the t(l; 13) 
results from juxtaposition of FKHR with a gene from chromosome 1. PAX7, an
other member of the paired box-containing transcription factor family, was local
ized to chromosomal region I p36 (SCHAFER et al. 1993; SHAPIRO et al. 1993b; 
STAPLETON et al. 1993). Southern blot and RT-PCR analyses indicated that PAX7 is 
rearranged in the t(I;13)-containing tumors and fused to FKHR on chromosome 13 
(DAVIS et al. 1994). This fusion results in a chimeric transcript consisting of 5' PAX7 
and 3' FKHR regions, which is similar to the 5' PAX3-3' FKHR transcript formed 
by the t(2;13) translocation (Fig. 4). The 5' PAX3 and PAX7 regions encode highly 
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related DNA binding domains (GOULDING et al. 1991; JOSTES et al. 1991; DAVIS 
et al. 1994), and therefore these translocations are postulated to create similar chi
meric transcription factors that alter expression of a common group of target genes. 

Multiple tumors have been subsequently studied by RT-PCR analyses to de
termine the frequency of PAX3-FKHR and PAX7-FKHR fusions in ARMS and 
ERMS. One study has detected PAX3-FKHR and PAX7-FKHR fusions in 76% 
and 10%, respectively, of 21 histologically diagnosed ARMS cases (BARR et al. 
1995). In addition, this study detected fusions in 3% and 3%, respectively, of 30 
histologically diagnosed ERMS cases. Another study found PAX3-FKHR fusions 
in 87% of 23 ARMS tumors and 17% of 12 ERMS tumors (DOWNING et al. 1995). 
These findings indicate that there is substantial but not perfect overlap between 
molecular and histologic analyses and that there is a small subset of ARMS tumors 
which express neither PAX3-FKHR nor PAX7-FKHR fusions. The possibility of 
rare variant fusions or other genetic events that can substitute for the characteristic 
fusions should therefore be considered. 

7 DNA Binding Properties 
of Wild-Type PAX3 and P AX3-FKHR Fusion Proteins 

The previously described analyses of the PAX3-FKHR fusion indicate that the 
PAX3 paired box and homeodomain remain intact whereas the FKHR fork head 
domain is split and only the COOH-terminal half is present in the fusion product 
(Fig. 3) (GALILI et al. 1993; SHAPIRO et al. 1993). Since mutations of other fork head 
domains have been shown to inactivate DNA binding function (LAI et al. 1990; 
CLEVIDENCE et al. 1993), the truncated fork head domain in the PAX3-FKHR 
fusion is probably inactive or serves to modify DNA binding activity of the PAX3 
domains. Therefore, the PAX3 DNA binding domain is postulated to provide the 
DNA binding specificity for the fusion transcription factor. 

Though a few physiological targets of other paired box proteins have been 
identified in mammalian cells (STRACHAN and READ 1994; TREMBLAY and GRUSS 
1994), no mammalian gene target for PAX3 binding has yet been identified. 
However, the PAX3 protein has been shown to bind a sequence called e5 
(GOULDING et al. 1991), which was identified in the Drosophila even-skipped gene 
promoter as a binding site for the Drosophila paired gene product, which also 
contains a paired box and homeodomain (TREISMAN et al. 1991). Footprinting 
experiments with e5 and its derivatives have shown that the paired and PAX3 
proteins protect a 18-27 bp region, which can be subdivided into paired box- and 
homeodomain-specific binding sites (TREISMAN et al. 1991; CHALEPAKIS et al. 
1994a). Optimal binding of PAX3 to the e5 sequence requires both of these sites. 
Binding experiments with mutant proteins and e5 derivatives have indicated 
functional interaction between the paired box and homeodomain within the wild
type PAX3 protein (CHALEPAKIS et al. 1994a; UNDERHILL et al. 1995). 
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Other experiments have recently demonstrated PAX3 binding to other se
quences. The PAX3 protein, as well as several other paired box proteins, bind in 
vitro to a subset of the sequences recognized by the PAX5 protein (CZERNY et al. 
1993). These sequences are related to the 3' portion of a bipartite consensus binding 
site for PAX5 and are postulated to be recognized by the NH2-terminal portion of 
the paired box. Comparison of PAX3 and PAX7 with a variety of these binding 
sites demonstrate very comparable binding activity (ScHAFER et al. 1994), thereby 
supporting the hypothesis that these transcription factors recognize a similar set of 
target genes. 

A set of binding sites for the paired domain of P AX3 was isolated from a pool 
of random oligonucleotides using a PCR-based selection strategy (EpSTEIN et al. 
1994b). The consensus binding site sequence is similar to that determined for the 
paired domains of PAX2 and PAX6 (EpSTEIN et al. 1994a). A sequence highly 
homologous to the PAX3 paired domain binding consensus was subsequently lo
cated in the 3' untranslated regions of the NFl gene and demonstrated tight binding 
to PAX3 protein by in vitro binding assay (EpSTEIN et al. 1994b; EpSTEIN et al. 
1995). 

The DNA binding properties of the PAX3-FKHR fusion protein were assayed 
by electrophoretic mobility shift experiments with an oligonucleotide containing 
the e5 site (FREDERICKS et al. 1995). Experiments using in vitro translated protein, 
extracts of transfected COS-l cells, or extracts of ARMS cells demonstrated 
binding to e5. The specificity of the protein-DNA complexes was shown by dis
appearance of shifted bands when excess unlabeled e5 or P AX3-specific antiserum 
was added to the incubation step, but not when unrelated oligonucleotides or 
preimmune antiserum was added. Comparison of the autoradiographic intensities 
of the protein-DNA complexes formed with PAX3 and PAX3-FKHR suggested 
that the two proteins may not bind to e5 with equal affinity. To further evaluate 
this issue, experiments were conducted with a range of concentrations of the wild
type and fusion proteins. Measurement of the intensities of the band shifts dem
onstrated a linear relationship between input protein and bound fragment. From 
the slopes of these plots, the binding affinity of the wild-type PAX3 protein for the 
e5 site was calculated to be 3.5-fold greater than that of the PAX3-FKHR fusion. 
Therefore, even though the wild-type and fusion proteins contain the same PAX3 
DNA binding domain, the binding function is dependent on the protein context. 

8 Transcriptional Regulatory Function 
of Wild-Type P AX3 and P AX3-FKHR Fusion Proteins 

In the conversion from the wild-type PAX3 protein to the PAX3-FKHR fusion 
protein, the COOH-terminal PAX3 region is replaced with the COOH-terminal 
FKHR region (Fig. 3) (GAUL! et al. 1993; SHAPIRO et al. 1993). To investigate the 
transcriptional regulatory activities of these regions independent of their respective 
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DNA binding domains, the COOH-terminal regions were examined as fusions to 
the GAL4 DNA binding domain (CHALEPAKIS et al. 1994b; BENNICELLI et al. 1995). 
Each GAL4 fusion construct activated transcription of a GAL4-dependent reporter 
gene in NIH 3T3 cells with an activity one to two orders of magnitude greater than 
baseline activity present in negative controls and the same order of magnitude as 
that of a GAL4-VP16 fusion (SADOWSKI et al. 1988). Deletion mapping demon
strated essential trans-activation domains in the extreme 3' portions of the PAX3 
and FKHR coding regions. The essential PAX3 trans-activation domain is serine
and threonine-rich, whereas the essential FKHR trans-activation domain contains 
both acidic and serine-, threonine-rich regions. In addition to these essential do
mains, positive modifying elements were identified in adjacent 5' coding sequences. 
These data demonstrate that PAX3 and PAX3-FKHR contain potent, yet struc
turally distinct transcriptional activation domains which are switched by the t(2; 13) 
translocation in ARMS. 

The preceding experiments indicate that the PAX3-FKHR fusion protein 
contains a functional DNA binding domain and a potent transcriptional activation 
domain. To analyze the function of the wild-type PAX3 and PAX3-FKHR fusion 
proteins as sequence-specific transcriptional activators, constructs expressing the 
full-length proteins were transfected into mammalian cells along with a reporter 
construct containing PAX3 binding sites. In one set of experiments in NIH 3T3 cells 
(FREDERICKS et al. 1995), expression of the wild-type PAX3 protein resulted in a low 
but significant level of transcriptional activation from one or four tandemly repeated 
e5 sites. The PAX3-FKHR fusion protein induced much higher levels of tran
scriptional activity: 3.5-fold more activity from a single e5 site and greater than ten 
fold more activity from a multimer of four e5 sites. In a second set of experiments 
using P19 embryonal carcinoma cells and a binding site from the 3' region of the NFl 
gene (EpSTEIN et al. 1995), transcriptional activation by PAX3-FKHR was only 
30% higher than that by PAX3. These experiments demonstrate that the PAX3-
FKHR fusion protein can function as a transcription factor, specifically activating 
expression of genes containing PAX3 DNA binding sites. Furthermore, the fusion 
protein is a more potent transcriptional activator than the wild-type PAX3 protein, 
though the increased potency may be cell type- or binding site-specific. 

GAL4-fusion experiments involving the NHz-terminal portion of the wild-type 
PAX3 protein have also identified a transcriptional inhibitory domain (Fig. 3) 
(CHALEPAKIS et al. 1994b). This domain was localized to the NHz-terminal 90 
amino acid residues of the protein which includes the NH2-terminal portion of the 
paired domain. In addition, a second, less potent inhibitory domain was localized 
to the vicinity of the homeodomain. Competition between these inhibitory domains 
and the COOH-terminal activation domain may explain the narrow concentration 
range over which PAX3 demonstrates transcriptional stimulation. In addition, the 
finding of similar transcriptional potencies of the COOH-terminal PAX3 and 
FKHR domains (BENNICELLI et al. 1995) and contrasting potencies of the full
length PAX3 and PAX3-FKHR proteins (FREDERICKS et al. 1995) may be the 
result of differing interactions of the PAX3 NHz-terminal inhibitory domain with 
the two structurally distinct COOH-terminal activation domains. 
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9 Phenotypic Consequences of Expression 
of PAX3 and PAX3-FKHR Proteins 

In contrast to the loss of function associated with PAX3 mutations in Waarden
burg syndrome and splotch (CHALEPAKIS et al. 1994a; UNDERHILL et al. 1995), these 
transcriptional studies (FREDERICKS et al. 1995) indicate that the alteration of the 
P AX3 gene by the t(2; 13) translocation results in a gain offunction. These studies 
are consistent with the hypothesis that the t(2; 13) translocation activates the on
cogenic potential of PAX3 by dysregulating or exaggerating its normal function in 
the myogenic lineage. Clues for this normal function may be deduced from the 
skeletal muscle phenotype of homozygously mutated splotch mice (FRANZ et al. 
1993; BOBER et al. 1994; GOULDING et al. 1994; WILLIAMS and ORDAHL 1994). In 
these animals, the limb musculature fails to develop whereas the axial musculature 
is reduced but develops relatively normally. The defect in limb musculature de
velopment appears to result from the failure of myogenic precursors to migrate 
from the somites into the limb buds. These findings suggest a role for PAX3 in the 
generation and/or migration of limb myogenic precursors. Possible functions of 
PAX3 thus include maintenance of a viable population by stimulating growth or 
inhibiting apoptosis, inhibition of premature myogenic differentiation, or direct 
stimulation of motility and dissemination. Exaggeration of these activities by the 
PAX3-FKHR fusion suggests several hypotheses relevant to the pathogenesis of 
ARMS, a highly aggressive tumor associated with the myogenic lineage. 

Gene transfer studies in several model systems have investigated specific 
functions of PAX3 and PAX3-FKHR. In one study, stable transfection of PAX3 
cDNA or several other paired box genes into NIH 3T3 or Rat-l cells resulted in 
cellular transformation as indicated by focus formation in confluent monolayers, 
colony formation in soft agar, and tumor formation in nude mice (MAULBECKER 
and GRUSS 1993). These findings suggest a role for PAX3 and other paired box 
family members in growth control. However, the interpretation of these findings is 
complicated by lack of reproducibility in other laboratories (unpublished data). 
Another study focused on the ability of these proteins to inhibit the myogenic 
differentiation of C2C12 myoblasts or MyoD-expressing 10Tl/2 cells (EpSTEIN et 
al. 1995). Differentiation of these cell lines is typically induced by the withdrawal of 
growth factors and results in myosin expression in the majority of cells. Trans
fection of P AX3 cDNA reduced the percentage of myosin-expressing colonies from 
86%-87% to 40%-43%, and PAX3-FKHR transfection further reduced this per
centage to 17%-27%. Therefore, these studies suggest a role for PAX3 in the 
control of myogenic differentiation and exaggeration of this role by the PAX3-
FKHR fusion protein. 
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10 Final Perspectives 

In summary, the aggressive pediatric soft tissue cancer ARMS is associated with a 
characteristic t(2;13) or variant t(1;13) chromosomal translocation (Fig. 1). These 
translocations juxtapose the transcription factor-encoding genes P AX3 or P AX7 
with FKHR to generate fusion products (Fig. 4). These fusion proteins contain the 
intact PAX3 or PAX7 DNA binding domain joined to a truncated FKHR DNA 
binding domain and intact COOH-terminal trans-activation domain. The PAX3-
FKHR fusion protein is a functional transcription factor, which has been shown in 
certain settings to be a much more potent transcriptional activator than wild-type 
PAX3. The PAX3-FKHR and PAX7-FKHR fusion proteins are therefore hy
pothesized to lead to aberrant or inappropriate expression of a set of genes with 
binding sites which are normally targeted during development by the wild-type 
PAX3 or PAX7 proteins. The products of these target genes are hypothesized to 
function normally in the growth and development of the myogenic lineage. The 
aberrant or inappropriate expression of these gene products would thus contribute 
to oncogenic initiation or progression by stimulating cell behaviors such as growth 
and motility or inhibiting cell behaviors such as apoptosis and terminal differ
entiation. Future investigations will refine the alterations in gene expression asso
ciated with the translocations, identify target genes, and elucidate the normal 
function and oncogenic activity of the corresponding gene products. These ex
periments will ultimately expand the understanding of the use of this molecular 
biology data in diagnostic settings and will indicate directions in which possible 
therapeutic strategies can be designed to interrupt these pathways. 
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Many of the genes found to be altered in cancer cells encode proteins with reg
ulatory effects on the pattern of gene expression. Some, like growth factor receptors 
and adapter molecules, do so indirectly by interfering with signaling pathways that 
eventually converge on a nuclear target. Others are more directly associated with 
regulation of gene expressions, being either DNA-binding transcription factors or 
proximate regulators of transcription factor function. 

The association of transcription factors with oncogenesis is consistent with the 
idea that the complement of genes expressed determines cellular phenotype. A clue 
as to the magnitude of the contribution of altered gene expression to the process of 
oncogenesis is provided by the observation that such regulatory proteins are found 
to be encoded by many virally transduced oncogenes (VARMUS 1984). However, in 
human cancers a viral etiology seems less important than in other organisms. In our 
species tumor cytogenetics presents the most compelling epidemiological argum~nt 
in favor of a widespread role for transcription factors and signaling molecules as 
effectors of the neoplastic phenotype (BISHOP 1987). In a proportion of cancer cells 
the clonal abnormality is associated with rearrangement of the genetic material that 
leads to a recognizable alteration in chromosomal structure. Originally pursued by 
researchers as ultrastructural markers of the abnormal clone, recent years have 
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witnessed the molecular characterization of some of the involved genes and, as this 
volume indicates, many of them turned out to encode transcription factors and 
signaling molecules (RABBITIS 1994). 

Here I will review our understanding of the molecular consequences of the 
chromosomal rearrangement common to human myxoid liposarcoma - a tumor of 
adipose tissue. What makes the myxoid liposarcoma oncogene especially interesting 
is the fact that a transcription factor, CHOP, is fused to a discrete domain of a 
novel RNA-binding protein in an arrangement that seems common to other sar
comas. 

2 CHOP and C/EBP Isoforms in Adipose Tissue 

CHOP (also known as GADDI53) is a small nuclear protein whose identification 
was based on its ability to dimerize with members of the C/EBP family of tran
scription factors (RON and HABENER 1992). This family of regulatory molecules 
binds to and activates the promoters of multiple genes including many involved in 
intermediary metabolism, cytokine cascades and cellular differentiation events 
(reviewed in McKNIGHT et al. 1989). Target sequence recognition by CjEBPs is 
strictly dependent on protein dimerization and both events are mediated by a C
terminus basic region leucine-zipper (bZIP) domain (LANDSCHULZ et al. 1989). The 
extreme degree of amino acid sequence conservation at the bZIP domain appears to 
explain why the CjEBP family members (known as CjEBP isoforms) hetero
dimerize promiscuously and bind indistinguishable target sequences (WILLIAMS 
et al. 1991). In the adipose lineage a finely coordinated cascade of induced ex
pression of CjEBP isoforms plays an important role in promoting differentiation 
(CAO et al. 1991). 

CHOP does not bind classic CjEBP sites. This striking deviation from the 
properties common to all other known CjEBP isoforms is explained by the unusual 
structure of the CHOP basic region (RON and HABENER 1992). Incapable of 
homodimerization, CHOP forms stable heterodimers with CjEBPex and ~ and these 
dimers are directed away from classic CjEBP sites (RON and HABENER 1992; UBEDA 
et al. 1995). From the perspective of classic CjEBP sites CHOP therefore functions 
as a dominant negative inhibitor of CjEBP activation (RON and HABENER 1992; 
UBEDA et al. 1995). 

In contrast with its C/EBP dimerization partners that are abundant proteins 
present in many different cell types, CHOP is expressed at very low levels under 
normal conditions (FORNACE et al. 1989; RON and HABENER 1992). However, a 
variety of stressful events rapidly induce the transcription of the chop gene resulting 
in the accumulation of the protein in the nucleus. This explains why chop has also 
been isolated in a screen that looked for genes induced by DNA-damage (and given 
the name gadd153, FORNACE et al. 1989). Though chop can be induced by some 
genotoxic agents an additional major pathway for its induction appears to entail 
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various forms of metabolic stress. Culture in low glucose (CARLSON et al. 1993), 
amino acid depletion (MARTEN et al. 1994), hypobaric oxygen levels and a variety 
of agents that interfere with proper protein synthesis and folding (PRICE and 
CALDERWOOD 1992) all induce chop expression. 

Functional analyses of the consequence of chop expression support the idea 
that the protein plays a role as an effector of the cellular adaptation to stress. 
Expression of high level of wild-type CHOP protein in dividing cells causes cell 
cycle arrest at the Gl/S boundary (BARONE et al. 1994; ZHAN et al. 1994). This 
growth suppressing activity of CHOP requires both an intact leucine-zipper di
merization domain and the adjacent basic region. The requirement for an intact 
basic region is most consistent with the existence of target genes capable of re
sponding to the CHOP-CjEBP signal and mediating the effects on cellular growth. 
The implication of CHOP in a growth suppressing signaling pathway is easy to 
rationalize in terms of the need for cells to respond to unfavorable culture condi
tions with growth arrest (reviewed in RON 1994). 

In pre-adipocytes the ectopic expression of CHOP leads to an attenuation of 
differentiation to mature adipose cells (BATCHVAROVA et al. 1995). The inhibitory 
effect of stress-induced CHOP can here be understood in terms of the cell's need to 
suppress the metabolically expensive process of differentiation when confronted 
with untoward culture conditions. The decisive role CjEBP proteins play in adi
pocytic differentiation (FREYTAG et al. 1994; LIN and LANE 1992, 1994; SA
MUELSSON et al. 1991) and the demonstrated ability of CHOP to inhibit their 
activity suggest that inhibition of CjEBP protein function may be important to the 
anti-adipogenic activity of CHOP. In addition to a purely inhibitory role, CHOP
CjEBP heterodimers may also be active in regulating the expression of specific 
target genes. This latter possibility is supported by the observation that CHOP 
inhibits adipogenesis at substoichiometric concentrations, and the DNA-contacting 
basic region of CHOP is required for the inhibitory effect (BATCHVAROVA et al. 
1995). While CHOP target genes have yet to be identified, in vitro work with 
bacterially expressed CHOP protein has led to the recognition of specific DNA 
sequences capable of serving as CjEBP-CHOP binding sites (UBEDA et al. 1995). 

3 TLS-CHOP and Myxoid Liposarcoma 

Human CHOP is located on chromosome 12q 13.1 (PARK et al. 1992), the site of a 
breakpoint frequently found in myxoid liposarcoma (MLPS, SREEKANTIAIAH et al. 
1992; TURC-CAREL et al. 1986). In these tumors a reciprocal balanced translocation, 
t(I2;I6)(qI3;pIl), juxtaposes DNA sequence from the short arm of chromosome 
I6p at band II to the long arm of chromosome 12q at band 13. The reciprocal 
derivative chromosome 16 can be lost in some tumor cases and hence is unlikely to 
contribute to the oncogenic event. 



l34 D. Ron 

Southern blot analysis of DNA from patients with MLPS revealed that in 
virtually all cases the CHOP gene is structurally rearranged in the tumors (AMAN 
et al. 1992). This structural rearrangement is associated with the constitutive pre
sence of an abnormally large CHOP mRNA in tumor cells. Cloning of the ab
normal-sized constitutive CHOP cDNA from MLPS cells revealed it to consist of 
the full-length CHOP coding region fused in frame 3' of a novel gene that we 
termed TLS (Fig. lA, CROZAT et al. 1993; also named FUS, RABBITTS et al. 1993). 
The TLS regulatory sequences drive the expression of this fusion gene. Because 
TLS, in contrast to CHOP is constitutively expressed in adipose tissue, the TLS
CHOP fusion gene is also constitutively expressed in the tumor cells. 

TLS-CHOP encodes an abundant nuclear protein. In MLPS cells this protein 
exists predominantly as a heterodimer with CjEBP~. This suggests that if it plays a 
role in tumor formation it is likely to do so in the context of dimerization with other 
CjEBP family members (BARONE et al. 1994; ZINSZNER et al. 1994). To determine if 
TLS-CHOP transforms cells by a dominant mechanism we constructed re
combinant retroviruses that encode the oncoprotein and tested their ability to 
induce cellular transformation in NIH 3T3 cells. TLS-CHOP led to the acquisition 
of the ability to grow as colonies in soft agar, form foci on confluent monolayers 
and give rise to tumors when injected into nude mice (ZINSZNER et al. 1994). 
Deletion of the TLS N-terminal sequence, the DNA-binding basic region or the 
leucine-zipper dimerization domain of CHOP all led to loss of transforming ac
tivity. These results fit nicely with the observation that presence of TLS sequence 
abolishes the growth arresting properties of CHOP in cellular microinjection ex
periments (BARONE et al. 1994). 

4 Mechanism of Action of the TLS-CHOP Oncogene 

4.1 Transcriptional Activation 

TLS is approximately 55% identical throughout its length to another human gene 
product EWS (Fig. IB). The latter is implicated in a variety of tumor specific 
translocation events that fuse its N-terminal to the C-terminal DNA binding do
main of one of several transcription factors (Fig. 1 C references: DELATTRE et al. 
1992; LADANYI and GERALD 1994; ZUCMAN et al. 1993a; ZUCMAN et al. 1993b, also 
see related reviews in this volume). This similarity in architecture between the TLS
derived and EWS-derived fusion oncogenes and the similarity in structure between 
TLS and EWS led others and us to examine the N-terminal domain of these two 
proteins more closely. Both domains were found to have strong transcriptional 
activation potential when bound to a reporter gene's promoter (BAILLY et al. 1994; 
MAY et al. 1993a,b; PRASAD et al. 1994; ZINSZNER et al. 1994). This result is easy to 
rationalize in terms of a model whereby the fusion oncogene transforms cells be
cause it is a stronger activator of effector target genes with which the DNA-binding 
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component interacts. Such activation would also benefit from the high transcrip
tional activity of the TLS and EWS promoter that leads to constitutively high levels 
of the respective fusion oncoprotein. This mechanism may indeed be very im
portant in the case of EWS-FLll (the Ewing's sarcoma oncogene), in which acti
vation by EWS-FLll far exceeds that of normal FLll (BAILLY et al. 1994; MAO 
et al. 1994; MAY et al. 1993b). However, there may be additional requirements of 
TLS/EWS that suggest specificity for a distinct type of activation domain. At least 
two powerful heterologous transcriptional activation domains from C;EBP~ and 
HSV-VP16 proteins do not fully substitute for the TLS N-terminus in converting 
CHOP to an oncogene (ZINSZNER et al. 1994). 

Deletional analysis of the N-terminal of EWS suggests that the transcriptional 
activation potential is partially linked to total content of N-terminal sequence -
progressive deletion of the N-terminal leads to progressive decrease in transcrip
tional activation (LESSNICK et al. 1995). Consistent with this notion of "activation 
by content", it is noteworthy that the N-terminals of TLS and EWS contain 
multiple repeats of six to nine amino acids that are rich in G,Y,S,Q with only 
minimal degree of local positional preference. Interestingly, a similar aminoacid 
composition is also found in another fusion oncoprotein, SYT, involved in synovial 
sarcomas with the t(X; 18)(p 11.2;q 11.2) translocation (CLARK et al. 1994). That this 
type of domain would be found in three independently identified sarcoma fusion 
oncogenes suggests specificity for oncogenesis in soft tissues. 

The striking similarities between these sacroma-associated GYSQ domains 
even raises the possibility that the DNA-binding component of the fusion onco
genes plays merely an ancillary role in the process of cellular transformation. To 
address this issue experimentally we have compared the histological appearance of 
tumors derived from NIH-3T3 cells transformed with TLS-CHOP, EWS-CHOP, 
TLS-FLll and EWS-FLIl. Regardless of its fusion partner, CHOP imparted a 
spindle cell sarcoma phenotype on the tumors whereas FLIl was associated with a 
round cell morphology (ZINSZNER et al. 1994, Fig. 5 therein). These results indicate 
that the DNA-binding component participates in defining tumor phenotype and is 
consistent with the idea that the CHOP-based and FLl1-based oncoproteins con
tact different target genes. 

4.2 TLS Is an RNA-Binding Protein 

Examination of the C-terminal portion of the germline-encoded TLS protein re
veals it to contain a structural motif commonly found in RNA-binding proteins. 
This 86 amino acid RNA recognition motif (RRM) is strikingly conserved between 
TLS and EWS (> 80% identity) and this conservation extends to residues in which 
both proteins deviate from the consensus defined by many other RRM-containing 
proteins (CROZAT et al. 1993, references therein). The C-terminal portions of TLS 
and EWS are capable of binding tightly to mRNA in vitro (CROZAT et al. 1993; 
OHNO et al. 1994). In vivo TLS shuttles from the nucleus to the cytosol along with 
other RNA-binding proteins in a large ribonucleic protein complex (RNP), and this 
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shuttling is disrupted by inhibiting mRNA gene transcription with agents such as (1,

amanitin (ZINSZNER et al. 1994 and unpublished observations). These findings 
strongly support a role for RNA-binding by TLS under normal conditions. TLS
CHOP does not bind RNA and does not shuttle - consistent with a role for the C
terminal portion of the molecule in mediating RNA-binding (ZINSZNER et al. 1994). 

TLS is a relatively abundant molecule, suggesting that the protein may interact 
with the mRNA products of many genes. While the target gene specificity of TLS 
has not been addressed in mammalian cells, in Drosophila melanogaster a protein 
homologous to TLS and EWS, Caz (STOLOW and HAYNES 1995), has been localized 
to chromatin regions of most genes actively transcribed by RNA polymerase II 
(IMMANUEL et al. 1995). A similar distribution is exhibited by some hnRNPs 
(MATUNIS et al. 1992). This result suggests a role for TLS in some general aspect of 
pre-mRNA/mRNA metabolism. 

4.3 Models 

What might be the role of a transcriptional activation domain in the function of an 
RNA-binding protein? One possibility is that TLS serves to activate promoters 
using the nascent pre-mRNA as a scaffold (Fig. 2A). A precedent for this is set by 
TAT, an HIV-encoded RNA-binding protein that activates the HIV promoter from 
its TAR binding site on the nascent viral transcript (BERKHouT et al. 1989; SELBY 
and PETERLIN 1990). It is also possible, however, that the transcriptional activation 
function of TLS (and EWS), reflected in the activity of the fusion oncogenes, has 
nothing to do with the role of the germline-encoded proteins. Transcriptional ac
tivation could be fortuitously unmasked by the gene fusion event. The observation 
that sequences that can function as activation regions are readily encoded in ran
dom bits of E. coli genomic DNA suggests that no very elaborate structure is 
required to display trans-activation potential and that such latent activity may be 
present in protein domains that normally have other functional roles (MA and 
PTASHNE 1987). 

Recent studies have demonstrated that transcriptional activation can be 
achieved in many instances by a stable interaction between a DNA-bound factor 
and one of several different components of the basal transcriptional machinery 
(BARBERIS et al. 1995; CHATTERJEE and STRUHL 1995; KLAGES and STRUBIN 1995). 
This suggests that the interaction of the N-terminus of TLS with a component of 
the transcriptional machinery might have different consequences when the TLS N
terminal is presented in the context of an RNA-binding protein or a DNA-binding 
protein. An interaction of the N-terminal of TLS with the transcriptional ma
chinery may serve to recruit this RNA-binding protein to the nascent transcript in 
the normal course of events (Fig. 2B). However, in the oncogenic fusion protein the 
same interaction may serve to recruit the transcriptional machinery to CHOP target 
genes - a reflection of the trans-activation potential of the N-terminal of TLS (Fig. 
2A). 
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Fig. 2A, B. Two hypothetical roles for the transcriptional activation domain located in the N-terminus of 
TLS. A Interaction of RNA-bound TLS with a component(s) of the basic transcriptional machinery 
(stippled circle) serves to enhance recruitment of the RNA polymerase to the adjacent promoter. In this 
model TLS serves as a "transcription factor" that uses the nascent RNA transcript as a scaffold. B 
Interaction of the N-terminal of TLS with a component of the transcriptional machinery serves to recruit 
the RNA-binding protein to the nascent transcript. In this model it is the transcriptional machinery that 
directs TLS to its RNA target 

How might the discrete activities of the individual domains of TLS-CHOP 
account for its transforming properties? Ectopic expression of CHOP has contra
dictory effects on cell growth. High level expression by microinjection of the protein 
or by high copy expression plasmid leads to cell cycle arrest at Gl jS (BARONE et al. 
1994; ZHAN et al. 1994), whereas more controlled levels of expression by retroviral 
transduction leads to increased rates of growth (though not quite frank transfor-
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mation, ZINSZNER et al. 1994). It is possible that CHOP target genes participate in 
both growth arrest and transformation, with subtle differences in profile of ex
pression having profound effects on cellular responses. TLS-CHOP may tip the 
balance in favor of transformation by altering the pattern of expression of such 
target genes. Contributors to deregulated expression of CHOP target genes may 
include the fact that TLS-CHOP is constitutively present whereas CHOP is only 
transiently induced by stress, and the presence of the TLS effector domain in TLS
CHOP which may send a different signal to the transcriptional machinery from that 
sent by CHOP alone (Fig. 3A). 

TLS-CHOP exists in the cell as a stable dimer with C(EBP~. The latter is a 
substrate for multiple kinases and appears to be positioned downstream of several 
signal transduction pathways (METZ and ZIFF, 1991; POll et al. 1990; WEGNER et al. 
1991). The TLS N-terminus may alter, in cis , some aspect of the interaction be
tween C(EBP~ and its upstream regulators. The expression of C(EBP~ target genes 
could then be modified, with important consequences for cellular growth (BUCK 
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Fig. 3A-C. Three hypothetical components of the transformation process by the TLS-CHOP oncoprotein. 
A The TLS-CHOP-CjEBP heterodimer alters the expression of oncogenic downstream target genes by 
binding to sites in their promoters. B The TLS N-terminus acts to modify some aspect of the function of 
the CjEBP dimerization partner. This is translated to effects on gene expression via C/EBP target genes. C 
TLS-CHOP interferes with the function of germ line-encoded TLS, for example. by competing for an 
essential target, "protein X,. 
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et al. 1994). Such a "catalytic" mode of action for TLS-CHOP would not be 
mediated through CHOP target genes (Fig. 3B). 

The normal function of TLS is not known. However, as an RNA-binding 
protein that shuttles from the nucleus to the cytosol TLS may regulate various 
aspects of gene expression posttranscriptionally (splicing, mRNA export, transla
tion). TLS-CHOP may influence some critical aspect of normal TLS function, 
perhaps by a "dominant negative" mechanism of action, leading to a post
transcriptional alteration in regulated gene expression (Fig. 3C). Addressing this 
possibility will require better understanding of the normal role of TLS and iden
tification of its cellular contingents. This component of the model is nonetheless 
appealing because it may be common to both TLS and EWS-based fusion onco
genes and may help explain the special link between sarcomas and these type of 
RNA-binding proteins. Finally, it is important to point out that the three models 
proposed here are not mutually exclusive - by simultaneously targeting different 
regulatory pathways TLS-CHOP and similar oncogenes may be multivalent and 
therefore unusually potent. 
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1 Ewing's Sarcoma and Primitive Neuroectodermal Tumor Cells 
Contain Characteristic Cytogenetic Abnormalities 
Involving Chromosome 22 

Ewing's sarcoma and peripheral primitive neuroectodermal tumor (ESjPNET) are 
two related tumors of bone and soft tissue. Both malignancies belong to the 
enigmatic diagnostic category of small round cell tumors of childhood, which as a 
group occurs at a rate of 29 per million children (TRICHE et al. 1987). The precise 
cell of origin of ESjPNET is unknown. Circumstantial evidence suggests that these 
tumors may arise from neuroectodermal precursors (for review see CAVAZZANA 
et al. 1992). For example, ESjPNET cells express high levels of choline acetyl 
transferase, an enzyme important in the biosynthesis of cholinergic neuro
transmitters. In addition, some ESjPNET cell lines can be induced in culture to 
form neurite extensions and express neurofilament proteins. 

On a practical level, the diagnosis of ESjPNET has rested more on the lack 
of identifiable phenotypic features rather than on clear specific markers. Sur
prisingly, this seemingly arbitrary process of elimination has resulted in a group of 
tumors which exhibit a common karyotypic abnormality. Approximately 85% of 
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ES/PNET tumors contain a cytogenetically detectable translocation between 
chromosomes 11 and 22: t(11;22)(q24;qI2) (WHANG-PENG et al. 1986; TURC-CAREL 
et al. 1988). An additional 5%-10% of tumors contain an alternative rearrange
mentjuxtaposing chromosomes 21 and 22: t(21;22)(q21;qI2) (ZUCMAN et al. 1993; 
SORENSEN et al. 1994). Finally there have been sporadic reports of other ES/PNET 
cytogenetic translocations involving the same region of chromosome 22 fused to 
other partners such as chromosome 7: t(7;22)(q22;qI2) (JEON et al. 1995). Mole
cular cloning and characterization of these translocation breakpoints (DELATTRE 
et al. 1992; ZUCMAN et al. 1992) have provided new tools for unambiguous 
diagnosis of ES/PNET (DOWNING et al. 1993; SORENSEN et al. 1993; TAYLOR et al. 
1993; TORETSKY et al. 1995) and has opened new avenues for research into the 
biology of these tumors. 

2 Ewing's Sarcoma/Primitive Neuroectodermal Tumor 
Translocations Fuse the EWS Gene on Chromosome 22 
to Members of the ETS Family of Transcription Factors 

The breakpoints and neighboring genes of the ES/PNET t(11;22) were isolated by 
positional cloning strategies (DELATTRE et al. 1992). Molecular analysis of this 
rearrangement revealed that the t(11;22) formed a fusion between the NHrterminal 
region of a gene named EWS and the COOH-terminal of FLI-J, a member of the 
ETS family of transcription factors (Fig.!). In similar fashion, the variant t(21 ;22) 
and t(7;22) rearrangements were subsequently shown to fuse approximately the 
same regions of EWS to the carboxyl domains of the ETS genes ERG (ZUCMANN 
et al. 1993; DUNN et al. 1994; GIOVANNINI et al. 1994; SORENSEN et al. 1994) and 
ETV-J (JEON et al. 1995), respectively. 

Karyotype 

t(11 ;22) 

t(21 ;22) 

t(7;22) 

EWS/FU 

EW~RG C===========][::::~~~ 
(98%) (60%) 

EWSlETV-1 C====:J~~ __ 
(59%) 

Frequency 

85-90% 

5-100/0 

<1% 

Fig. 1. Chimeric fusion genes found in ES/PNET. Characteristic chromosomal translocations fuse the 
NH2-terminal portion of the EWS gene (clear) to the COOH terminals of one of several ETS tran
scription factors: FLI-l (hatch); ERG (reverse hatch); ETV-l (wave) . ETS common domains that mediate 
sequence-specific DNA-binding are shown in gray. The percent amino acid identity with FLI-l for ERG 
and ETV -1 is shown in parentheses 
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EWS was discovered by its association with ES/PNET tumors. While its 
normal cellular function remains to be established, accumulating evidence suggests 
that EWS may be involved in RNA processing. Sequence analyses in the COOH
terminal portion of EWS revealed regions of similarity to known RNA-binding 
proteins (DELATTRE et al. 1992). This same EWS domain is also structurally related 
to the TLS/FUS gene, which is fused to other transcription factors as a result of 
specific chromosomal translocations found in particular human tumors (see chapter 
by RON, this volume). Moreover, it has been shown that the COOH terminal half of 
EWS can mediate RNA binding in vitro (OHNO et al. 1994). 

It is approximately the NHTterminal 285 residues of EWS which are fused to 
FLI -1 by the t(11 ;22). This region consists of a series of degenerate repeats rich in 
glutamine, arginine, and proline. While this region has modest homology to the 
COOH- terminal domain of RNA polymerase II, the structural significance of this 
sequence homology is uncertain (DELATTRE et al. 1992). However, its glutamine
rich amino acid composition suggests that this domain could potentially function as 
a transcriptional activation domain. 

FLI -1, the other partner in the t( II ;22), was originally discovered by virtue of 
its activation by Friend leukemia virus integration in murine erythroleukemia (BEN
DAVID et al. 1991). As with all ETS transcription factors, it contains a common 
ETS domain which mediates sequence-specific DNA binding. In the case of FLI -I, 
this region is located at the COOH-terminal portion.of the molecule (KLEMSZ et al. 
1993; ZHANG et al. 1993). Both structural analyses and model reporter gene assays 
suggest that the NHTterminal portion of FLI-I functions as a transcriptional ac
tivation domain (WATSON et al. 1992; ZHANG et al. 1993; KLEMSZ et al. 1993). 
Deletional mutagenesis studies further suggest that there may be an additional 
transcriptional activation domain located in the extreme COOH-terminal of FLI-I 
(RAo et al. 1993). While some of the specificity of action of ETS proteins can be 
explained by DNA binding specificity, a variety of ETS proteins can be demon
strated to interact with a given binding site (for review see JANKNECHT and 
NORDHEIM 1993). Protein-protein interactions with other transcription complex 
members are thought to enhance specificity of action, as observed with ETS-I and 
Spl (GEGONNE et al. 1993). 

As a result of the t(lI;22) the putative transcriptional activation domain of 
FLI-l is replaced by the glutamine-rich NHTterminal sequences of EWS. As with 
many translocation associated chimeric molecules, there is variability seen in dif
ferent fusion products found in different tumors (ZUCMAN et al. 1993). In general, 
this reflects differences in chromosomal breakpoints. In the t(ll ;22), breakpoints on 
chromosome 22 occur within a 7 kb region bounded by exons 7 and II of EWS, 
while those on chromosome II occur over a 50 kb range extending from intron 3 to 
intron 7 of FLI-I (ZUCMAN et al. 1992). To compound the complexity, some ES/ 
PNET tumor cell lines express more than one chimeric fusion, probably as a result 
of differential RNA splicing (MAY et al. 1993a). While these structural differences 
are evident, their biologic importance is less clear. Thus far, precise fusion points 
have not been shown to have any correlation with tumor phenotype or clinical 
parameters (DELATTRE et al. 1994; ZOUBEK et al. 1994). 
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By contrast, the invariant inclusion of the first seven exons of EWS coupled to 
the DNA binding domain ofFLI-l strongly suggests that EWSjFLI may function 
as aberrant transcription factors in the development of ESjPNET. These same 
essential elements of the EWSjFLI chimera are recapitulated in the variant ESj 
PNET fusions. The t(21;22) forms a chimera fusing the same NHr terminal EWS 
region to ERG, an ETS transcription factor highly homologous to FLI-1. The 
resultant EWSjERG fusion is structurally very similar to EWSjFLI and, as seen 
before, the ETS domain of ERG is always conserved (ZUCMAN et al. 1993; SOR
ENSEN et al. 1994). Recently a more distantly related ETS transcription factor, 
ETV -1, has been shown to fuse to EWS in rare cases exhibiting a variant trans
location, t(7;22) (p22;qI2) (JEON et al. 1995). The striking similarity of the products 
of these variant ESjPNET chimera suggests that may function similarly. 

3 EWS/FLI and EWS/ERG Are Dominant Acting Oncogenes 

Some 95% of ESjPNET express EWS chimera of one type or another (DELATTRE et 
al. 1994), a fact which suggests a key role for these chimeric proteins in the pa
thogenesis of these tumors. This critical role is supported by studies using model 
transformation systems. NIH 3T3 cells expressing either EWSjFLI or EWSjERG 
efficiently form colonies in soft agar (MAY et al. 1993a). Furthermore, subcu
taneous injection of EWSjFLI expressing NIH 3T3 cells into nude mice results in 
gross tumor formation within 2 weeks. In contrast, normal FLI-l does not trans
form NIH 3T3 cells (MAY et al. 1993b). These data suggest that EWS/FLI is a 
molecule that is functionally distinct from FLI-1. 

Transformation by EWSjFLI requires both EWS and FLI-I domains. Dele
tion of either EWS or the ETS domain of FLI-I completely abrogates transforming 
activity (MAY et al. 1993a). The requirement for both components of the EWSjFLI 
chimera suggests that EWSjFLI has a dominant mode of action and does not act 
primarily by interfering with either normal cellular EWS or FLI-1. 

EWSjFLI does not transform all cells. Neither Ratl cells nor particular strains 
of NIH 3T3 cells are transformed by EWSjFLI. This indicates that EWSjFLI must 
be expressed in a permissive cellular background in order for transformation to 
occur and suggests that EWSjFLI interacts with other cellular factors. At least two 
scenarios are possible: (1) transformation competent cells express necessary genes 
that are required for EWSjFLI transformation; (2) transformation resistant cells 
express proteins that inhibit the effect of EWSjFLI. 
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4 EWS/FLI Has Biochemical Characteristics 
of a Transcription Factor 

Several observations suggest that EWS/FLI functions as an aberrant transcription 
factor: (1) FLI -1, one partner in the chimeric fusion, is a known transcription 
factor; (2) the FLI-l DNA-binding domain is invariably present in all EWS/FLI 
fusions isolated from ES/PNET cells; (3) the FLI-l DNA-binding domain is re
quired for transformation by EWS/FLI. Strengthening this hypothesis, EWS/FLI 
displays particular biochemical characteristics that are common to transcription 
factors. First, the EWS/FLI protein localizes to the nucleus in ES/PNET cells (MAY 
et al. 1993b; BAILLY et al. 1994). Second, EWS/FLI can bind DNA in a site-specific 
manner (MAY et al. 1993b; OHNO et al. 1993; BAILLY et al. 1994). In fact, EWS/FLI 
and normal FLI-1 manifest very similar DNA-binding characteristics (MAO et al. 
1994). Third, it also appears that the portion of EWS that displaces the NHr 
terminals of FLI-1 and ERG encodes a potent transcriptional activation domain. 
When coupled to a yeast GAL4 DNA-binding domain, EWS is able to activate 
model reporter genes much more efficiently than the corresponding transcriptional 
activation domain of FLI-1 (MAY et al. 1993b; BAILLY et al. 1994). In similar 
fashion, intact EWS/FLI and EWS/ERG fusions have been shown to tran
scriptionally activate reporter constructs (OHNO et al. 1993, 1994). Finally, known, 
structurally distinct transcriptional activation domains can functionally replace the 
EWS domain in the EWS/FLI fusion and result in chimeric FLI-l fusions that can 
transform NIH 3T3 cells (LESSNICK et al. 1995). 

How then does EWS/FLI transform cells that normal FLI-l cannot transform? 
A particularly attractive hypothesis is that EWS/FLI is able to transcriptionally 
modulate a set of target genes in a manner different from FLI -I. Even though 
EWS/FLI and FLI-l may bind the same DNA sites, their abilities to tran
scriptionally activate specific target genes may be very different. ETS proteins have 
been shown to form heteromeric complexes with other transcription factors during 
the activation of target genes. These intermolecular protein-protein interactions are 
critical to the specificity of certain ETS proteins (for review see WASYLYK et al. 
1993). For example, the ETS protein SAP-l requires an additional factor (SRF) to 
productively activate the c-FOS gene (DALTON and TREISMAN 1992). FLI-1, like 
other ETS factors, may normally function in conjunction with other requisite co
factors. If this is true, replacement of the normal transcriptional activation domain 
with the potentially more potent EWS domain could have significant functional 
consequences. EWS/FLI may not be as constrained in its target selection and could 
potentially up-regulate genes without cofactors that are essential for FLI-l. 
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5 Future Questions 

The hypothesis that EWSjFLI and related chimeras transform cells by acting as 
aberrant transcription factors to inappropriately modulate gene expression 
prompts the basic question: What are the target genes? Using a candidate gene 
approach, one study has suggested that the c-MYC gene may be up-regulated as a 
result of EWSjFLI expression (BAILLY et al. 1994). More recently, the technique of 
representational difference analysis has been employed to identify genes which are 
differentially expressed in NIH 3T3 cells containing EWSjFLI or FLI-l (BRAUN et 
al. 1995). A cadre of genes that is transcriptionally activated by EWSjFLI but not 
FLI-l has been identified providing further evidence that EWSjFLI does specifi
cally alter gene expression. These and other EWSjFLI target genes coupled with 
model transformation systems will allow the task of explicitly defining a molecular 
transformation pathway in ESjPNET to be addressed. 

The study of the EWSj ELI fusion gene is likely to have direct clinical impact as 
well. The diagnosis of ESjPNET needs no longer to be one of exclusion but can 
now be based in the presence of a true tumor-linked marker. Already the un
expected presence of EWSjFLI-l in sarcomas demonstrating both myogenic and 
neural differentiation serves as an example of how tumors, thought to be previously 
unrelated, may be biologically linked (SORENSEN et al. 1995). Minimal disease 
detection schemes using RT-PCR assays specific for EWSjFLI can now be con
structed and hopefully will provide useful adjuncts to the treatment of patients with 
this aggressive malignancy. Finally, defining the function and the transformation 
pathways of the EWSjFLI fusion gene may very well lead to the development of 
specific antitumor strategies. 
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The preceding articles in this volume have provided a unique overview of genetic 
and biochemical mechanisms which underlie oncogenic conversion of transcription 
factor function. As is evident, many of the models have derived from the study of 
pediatric and adult leukemias. These studies have provided a paradigm for the 
emerging analyses of chromosomal translocations involving transcription factors in 
solid tumors. This is exemplified by the manuscript of Barr who examines the 
PAX3-FKHR fusion transcription factor whose mechanism likely involves in
creased activation of normal PAX3 target genes. A similar but probably not 
identical mechanistic theme is echoed by the EWS and TLS fusions described by 
RON and MAY. Like PAX3-FKHR, the EWSjTLS fusions confer a novel activation 
domain to an otherwise unaltered DNA binding domain, thereby creating a 
dominant oncogene. Most remarkable is the diversity of DNA-binding domain 
types which are involved in EWSjTLS fusions and, concomitantly, the diversity of 
the disease processes initiated. This article will expand on this theme by describing a 
new member of the EWSjTLS family of oncogenes, namely EWS-WTI, which 
occurs in the solid tumor desmoplastic small round cell sarcoma (DSRCT). The 
EWS-WTl fusion is unique in that its DNA binding domain is derived from the 
Wilms' tumor-I (WTI) tumor suppressor protein. This is one of the first examples 
of chromosomal-translocation-mediated fusion of a proto-oncogene (EWS) and a 
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tumor suppressor gene (WTl) which creates a dominant oncogene. In order to 
understand the context of these findings, we will first provide brief reviews of the 
biology and genetics of WTl, EWS, and DSRCT. 

2 WTl and Wilms' Tumorigenesis 

Wilms' tumor is pediatric nephroblastoma which occurs in children with a fre
quency of approximately 1/10 000 live births. The association of Wilms' tumor with 
cytogenetic deletions of chromosome 11 and developmental malformations in the 
Wilms' tumor, aniridia, genitourinary abnormalities and mental retardation 
(WAGR) syndrome (reviewed in HABER et al. 1992) formed the basis for the 
identification of the WTl Wilms' tumor gene on chromosome Ilpl3. WTl is a 
tumor suppressor gene and, consistent with this, wtl is mutated or deleted in a 
subset of Wilms' tumors (reviewed in COPPES et al. 1993). The properties of the WTl 
gene and protein are summarized in Table 1. WTl is expressed at the highest levels 
primarily during development of the kidney and genitourinary systems (PRITCHARD
JONES et al. 1990), but is also expressed in the developing gonad, spleen, and 
mesothelium (reviewed in HABER and HOUSMAN 1992). Targeted disruption of the 
murine wtl gene resulted in embryonic lethality that was associated with a failure of 
kidney and gonadal development (KREIDBERG et al. 1993), further substantiating 
the critical role played by WTl during nephrogenesis and overall urogenital system 
development. The biological importance of the gene is also demonstrated by the 
preponderance of constitutional wtl mutations that lead to severe urogenital ab
normalities and Wilms' tumor in Denys-Drash syndrome (PELLETIER et al. 1991). 

The wtl mRNA is alternatively spliced, giving rise to four transcripts and 
reflecting the presence or absence of two exons (HABER et al. 1990, 1991). One 
alternatively spliced exon, exon 5, encodes a 17 amino acid segment in the amino 
terminus of the protein, whereas the second results in the insertion of three amino 
acids, lysine, threonine and serine (abbreviated KTS), between the third and fourth 
zinc fingers (HABER et al. 1990, 1991). The relative abundance of each of the splice 
variants is consistent in both the developing kidney as well as in Wilms' tumors that 
have been examined, with the WTl( + KTS) isoform being about four times as 
abundant as the WTl (-KTS) form (HABER et al. 1991). WTl( + KTS) does not 
bind to the early growth response (EGR) core consensus (RAUSCHER et al. 1990). 
However, a DNA-binding site has been identified for WTl( + KTS) which contains 
the EG R -I core consensus, but requires additional flanking sequences for high
affinity binding (DRUMMOND et al. 1994). The WTl( + KTS) protein has also been 
shown to be physically associated with the splicing apparatus (LARSSON et al. 1995), 
suggesting that WTl may playa post-transcriptional role in gene regulation. 

The wtl gene encodes a DNA-binding protein, WTI, which contains a proline
and glutamine-rich amino terminus and four zinc fingers of the Cysz-His2 class at 
the carboxy terminus (CALL et al. 1990). The WTl protein recognizes the core 
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Table 1. Summary of genetic biological and biochemical properties for the WTI, Wilms' tumor sup
pressor gene and protein 

Properties 

Location 
Size 
Structure 
mRNA 
Expression patterns 

Protein product 
Structural motifs 

Interacting proteins 
DNA binding site 

Target genes 

Diseases associated with 

Description 

Chromosome lip 13 
-50 kilo base genomic locus 
10 exons, 2 alternative splices 
-3.5 kb 
Embryonic 
- kidney (condensing metanephric 

blastema and podocytes) 
- mesothelial lining (all organs) 
- gonadal ridge mesothelium 
- spleen 
- brain (area postrema) 
- spinal cord (ventral horn motor neurons) 
Adult 
- kidney (glomerular epithelium) 
- ovary (granulosa cells) 
- testis (Sertoli cells) 
- uterus (decidual cells) 
52-54 kDa, nuclear protein 
4 CysrHis2 zinc fingers, 

glutamine-proline-glycine-rich 
transcriptional regulation domain 

p53 
EGR consensus sequence: 5'
GGAGCGGGGGCG-3' 
IGF-Il, IGF-Il-receptor, Egr-I, 
Pax-2, PDGF-A, eSP-I, TGF-betal 
Wilms' tumor, Denys-Drash syndrome, 

mesothelioma, desmoplastic small 
round cell tumor 

The studies summarized here are referenced in the text 

sequence 5'-GCGGGGGCG-3', the DNA consensus binding site for the members 
of the immediate early EG R family of proteins (RAUSCHER et al. 1990). When the 
EGR proteins are bound to this site, they often activate the transcription of 
downstream target genes (reviewed in SUKHATME 1990), whereas when WTl is 
bound to this site, it often functions as a transcriptional repressor (MADDEN et al. 
1991). Consistent with WTI having a role as a tumor suppressor, it has recently 
been shown to regulate the transcriptional activity of a number of genes whose 
products are involved in the promotion of growth, These include the genes for the 
insulin-like growth factor II (IGF/l) (DRUMMOND et al. 1992), insulin-like growth 
factor I receptor (IGF-I rec) (WERNER et al. 1994), platelet-derived growth factor a
chain (PDGF-a) (WANG et al. 1992; GASHLER et al. 1992), transforming growth 
factor-fJ (TGF-fJ) (DEY et al. 1994), the retinoic acid receptor-a (RAR-a) (GOODYER 
et al. 1995) the paired-box gene P AX-2 (RYAN et al. 1995), and syndecan-l (COOK et 
al. 1996). Several of these genes show an expression pattern similar to that of wtl in 
the developing kidney and are overexpressed in Wilms' tumors, suggesting they are 
physiologically relevant downstream target genes for WTl. 
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Wilms' tumors are often associated with the persistence of undifferentiated 
metanephric mesenchyme, or nephrogenic rests (BECKWITH et al. 1990). Histolo
gical examination of Wilms' tumors has revealed that cells within the tumor show 
varying degrees of differentiation resembling various stages of nephrogenesis which 
have arrested prematurely (BECKWITH et al. 1990). The human kidney develops 
through a reciprocal induction between the metanephric mesenchyme and the in
vading epithelial ureteric bud (reviewed in SAXEN 1987). Within the developing 
kidney, wtl expression increases dramatically when the mesenchymal cells condense 
around the ureteric buds (PRITCHARD-JONES et al. 1990; PELLETIER et al. 1991). The 
overall picture of WTl expression during nephrogenesis suggests it plays a crucial 
role in the transdifferentiation event of mesenchyme to epithelium. More im
portantly, WTl appears to have a broad role in mesothelial cell function as defined 
by the following observations: (I) WTl is expressed at high levels in the peritoneal 
mesothelium in both embryonic development and the adult; (2) mesotheliomas of 
the lung have been shown to carry mutations in WTl which alter its function as a 
transcriptional repressor; and (3) WTl knockout mice display evidence of abnor
mal peritoneal and pleural mesothelia which contribute to heart and lung ab
normalities possibly leading to the embryonic lethality observed. As described 
below, these observations combined with the fact that (I) DSRCT appear to arise 
from transformation of the peritoneal mesothelium and (2) DSRCT contain cy
togenetic abnormalities involving the 11 p 13 WTl chromosomal locus allowed us to 
infer an involvement of WTl in this tumorigenic process. 

3 EWSl and Ewings' Sarcoma 

Ewings' sarcoma occurs in bone and soft tissue and is highly malignant in both 
children and adults. The tumor is often characterized histologically by sheets of 
uniform small round cells. These small round cell tumors (SRCT) include Ewings' 
sarcoma, embryonal/alveolar rhabdomyosarcomas, Askins' tumor and peripheral 
neuroectodermal tumor (reviewed in DELATTRE et al. 1994) and are characterized 
by recurrent chromosomal translocations involving the EWSl gene (which encodes 
a putative RNA binding transcription factor) on chromosome 22q12 and a number 
of other loci depending on tumor type (Fig. 1). The wild-type EWS 1 gene encodes a 
novel protein with transcription-factor-like characteristics (Fig. 1): an RNA 
binding domain homologous to hnRNP proteins, amino acid segments rich in 
proline, arginine or glycine, and an NHrterminal domain (NTD) comprised of-3l 
repeats of the hexapeptide - SYSQQS - reminiscent of the COOH-terminal domain 
of RNA polymerase II (DELATTRE et al. 1992). The NTD displays -50% amino
acid sequence homology to the TLS/FUS (see RON in this volume) gene which is 
translocated to CHOP, a bZIP domain transcription factor myxoid liposarcoma 
(CROZAT et al. 1993; RABBITS et al. 1993). When involved in a translocation, the 
NTD of EWSl is fuse in-frame to a variety of DNA binding domains: (I) the ETS 
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class DNA binding domains of Fli-J [t(11;22)] (DELATIRE et al. 1992), Erg-J 
[t(21;22)] (SORENSON et al. 1994), or ETV1 [t(7;22)] (JEON et al. 1995) in Ewings' 
sarcoma and peripheral neuroectodermal tumors; (2) the E1AF ETS domain 
protein [(17;22)] in extra osseous Ewings' sarcoma and undifferentiated sarcoma of 
kidney (KANEKO et al. 1996, VRANO et al. 1996); (3) the bZIP DNA binding domain 
of ATF-J [t(12;22)] (ZUCMAN et al. 1993) in soft tissue clear cell sarcoma and 
malignant melanoma of soft parts; and (4) the nuclear hormone receptor zinc finger 
type DNA binding domain from TEC [t(9;22)]; an orphan receptor (LABELLE et al. 
1995) in extraskeletal myxoid chondrosarcoma. It is remarkable that each trans
location involves fusion of a highly potent transcriptional activation NTD from 
EWS to a novel DNA binding domain and creates a potent tumor-type-specific 
chimeric transcription factor with oncogenic potential. As described in MAY and 
DENNY (this volume), the EWS-DBD fusions are dominant oncogenes, the trans
forming activity of which are dependent upon the EWS activation domain. With 
this paradigm in mind, we have molecularly characterized a newly recognized 
clinicopathologic subtype of SRCT, namely DSRCT, which also contains a re
current chromosomal trans10cations involving the 22q12 EWSJlocus. As described 
below, we and others have shown that the EWSJ gene is fused to the zinc finger 
region of the WTJ Wilms' tumor suppressor gene as a result of the t(11;22) 
(p13;qI2) in DSRCT (Fig. 1). 

4 Desmoplastic Small Round Cell Tumor 
and the EWS-WTl Fusion 

DSRCT (also known as intra-abdominal DSRCT) (ORDONEZ et al. 1989, 1993; 
GERALD et al. 1991) is a highly aggressive, rare tumor which occurs most frequently 
in adolescent males and is located almost exclusively in the abdomen (Table 2). At 
presentation, patients often have tumor involvement of many abdominal organs in 
the abdomen and also in the mesothelial lining of the gut. This property of the 
tumor has hampered both identification of the primary site of tumor development 
and the target cell for oncogenic transformation. A "nested" pattern of tumor cell 
growth containing islands of densely packed small round cells amongst the char
acteristic (and diagnostic) desmoplastic stroma is notable histologically. Re-

Table 2. Summary of clinical and pathogenetic properties of 
desmoplastic small round tumors 

1. Most frequent in adolescent males 
2. Almost exclusive intra-abdominal location 
3. Nested pattern of cell growth 
4. Intense desmoplastic reaction 
5. Express epithelial, mesenchymal and neural cell markers 
6. recurrent t( J1;22)(p13;q12) 



Chromosome Translocation-Mediated Conversion of a Tumor Suppressor Gene 157 

markably, immunohistochemical analysis demonstrates that DSRCT often co-ex
press mesenchymal, epithelial and neural markers. Together, these findings, have 
led pathologists to consider other designations for this tumor based on this pri
mitive cellular phenotype, most notably peritoneal blastoma or extra-renal Wilms' 
tumor. This last designation stems from similarities amongst DSRCT and "classic" 
triphasic Wilms' tumors which also contain epithelial, mesenchymal, and stromal 
cell elements (BECKWITH et al. 1990). A key finding in the link between DSRCT, 
EWS I, and WTl were tumor cytogenetics; a number of investigators independently 
identified a translocation t( 1 I ;22)(p 13;q 12) in DSRCT (SAWYER et al. 1992; SHEN et 
al. 1992; BIEGEL et al. 1993; RODRIGUEZ et al. 1993) possibly involving the 22q 12 
EWSI gene and the WTJ gene at Ilp13. Thus, based on (I) cytogenetics, (2) similar 
histopathologic profiles of triphasic Wilms' and DSRCT, (3) the knowledge that 
the mesothelia is a site of WTI expression, and (4) that EWSJ is always fused to a 
DNA binding domain when involved in a chromosomal translocations (Fig. I), we 
characterized WTl and EWSI genes in DSRCT. 

Since there are no cell lines for DSRCT, we utilized frozen tumor specimens or, 
in most cases, fixed specimens in paraffin blocks. Our experimental strategy was to 
hypothesize that a fusion mRNA occurred between the NTD of EWS I and the zinc 
finger region of WTI. We developed a PCR assay for this fusion transcript which 
detected a -\00 base pair PCR product from DSRCT tumor specimens using 
primers specific for both EWS I and WT I. Cloning and sequencing of this product 
demonstrated fusion of EWSI ex on 7 to WTI exon 8 (which encodes the zinc finger 
2 of the WTl DNA binding domain) (RAUSCHER et al. 1994). To date, more than 20 
cases which were assigned the clinical diagnosis of DSRCT have been analyzed 
using this PCR assay; 17 of these have been positive for the EWS-WTI fusion 
transcript. Thus, the presence of an EWS WTl fusion is a common feature of 
independent DSRCT. Recently, this procedure has been developed into a specific 
diagnostic assay (DE ALAVA et al. 1995), which allowed highly specific and differ
ential diagnosis of DSRCT from other small round cell sarcomas. Additional 
supportive data for alterations of EWS and WT I loci include rearrangements at the 
genomic level via Southern blotting (LADANYI and GERALD 1994; RAUSCHER et al. 
1994; and unpublished data). Furthermore, we have detected the EWS-WTI fusion 
polypeptide in tumor specimens using a combination of immunoprecipitation and 
western blotting. (F. RAUSCHER and L. BENJAMIN, unpublished data). Thus, the 
fusion of EWS-WTl is highly specific to the DSRCT phenotype and, like other 
fusions in the EWSjTLS family (Fig. I) is predicted to encode a dominant onco
genic transcription factor. 

Most important for this discussion is to consider the alteration to the bio
chemical functions of WTl. Figure 2 illustrates the wild-type WTI and EWS I genes 
as well as the resultant EWS WTI fusion protein. A model for how the fusion may 
function as an antagonist of wild-type WT I is provided in Figure 3. To begin, since 
WTI is a tumor suppressor gene, we must consider the consequences of both loss 
and gain of function. The most dramatic physical alteration of WTI is replacement 
of its normal NHz-terminus with the NTD of EWS. The glutamine-proline-rich 
NHz-terminus of WTI is capable of mediating both repression and activation of 
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t(11 ;22)(p13;q12) EWS-WT1 

NTD 

Fig. 2. Products of the t(II;22) translocation in DSRCT. The relative locations of the genomic break
points in each gene are shown. A fusion mRNA encodes the NTD of EWSI fused in-frame to the zinc 
finger region of WTI 

EWS·WTI 

WT1 

-------cGcccccGc------~CAAT~ATA 

- +++ 

GD IGF-II 
Pax-2 
POGF-A 
Egr-1 

Fig. 3. A model to account for dominant oncogenesis mediated by the EWS-WTI fusion protein. Fusion 
of EWS and WTI genes creates a potent activator of transcription which displays a loosened sequence 
specificity for DNA recognition. A gain-of-function mutation in a tumor suppressor gene creates a 
dominant oncogene 
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transcription depending on cell type and binding site context within the target 
promoter (MADDEN et al. 1991). In addition, the WTl NHTterminus mediates 
homo-oligomerization. It is likely that these functions are normally highly regu
lated via post-translational modification, presence of associated proteins (MA
HESWARAN et al. 1993) and possibly editing of the RNA transcript (SHARMA et al. 
1994). However, in DSRCT, the NHz-terminus of WTl is replaced by a potent 
transcriptional activation domain derived from EWS. When assayed under con
ditions where wild-type WTl functions as a transcriptional repressor, EWS-WTI 
functions as a potent activator of transcriptional (RAUSCHER et al. 1994). Thus, like 
other EWS fusions, the oncogenic potential of the EWS-WTI fusion may involve 
activation of physiologically relevant target genes normally repressed by wild-type 
WTI. 

The second alteration to a discrete functional domain of WTI is loss of the 
NHz-terminal zinc finger. Paradoxically, loss of zinc finger I appears to activate the 
DNA binding potential of the remaining three zinc fingers when assayed with the 
EGR-consensus oligonucleotide sequence (RAUSCHER et al. 1994). We have pre
viously shown that finger 1 provides additional specificity for DNA recognition and 
destabilizes DNA binding activity of the wild-type, four finger WTl protein at 
some DNA binding sites (MADDEN and RAUSCHER 1993; DRUMMOND et al. 1994). 
Furthermore, loss of finger I function (via site-directed mutagenesis or overt de
letion) enhances DNA binding affinity. Thus, the results of our in vitro structure
function analysis of requirements for WTI DNA binding parallel the effects of 
naturally occurring mutations in DSRCT. The loss of sequence specificity and/or 
gain in DNA binding affinity displayed by the EWS-WTl fusion protein may 
expand the repertoire of downstream target genes normally subject to WTl
mediated transcriptional control. The fact that finger 2, 3, and 4 of WTI most 
closely resemble the three finger EGR proteins, the normal target genes for EGR 
may also be deregulated by EWS-WT I. A parallel issue which must be addressed is 
the effect of loss of finger I on the still undefined RNA binding activities of WTI. 

5 Summary and Future Directions 

A variety of independent cytogenetic and biologic lines of research culminated in 
the analysis of the EWS 1 and WT 1 genes in desmoplastic round cell tumors and 
their refinement as a common lesion in this distinct tumor entity. From a purely 
genetic standpoint, a single allele of each gene involved in the translocation is 
inactivated as a result of the fusion. From what we know of the tumor suppressor 
capability of WTl, this somatic mutation may simply inactivate function and 
contribute to the malignant process via a gene dosage mechanism. This is entirely 
consistent with Wilms' tumor genetics in that when alterations in WTl are found in 
sporadic tumors (-10% frequency) they are almost exclusively heterozygous in 
nature. 
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However, the biochemical analysis of the EWS-WTl fusion argues against this 
simplistic interpretation. Clearly WTl has suffered a gain-of-function alteration. 
The protein displays a somewhat relaxed recognition specificity for DNA binding. 
This is in contrast to all other EWS fusions which leave the DNA binding domain 
intact (Fig. 1). Moreover, the chimeric EWS-WTl protein is converted from a 
repressor into an activator of transcription as a result of fusion to the EWS-NTD. 
Although there are relatively few physiologically relevant functional assays with 
which to compare WTl and EWS-WTl by analogy to other EWS fusions (Fig. 2) it 
is likely that fusion to the NTD is a major component of the oncogenic mechanism. 
In addition, it is quite likely that as yet ill-defined layers of regulation spanning 
from post-translational and transcriptional modifications to protein-protein inter
actions are disrupted as a result ofloss of the WTl NHrterminus. It is these areas 
that must be addressed in the coming years. Essentially the recognition that a 
common transcriptional effect domain (the NTD) is fused to a multitude of DNA 
binding domains thereby creating a set of oncogenes has created a remarkable 
laboratory for the study of transcription regulation cell growth. Study of the EWSj 
TLS family of fusion oncogenes should provide a major new insight into these 
issues in the future. 

Acknowledgements. I am grateful to L. Benjamin, W. Fredericks, and F. Barr for participating in the 
studies summarized herein. F. Rauscher's laboratory is supported by grants CAI0815, DK492 10, 
GM54220, DAMD17-96-1-6141, ACS grant NP954, the Irving A. Hansen Memorial Foundation, the 
Mary A. Rumsey Memorial Foundation, and the Pew Scholars Program in the Biomedical Sciences. 

References 

Beckwith JB, Kiviat NB, Bonadio JF (1990) Nephrogenic rests, nebroblastomatosis and the pathogenesis 
of Wilms' tumor. Pediatr Pathol 10: 1-36 

Biegel JA, Conard K, Brooks JJ (1993) Translocation (I1;22)(P13;qI2): Primary change in intra-ab
dominal desmoplastic small round cell tumor. Genes Chromosome Cancer 7: 119-121 

Call KM, Glaser T, Ito CY, Buckler AJ, Pelletier J, Haber DA, Rose EA, Kral A, Yeger H, Lewis WH, 
Jones C, Housman DE (1990) Isolation and characterization of a zinc finger polypeptide gene at the 
human chromosome II Wilms' tumor locus. Cell 60: 509--520 

Cook DM, Hinkes MT, Bernfield M, Rauscher III FJ (1996) Transcriptional activation of the Syndecan-l 
promoter by the Wilms' tumor protein WTl. Oncogene 13: 1789-1799 

Coppes MJ, Campbell CE, Williams BRG (1993) The role ofWTl in Wilms' tumorigenesis. FASEB J 7: 
886-895 

Crozat A, Aman P, Mandahl N, Ron D (1993) Fusion of CHOP to a novel RNA-binding protein in 
human myxoid liposarcoma. Nature 363: 640--644 

de Alava E, Ladanyi M, Rosai J, Gerald WL (1995) Detection of chimeric transcripts in desmoplastic 
small round cell tumor and related developmental tumors by reverse transcriptase polymerase chain 
reaction. 147: 1584-1590 

Delattre 0, Zucman J, Plougastel B, Desmaze C, Melot T, Peter M, Kovar H, Joubert I, de Jong P, 
Rouleau G, Aurias A, Thomas G (1992) Gene fusion with an ETS DNA-binding domain caused by 
chromosome translocation in human tumors. Nature 359: 162-165 

Delattre 0, Zucman J, Melot T, Garau XS, Zucker J-M, Lenoir GM, Ambros PF, Sheer D, TurcCarel C, 
Triche TJ, Aurias A, Thomas G (1994) The Ewing family of tumors - a subgroup of small-round-cell 
tumors defined by specific chimeric transcripts. N Engl J Med 331: 294-299 

Dey SR, Sukhatme VP, Roberts AB, Sporn MB, Rauscher FJ III, Kim S-J (1994) Repression of the 



Chromosome Translocation-Mediated Conversion of a Tumor Suppressor Gene 161 

transforming growth factor-beta I gene by the Wilms' tumor suppressor WTI gene product. Mol 
Endocrinol 8: 595-602 

Drummond lA, Madden SL, Rowher-Nutter P, Bell GI, Sukhatme VP, Rauscher III Fl (1992) Re
pression of the insulin-like growth factor-II gene by the Wilms' tumor suppressor WTl. Science 257: 
674-678 

Drummond lA, Rupprecht HD, Rohwer-Nutler P, Lopez-Guisa 1M, Madden SL, Rauscher III Fl, 
Sukhatme VP (1994) DNA recognition by variants of the Wilms' tumor suppressor, WTl. Mol Cell 
Bioi 14: 3800-3809 

Gashler AL, Bonthron DT, Madden SL, Rauscher III FJ, Collins T, Sukhatme VP (1992) Human 
platelet-derived growth factor A chain is transcriptionally repressed by the Wilms' tumor suppressor 
WTl. Proc Nat! Acad Sci USA 89: 10984-10988 

Gerald WL, Miller HK, Battifora H, Miettinen M, Silva EG, Rosai J (1991) Intra-abdominal desmo
plastic small round-cell tumor. Report of 19 cases of a distinctive type of high-grade polyphenotypic 
malignancy affecting young individuals. Am J Surg Pathol 15: 499-513 

Goodyer P, Dehbi M, Torban E, Bruening W, Pelletier J (1995) Repression of the retinoic acid receptor
alpha gene by the Wilms' tumor suppressor gene product, wtl. Oncogene 10: 1125-1129 

Haber DA, Housman DE (1992) The genetics of Wilms' tumor. Adv Cancer Res 59: 41-68 
Haber DA, Buckler AJ, Glaser T, Call KM, Pelletier J, Sohn RL, Douglass EC, Housman DE (1990) An 

internal deletion within in IIpl3 zinc finger gene contributes to the development of Wilms' tumor. 
Cell 61: 1257-1269 

Haber DA, Sohn RL, Buckler AJ, Pelletier J, Call KM, Housman DE (1991) Alternative splicing and 
genomic structure of the Wilms' tumor gene WTl. Proc Nat! Acad Sci USA 88: 9618-9622 

Haber DA, Timmer HT, Pelletier J, Sharp PA, Housman DE (1992) A dominant mutation in Wilms' 
tumor gene WTI cooperatives with the viral oncogene EIA in transformation of primary kidney cells. 
Proc Natl Acad Sci USA 89: 6010-6014 

Jeon IS, Davis IN, Braun BS, Sublett JE, Roussel MF, Denny CT, Shapiro DN (1995) A variant Ewing's 
sarcoma translocation (7;22) fuses the EWS gene to the ETS gene ETVI. Oncogene 10: 1229-1234 

Kaneko Y, Yoshida K, Handa M, Toyoda Y, Nishikira H, Tanaka Y, Sasaki Y, Ishida S, Higashino F, 
Fujinaga K (1996) Fusion of an ETS-family gene, EIAF, to EWS by t(l7:22)(q 12;q 12) chromosome 
translocation in an undifferentiated sarcoma of infancy. Genes Chrom Cancer 15: 115 121 

Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier J, Housman D, Jaenisch R (1993) WT-I is 
required for early kidney development. Cell 74: 679 691 

Labelle Y, Zucman J, Stenman G, Kindblom L-G, Knight J, Turc-Carcl C, Dockhorn-Dworniczak B, 
Mandahl N, Desmaze C, Peter M, Aurias A, Delattre 0, Thomas G (1995) Oncogenic conversion of a 
novel orphan nuclear receptor by chromosome translocation. Hum Mol Gen 4: 2219-2226 

Ladanyi M, Gerald W (1994) Fusion of the EWS and WTI genes in the desmoplastic small round cell 
tumor. Cancer Res 54: 2837 -2840 

Larsson SH, Charlieu J-P, Miyagawa K, Engelkamp D, Rassoulzadegan M, Ross A, Cuzin F, van 
Heyningen V, Hastie ND (1995) Subnuclear localization of WTI in splicing or transcription factor 
domains is regulated by alternative splicing Cell 81: 391-40 I 

Madden SL, Rauscher III FJ (1993) Positive and negative regulation of transcription and cell growth 
mediated by the EGR family of zinc finger gene products. In: Zinc-finger proteins in oncogenesis: 
DNA-binding and gene regulation. Ann NY Acad Sci 684: 75-84 

Madden SL, Cook DM, Morris JF, Gashler A, Sukhatme VP, Rauscher 111 FJ (1991) Transcriptional 
repression mediated by the WTI Wilms' tumor gene product. Science 253: 1550-1553 

Maheswaran S, Park S, Bernard A, Morris JF, Rauscher III FJ, Hill DE, Haber DA (1993) Interaction 
between the p53 and Wilms' tumor (WTI) gene products: physical association and functional co
operation. Proc Natl Acad Sci USA 90: 5100-5104 

Ordonez NG, Zirkin R, Bloom RE (1989) Malignant small-cell epithelial tumor or the peritoneum co
expressing mesenchymal-type intermediate filaments. Am J Surg Pathol 13: 413-421 

Ordonez NG, EI-Naggar AK, Ro JY, Silva EG, Mackay B (1993) Intra-abdominal desmoplastic small 
cell tumor: a light microscopic, immunocytochemical, ultrastructural, and flow cytometric study. 
Hum Pathol 24: 850865 

Pelletier J, Bruening W, Kashtan CE, Mauer SM, Manivcl .IC, Striegel JE, Houghton DC, Junien C, 
Habib R, Fouser L, Fine RN, Silverman RL, Haber DA, Housman D (1991) Gcrmlinc mutations in 
the Wilms' tumor suppressor gene arc associated with abnormal urogenital development in Denys
Drash syndrome. Cell 67: 437-447 

Pritchard-Jones K, Fleming S, Davidson D, Bickmore W, Porteous D, Gosden C. Bard J, Buckler A, 



162 F.J. Rauscher, III: Chromosome Translocation-Mediated Conversion 

Pelletier J, Housman D, van Heyningen V, Hastie N (1990) The candidate Wilms' tumor gene is 
involved in genitourinary development. Nature 346: 194-197 

Rabbits TH, Forster A, Larson R, Nathan P (1993) Fusion of the dominant negative transcription 
regulator CHOP with a novel gene FUS by translocation t(12;16) in malignant liposarcoma. Nature 
Genet 4: 175-180 

Rauscher III FJ, Morris JF, Tournay OE, Cook DM, Curran T (1990) Binding of the Wilms' tumor locus 
zinc finger protein in the EGR-I consensus sequence. Science 250: 1259-1262 

Rauscher III FJ, Benjamin LE, Fredericks WJ, Morris JF (1994) Novel oncogenic mutations in the WTl 
Wilms' tumor suppressor gene. A recurrent t(1I;22) fuses the Ewings' Sarcoma gene, EWSI to WTI 
in desmoplastic small round cell tumor. Gold Spring Harbor Symposium on Quantitative Biology. 
Cold Spring Harbor 59: 137-146 

Rodriguez E, Sreekantaiah C, Gerald W, Reuter VE, Motzer RJ, Chaganti RSK (1993) A recurring 
translocation t(11;22)(pI2;qI1.2) characterizes intra-abdominal desmoplastic small round-cell tu
mors. Cancer Genet Cytogenet 69: 17-21 

Ryan G, Steele-Perkins V, Morris JM, Rauscher III FJ, Dressler GR (1995) Repression of Pax-2 by WTI 
during normal kidney development. Development 129: 867-875 

Sawyer JR, Tryka AF, Lewis JM (1992) A novel reciprocal chromosome translocation t(1I;22)(P13;qI2) 
in an intraabdominal desmoplastic small round-cell tumor. Am J Surg Pathol 16: 411--416 

Saxen L (1987) Organogenesis of the kidney. Cambridge University Press, Cambridge 
Sharma PM, Bowman M, Madden SL, Rauscher III FJ, Sukumar S (1994) RNA editing in the Wilms' 

tumor susceptibility gene, WTI. Genes Dev 8: 720-731 
Shen WP, Towne B, Zadeh TM (1992) Cytogenetic abnormalities in an intra-abdominal desmoplastic 

small cell tumor. Cancer Genet Cytogenet 64: 189-191 
Sorenson PHB, Lessnick SL, Lopez-Terrada D, Liu XF, Triche TJ, Denny CT (1994) A second Ewing's 

sarcoma translocation t(21;22) fuses the EWS gene to another ETS-family transcription factor, ERG. 
Nature Genet 6: 146-151 

Sukhatme VP (1990) Early transcriptional events in cell growth: the Egr family. J Am Soc Nephrol I: 
859-866 

Urano F, Umezawa A, Hong W, Kikuchi H, Hata J-i (1996) A novel chimera gene between EWS and 
EfA-F, encoding the adenovirus ElA enhancer-binding protein, in extraosseous Ewing's Sarcoma. 
219: 608-61 

Wang ZY, Madden SL, Deuel TF, Rauscher III FJ (1992) The human platelet-derived growth factor A
chain (pDGF-A) gene is a target for repression by the WTl Wilms' tumor protein. J BioI Chern 267: 
21999-22002 

Werner H, Rauscher III FJ, Sukhatme VP, Drummond lA, Roberts Jr CT, LeRoith D (1994) Tran
scriptional repression of the insulin-like growth factor I receptor (IGF-I-R) gene by the tumor sup
pressor WTl involves binding to sequences upstream and downstream of the IGF-I-R transcription 
start site. J Bioi Chern 269: 12577-12582 

Zucman J, Delattre 0, Desmaze C, Epstein A, Stenman G, Speleman F, Fletchers CDM, Aurias A, 
Thomas G (1993) EWS and ATF-I gene fusion induced by t(12;22) translocation in malignant 
melanoma of soft parts. Nature Genet 4: 341-345 



Subject Index 

acute leukemias 13,45 
- Pre-B cell 46 
- Pro-B cell 47 
acute lymphoblastic leukemia 55-62,74,77 
acute myeloid leukemia (AML) 8,77, 83ff. 
acute promyelocytic leukemia (APL) 83 ff. 
- molecular techniques in the management 

of patients 103, 104 
- variant translocations 95 
AFXI 120 
ALL 26 
ALL-l 1 
all-trans retinoic acid (ATRA) 81,83,84,97, 

98, 102 
ALV (see FKHR) 
AML (see acute myeloid leukemia) 
apoptosis 50 
AT hook motifs 3 
ATRA (see all-trans retinoic acid) 

B-cell regulation 48, 49 
Ba/F3 cells 71 
basic helix loop helix (bHLH) 
- domain 56-62 
- family 48, 49 
BCL2 56 
bHLH (see basic helix-loop-helix) 
bZIP superfamily 46,47,49,50 

CIEBP 132 
c-Fos 147 
c-MYC 148 
cancer 131 
Caz 137 
cell lines 
- Baf-3 50 
- NIH-3T3 49 
- OOC-Bl 49 
chimeric (fusion) genes (see also fusion gene) 
- E2A-HLF 46,47 
- E2A-PBXI 45 
chimeric (fusion) proteins 
- E2A-HLF 46-50 

- E2A-PBXl 46 
chimeric transcript (see fusion gene) 
CHOP 131-140 
chromatin structure I 
chromosomal translocation 
- t(1;13) (p35;qI4) 115,121 
- t(1;19) (q23;p13) 45,46 
- t(2;13)(q35;qI4) 114-118, 120, 121 
- t(17;19)(q22;p13) 46,47,49 
- t(X;11)(q13;q23) 120 
chromosome 
- 12 70 
- band llq23 2 
- human 2 115-117 
-human13 115,117 
- mouse 1 116,117 
chronic myelomonocytic leukemia 67,77 

DBP 49 
(del) (12p) 69 
desmoplastic small round cell caminoma 151 
differentiation, blocking 25 -40 
DNA binding domain 118 -120, 122, 123 
Drosophila 48, 50 

E2-2 58 
E2A 49,50,58-61 
E2A 45-47 
E2A-HLF 46-50 
E2A-HLF 46,47 
E2A-Pbxl 25-40,45,46 
- fusion protein 26 
- transforming abilities 28 
E2A-PBXI 45 
embryogenesis 118, 125 
erythropoiesis 60,61 
ets 68 
ETS transcription factors 145 
ETS-I 145 
Ewing's sarcoma 136, 154 ff. 
- cytogenetics 144, 145 
- neural differentiation 144 



164 Subject Index 

EWS 134,135 
- amino terminal region 145 
- normal function 145 
EWSI 154-159 
EWSIERG 146 
EWS/ETV-I 146 
EWS/FLI 
- chromosomal breakpoints 144, 145 
- DNA binding 147 
- frequency 144 
- mechanism of transformation 147 
- minimal disease detection 148 
- subcellular localization 147 
- transformation 146 
- transcriptional activation 147 
- translocation variants 144, 146 
- tumor formation 146 
EWS-fli I 72 
EWS-WTl 151 

FKHR 
- antibody 121 
- cloning 118 
- DNA binding product 120 
- expression 118 
- protein product 120 
- transcriptional activation domain 120, 124 
FLI-I, transcriptional activation domain 145 
fork head 
- domain 119,120, 122 
- family 119, 120 
fusion gene 
- PAX3-FKHR 117,118,120-126 
- PAX7-FKHR 121, 122, 126 

GADD153 132 
GAL4 124 
GATA-I 57,61 
genes 131 

HEB 58 
helix-loop-helix (HLH) 68, 77 
hematopoietic cell transformation 
- Pre-B lymphocytes 45,46 
- Pro-B lymphocytes 45-47,50 
heterodimerization 71 
HLF 46,47,49 
HLF 46,47,49 
homeobox 118,122, 124 
homeodomain 56, 57 
- proteins 25-40 
- geometrically fit 37 
homeotic 
- regulator I 
- transformation 7 

Hox 31 
Hox proteins 30 ff. 
- pentapeptide motif 34 
HOXII 56 
HRX chimeras 16 
HRX fusion proteins 9ff. 
HRX Iff. 
- expression 5 

interleukin-3 (IL-3) 50 

LCK 56 
leukemia 2, 68 
- acute 13, 45 
- - Pre-B cell 46 
- - Pro-B cell 47 
- chronic myelomonocytic 67,77 
- lymphoblastic 74,77 
- lymphoid 67-79 
- myeloid (AML) 8,77, 83ff. 
- promyelocytic (APL) 83ff. 
- - molecular techniques in the management 

of patients 103, 104 
- - variant translocations 95 
- T cell 55-62 
leucine zipper 56, 58 
leukaemogenesis, mechanisms 96 
LIM domain 56,57,60-62 
limb bud 118, 125 
liposarcoma 133 
LMOI 56,57,61,62 
LM02 56,57,60-62 
LYLI 56,58,59,61,62 
lymphoid leukemias 67 - 79 
lymphoma 
- Burkitt's 56 
- follicular B cell 56 

markers, microsatelite 75 
"master" proteins 48, 50 
microsatelite markers 75 
MLL 120 
MLL I 
MNI-TEL 72 
molecular diagnosis 122 
MYC 55,56,58,61 
myogenesis 118, 125 

nephrogenesis 152 
NFl 123 
nucleophosmin (NPM) 96 

paired box 
- domain 118, 122, 124 
- family 118, 119, 123 



PAX subfamily 49 
PAX3 
- antibody 121 
- DNA binding domain 118,120,122, 123 
- expression 118 
- function 125 
- human gene 117 
- murine gene 116, 117 
- mutation 119,125 
- protein product 118 
- transcriptional activation domain 118, 

124 
- transcriptional inhibitory domain 124 
PAX7 
- DNA binding domain 122,123 
- expression 118 
- human gene 121 
- protein product 118 
PBX gene family 28 
Pbx1 29ff. 
- transcriptional properties 28 
PBX] 46 
PDGFR/3 70 
platelet -derived growth factor receptor 77 
PLZF 96 
PML protein 90ff. 
PML-RARa 86ff., 99 
PML 82 
PMLlRARa 81-112 
proto-oncogene 55,56,151 

qin 120 

RARa 82,92 
representational difference analysis 148 
retinoid signalling pathways 92 
retinoid-X receptors (RXRs) 85 
rhabdomyosarcoma 
- alveolar 113-115, 122, 126 
- cytogenetics 114, 115 
- diagnosis 114 
- embryonal 113,115,122 
- prognosis 113 
- RT-PCR assay 120-122 
RING finger 85 

SAP-I 147 
sarcomas 45 
- Ewings sarcoma 136, I 54ff. 
- - cytogenetics 144, 145 
- - neural differentiation 144 
- liposarcoma 13 3 
SET domain 4 
Spl 145 
splotch 119, 125 

t(II;22) 72 
t(II;22)(q24;qI2) 144 
t(12;22) 72 
t(16;21) 72 
t(21;22) (q21;qI2) 144 
1(5; 12) 69 
t(7;22) (q22;qI2) 144 
t(8;21) (q22;q22) 69 
T cell 55-62 

Subject Index 165 

- acute lymphoblastic leukemia (T-ALL) 
55-62 

- receptor (TCR) 55 
T-ALL (see T cell acute Iymphblastic 

leukemia) 
TAL/SCL 48 
TAll 55-62 
TAL2 55-62 
TAN I 56 
TEF 49 
TEF 49 
TEL 71 
TEL-ABL fusion 73 
TEL-AMLl 74 
TEL-AMLl 75 
TEL-AMLl fusion 76 
TEL gene 67 - 79 
- locus, loss of heterozygosity 75 
TEL-PDGFR/3 71 
TLS 136,137 
TLS-CHOP 134,135,138,139 
TLS-ERG 72 
TLS/FUS 145 
topoisomerase I 87 
transcription factor(s) 131, 132 
- bHLH family 48, 49 
- bZIP superfamily 46,47,49, 

50 
- DBP 49 
- E2A 49,50 
- E2A-HLF 46-50 

E2A-PBXI 46 
- genes 
- - daughterless 48 
- - DBP 49 

E2A 45-47 
- - E2A-HLF 46,47 

E2A-PBXI 45 
HLF 46,47,49 
PBX] 46 

- TEF 49 
- HLF 46,47,49 

in leukemias and sarcomas 45 
- modular organization 45.47 
- PAR subfamily 49 
- TAL/SCL 48 
- TEF 49 



166 Subject Index 

transcriptional 
- activation domain 118,120, 124 
- inhibition domain 124 
- machinery 138 
- repressor 153 
transformation 125 
translocation 68, 133 
- chromosome 55-60 

Trx 6 
tyrosine kinase domains 69 

Waardenburg syndrome 119 
Wilms tumor 152 
winged-helix (see fork head) 
WTI 152 

zinc fingers 152 



Current Topics in Microbiology and Immunology 

Volumes published since 1989 (and still available) 

Vol. 180: Sansonetti, P. J. (Ed.): Pathoge
nesis of Shigellosis. 1992. 15 figs. X, 143 pp. 
ISBN 3-540-55058-5 

Vol. 181: Russell, Stephen W.; Gordon, 
Siamon (Eds.): Macrophage Biology and 
Activation. 1992.42 figs. IX, 299 pp. 
ISBN 3-540-55293-6 

Vol. 182: Potter, Michael; Melchers, Fritz 
(Eds.): Mechanisms in B-Cell Neoplasia. 
1992. 188 figs. XX, 499 pp. 
ISBN 3-540-55658-3 

Vol. 183: Dimmock, Nigel J.: Neutralization 
of Animal Viruses. 1993. 10 figs. VII, 149 pp. 
ISBN 3-540-56030-0 

Vol. 184: Dunon, Dominique; Mackay, 
Charles R.; Imhof, Beat A. (Eds.): Ad
hesion in Leukocyte Homing and Differen
tiation. 1993. 37 figs. IX, 260 pp. 
ISBN 3-540-56756-9 

Vol. 185: Ramig, Robert F. (Ed.): Rota
viruses. 1994. 37 figs. X, 380 pp. 
ISBN 3-540-56761-5 

Vol. 186: zur Hausen, Harald (Ed.): Human 
Pathogenic Papillomaviruses. 1994.37 figs. 
XIII, 274 pp. ISBN 3-540-57193-0 

Vol. 187: Rupprecht, Charles E.; 
Dietzschold, Bernhard; Koprowski, 
Hilary (Eds.): Lyssaviruses. 1994. 50 figs. 
IX, 352 pp. ISBN 3-540-57194-9 

Vol. 188: Letvin, Norman L.; Desrosiers, 
Ronald C. (Eds.): Simian Immunodefi
ciency Virus. 1994. 37 figs. X, 240 pp. 
ISBN 3-540-57274-0 

Vol. 189: Oldstone, Michael B. A. (Ed.): 
Cytotoxic T-Lymphocytes in Human Viral 
and Malaria Infections. 1994. 37 figs. IX, 
210 pp. ISBN 3-540-57259-7 

Vol. 190: Koprowski, Hilary; Lipkin, W. 
Ian (Eds.): Borna Disease. 1995. 33 figs. IX, 
134 pp. ISBN 3-540-57388-7 

Vol. 191: ter Meulen, Volker; Billeter, 
Martin A. (Eds.): Measles Virus. 1995. 
23 figs. IX, 196 pp. ISBN 3-540-57389-5 

Vol. 192: Dangl, Jeffrey L. (Ed.): Bacterial 
Pathogenesis of Plants and Animals. 1994. 
41 figs. IX, 343 pp. ISBN 3-540-57391-7 

Vol. 193: Chen, Irvin S. Y.; Koprowski, 
Hilary; Srinivasan, Alagarsamy; Vogt, 
Peter K. (Eds.): Transacting Functions of 
Human Retroviruses. 1995.49 figs. IX, 240 pp. 
ISBN 3-540-57901-X 

Vol. 194: Potter, Michael; Melchers, Fritz 
(Eds.): Mechanisms in B-cell Neoplasia. 
1995. 152 figs. XXV, 458 pp. 
ISBN 3-540-58447-1 

Vol. 195: Montecucco, Cesare (Ed.): Clos
tridial Neurotoxins. 1995.28 figs. XI., 278 pp. 
ISBN 3-540-58452-8 

Vol. 196: Koprowski, Hilary; Maeda, Hiroshi 
(Eds.): The Role of Nitric Oxide in Physiology 
and Pathophysiology. 1995. 21 figs. IX, 
90 pp. ISBN 3-540-58214-2 

Vol. 197: Meyer, Peter (Ed.): Gene Si
lencing in Higher Plants and Related Phe
nomena in Other Eukaryotes. 1995. 17 figs. 
IX, 232 pp. ISBN 3-540-58236-3 

Vol. 198: Griffiths, Gillian M.; Tschopp, 
Jurg (Eds.): Pathways for Cytolysis. 1995. 
45 figs. IX, 224 pp. ISBN 3-540-58725-X 

Vol. 199/1: Doerfler, Walter; Bohm, Petra 
(Eds.): The Molecular Repertoire of Adeno
viruses I. 1995.51 figs. XIII, 280 pp. 
ISBN 3-540-58828-0 



Vol. 199/11: Doerfler, Walter; Bohm, Petra 
(Eds.): The Molecular Repertoire of Adeno
viruses II. 1995.36 figs. XIII, 278 pp. 
ISBN 3-540-58829-9 

Vol. 199/111: Doerfler, Walter; Bohm, Petra 
(Eds.): The Molecular Repertoire of Adeno
viruses III. 1995.51 figs. XIII, 310 pp. 
ISBN 3-540-58987-2 

Vol. 200: Kroemer, Guido; Martinez-A., 
Carlos (Eds.): Apoptosis in Immunology. 
1995.14 figs. XI, 242 pp. 
ISBN 3-540-58756-X 

Vol. 201 : Kosco-Vilbois, Marie H. (Ed.): An 
Antigen Depository of the Immune System: 
Follicular Dendritic Cells. 1995. 39 figs. IX, 
209 pp. ISBN 3-540-59013-7 

Vol. 202: Oldstone, Michael B. A.; Vitkovic, 
Ljubisa (Eds.): HIV and Dementia. 1995. 
40 figs. XIII, 279 pp. ISBN 3-540-59117-6 

Vol. 203: Sarnow, Peter (Ed.): Cap
Independent Translation. 1995. 31 figs. XI, 
183 pp. ISBN 3-540-59121-4 

Vol. 204: Saedler, Heinz; Gierl, Alfons 
(Eds.): Transposable Elements. 1995.42 figs. 
IX, 234 pp. ISBN 3-540-59342-X 

Vol. 205: Littman, Dan R. (Ed.): The CD4 
Molecule. 1995.29 figs. XIII, 182 pp. 
ISBN 3-540-59344-6 

Vol. 206: Chisari, Francis V.; Oldstone, 
Michael B. A. (Eds.): TransgeniC Models of 
Human Viral and Immunological Disease. 
1995. 53 figs. XI, 345 pp. 
ISBN 3-540-59341-1 

Vol. 207: Prusiner, Stanley B. (Ed.): Prions 
Prions Prions. 1995. 42 figs. VII, 163 pp. 
ISBN 3-540-59343-8 

Vol. 208: Farnham, Peggy J. (Ed.): Trans
criptional Control of Cell Growth. 1995. 
17 figs. IX, 141 pp. ISBN 3-540-60113-9 

Vol. 209: Miller, Virginia L. (Ed.): Bacterial 
Invasiveness. 1996. 16 figs. IX, 115 pp. 
ISBN 3-540-60065-5 

Vol. 210: Potter, Michael; Rose, Noel R. 
(Eds.): Immunology of Silicones. 1996. 136 
figs. XX, 430 pp. ISBN 3-540-60272-0 

Vol. 211: Wolff, Linda; Perkins, Archibald 
S. (Eds.): Molecular Aspects of Myeloid 
Stem Cell Development. 1996. 98 figs. XIV, 
298 pp. ISBN 3-540-60414-6 

Vol. 212: Vainio, Olli; Imhof, Beat A. 
(Eds.): Immunology and Developmental 
Biology of the Chicken. 1996. 43 figs. IX, 
281 pp. ISBN 3-540-60585-1 

Vol. 213/1: Gunthert, Ursula; Birchmeier, 
Walter (Eds.): Attempts to Understand 
Metastasis Formation I. 1996. 35 figs. XV, 
293 pp. ISBN 3-540-60680-7 

Vol. 213/11: Gunthert, Ursula; Birchmeier, 
Walter (Eds.): Attempts to Understand 
Metastasis Formation II. 1996.33 figs. XV, 
288 pp. ISBN 3-540-60681-5 

Vol. 213/111: Gunthert, Ursula; Schlag, 
Peter M.; Birchmeier, Walter (Eds.): Attempts 
to Understand Metastasis Formation III. 
1996.14 figs. XV, 262 pp. 
ISBN 3-540-60682-3 

Vol. 214: Krausslich, Hans-Georg (Ed.): 
Morphogenesis and Maturation of Retro
viruses. 1996.34 figs. XI, 344 pp. 
ISBN 3-540-60928-8 

Vol. 215: Shinnick, Thomas M. (Ed.): 
Tuberculosis. 1996. 46 figs. XI, 307 pp. 
ISBN 3-540-60985-7 

Vol. 216: Rietschel, Ernst Th.; Wagner, 
Hermann (Eds.): Pathology of Septic 
Shock. 1996. 34 figs. X, 321 pp. 
ISBN 3-540-61 026-X 

Vol. 217: Jessberger, Rolf; Lieber, Michael 
R. (Eds.): Molecular Analysis of DNA 
Rearrangements in the Immune System. 
1996. 43 figs. IX, 224 pp. 
ISBN 3-540-61037-5 

Vol. 218: Berns, Kenneth I.; Giraud, 
Catherine (Eds.): Adeno-Associated Virus 
(AAV) Vectors in Gene Therapy. 1996. 
38 figs. IX, 173 pp. ISBN 3-540-61076-6 

Vol. 219: Gross, Uwe (Ed.): Toxoplasma 
gondii. 1996.31 figs. XI, 274 pp. 
ISBN 3-540-61300-5 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




