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1. Historical perspective

The oncogene abl was first discovered in Abelson
murine leukemia virus (Ab-MLV) [1]. This virus was
isolated about 6 years prior to the discovery that genes
contained in some retroviruses were homologous to
normal cellular genes (reviewed in Ref. 2) and was
initially of interest because, unlike most murine leukemia
viruses (reviewed in Ref. 3), Ab-MLV induced
lymphomas after a very short latent period (reviewed in
Ref. 4). The ability of Ab-MLV to transform both
fibroblasts [5) and lymphoid cells [6,7] in vitro height-
ened interest in the virus and emphasized the biological
differences that distinguish Ab-MLV from other murine
leukemia viruses. However, these early experiments only
scratched the surface of the varied and complex re-
sponses of cells to abl expression.

The identification of the Ab-MLV transforming pro-
tein and the finding that many normal cells encode a
related protein [8-10] pointed the way for experiments
that culminated in the cloning of the viral genome [11)
and the normal cellular homologue of the viral transfor-
ming gene [12]. These seminal experiments defined the
properties of Ab-MLV and set the stage for unraveling
the relationship of the virus to the normal cellular ab/
gene. In the 1980s, attention has focused on understand-
ing the mechanism by which Ab-MLV induccs transfor-
mation, an area that has been the subject of several
recent reviews [4,13,14]. A second major area of investi-
gation has centered on characterizing the structure and
expression of c-abl and elucidating its role in growth,
differentiation and malignant processes. This review
will focus on recent progress in this latter area.

II. Forms of abl protein
II-A. Overview

Even before the sequence of any of the abl genes was
known, analyses of the abl protein encoded by Ab-MLV
revealed that the molecule was one ol an ever-increasing
number of protein tyrosine kinases [15,16). Expression
of a portion of the v-ab! sequence in E. coli confirmed
that the kinase activity was an intrinsic property of the
v-abl protein [17]. The typical increase in cellular phos-
photyrosine [18] was shown to be associated with trans-
formaiion and analyses of viral mutants demonstrated
that an active tyrosine kinase was required for the
response [19-21]. Later technical refinements revealed

that all forms of ab/ protein had tyrosine kinase activity
when assayed in vitro |22,23).

Multiple forms of abl protein, all named for their
molecular weights as estimated by migration in SDS-
PAGE, have been described. The viral forms are found
in the murine retrovirus, Ab-MLV and the feline retro-
virus, HZ-2 feline sarcoma virus. In the case of Ab-MLYV,
a host of strains has been described but all of these
arose from the Ab-MLV-P160 strain [24,25], the origi-
nal wild-type strain. A single strain of the feline virus
has been reported [26). The P150 (mice) or P145 (hu-
mans) c-abl protein exists in two predominant forms
which differ at the amino terminus and are not sep-
arable in SDS-PAGE [10,27,28). Altered forms of the
human gene product, the P210 and P185 proteins, are
encoded by the bcr/abl gene fusions associated with
chronic myelogenous leukemia (CML) and some acute
lymphocytic leukemias (ALL) [22,29-34). Although ab/
genes have been described in both nematodes and
Drosophila, abl protein has been identified only in
Drosophila [35].

I1-B. Response of cells to abl proteins

Although all abl proteins are tyrosine kinases, the
ability of the three basic types to affect cellular growth
is vastly different. For example, c-abl proteins, encoded
by the normal cellular gene have no demonstrated effect
on cell growth, even when expressed at high levels from
various recombinant constructions [36,37]. The v-abl
proteins induce transformation in a variety of cell types
{4] while the bcr/abl proteins stimulate the growth of
certain types of hematopoietic cells in vitro [38,39).

Much of the work on the transforming potential of
abl has centered on studies of Ab-MLV. This virus
transforms a narrow spectrum of fibroblastic cell lines
including NIH 3T3 [4]. Other fibroblasts, such as BALB
3T3, and primary mouse embryo fibroblasts are refrac-
tory to transformation [5,40). At least part of this dif-
ferential susceptibility is mediated by a lethal effect of
v-abl protein [40,41] that may reflect an inability of
some cells to tolerate high levels of the v-abl kinase.
Whether this phenomenon accounts for the failure of
Ab-MLYV to induce sarcomas in mice is not clear. How-
ever, the observation that the v-ab! protein encoded by
HZ-2 virus induces sarcomas in cats and pre-B
lymphomas in mice [42] suggests that these differences
are not inherent to the ab/ protein.



Infection of bone marrow in vitro with both the
murine and feline forms of v-abl induces transformation
of pre-B cells [7,42). Expression of a kinase active v-abl
protein is required for both initiation and maintenance
of the transformed state in these cells (Ref. 43 and
Engelman, A., and Rosenberg, N., unpublished data).
Despite these observations, isolation of transformants
using stromal cells reveals that changes in addition to
v-abl expression are required for a fully transformed
phenotype [44]. Similar events are likely to be required
in vivo because Ab-MLV-induced tumors are clonal
[45,46). Thus, while v-abl expression is required for both
initiation and maintenance of transformation, this sig-
nal alone is not sufficient for oncogenesis. A possible
role for insertional mutation, mediated by the helper
virus present in some Ab-MLV stocks has been sug-
gested [47), but the gene(s) activated in this process has
not yet been identified.

Most Ab-MLV infections induce pre-B cell
lymphomas. However, thymomas, mastocytomas and
plasmacytomas can be induced under some cir-
cumstances [4). The ability of v-abl protein to substitute
for IL-3 and at least sometimes IL-2 [48-51] may be
important in some of these responses. The exact mecha-
nism by which the v-abl protein allows cells to bypass
lymphokine requirements is not known. While it is clear
that the abl protein is not the IL-3 receptor, the !atter
molecule appears to be phosphorylated on tyrosine [52],
suggesting that abl/ and IL-3 may share common intra-
cellular signaling pathways. The ability of v-abl to
substitute for erythropoietin and stimulate erythroid
differentiation [53], although involving a different re-
ceptor system, may reflect a similar type of intracellular
interaction.

Although the ber/abl protein is associated with
several human malignancies, expression of this protein
does not usually directly transform cells in vitro
[4,38,39,54). Transgenic animals carrying a bcr/v-abl
gene do develop tumors, but the latent period is quite
long and the frequency of tumors is low [55]. Retroviral
constructs expressing either the P210 or P185 form of
ber / abl stimulate the clonal outgrowth of pre-B cells in
Whitlock-Witte cultures [38,39], but these cells acquire a
fully malignant phenotype only after extended culture.
In contrast, infection of bone marrow from mice treated
with 5-fluorouracil, a drug that stimulates cycling of
hematopoietic stem cells [56,57] reveals that bcr/abl
can directly transform pre-B cells (Kelliher, M., Mc-
Laughlin, J., Witte, ONN. and Rosenberg, N., un-
published data). For reasons that are not understood,
the P185 form of bcr/abl appears to transform cells
more efficiently in both of these assays (Ref. 39 and
Kelliher, M., McLaughlin, J., Witte, O.N. and Ro-
senberg, N., unpublished data). Despite an association
with myeloid disease in humans, attempts to demon-
strate an effect on cells of this lineage by bcr/abl
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protein either in vitro or in transgenic mice have not
succeeded (Ref. 55, 58 and unpublished data as above).
This result is particularly surprising because murine
v-abl does stimulate the malignant outgrowth of myeloid
cells when bone marrow from S-fluorouracil-treated mice
is used as a target cell population (Kelliher, M. and
Rosenberg, N., urpublished data).

Despite the differences in response of cells to v-abl
and ber / abl proteins, some similarities exist. For exam-
ple, ber / abl protein can substitute for IL-3 in some cell
systems [59,60]. The protein can also rescue the
transformed phenotype of pre-B cells carrying tempera-
ture sensitive (#5) v-abl proteins (Engelman, A. and
Rosenberg, N., unpublished data). Both of these results
suggest that ber /abl and v-abl affect sin.lar signaling
pathways once transformation is established and argue
that ber /abl differs from v-abl in its ability to initiate
the transformation process.

111. Domains of the abl proteins
11-A. Overview

Although research etforts have identified a number
of abl gene products and described their properties, a
clear understanding of the way in which the different
forms achieve their impact on cellular growth is still
lacking. Analysis of cDNA clones .:nd cloned v-abl-con-
taining viruses has allowed comparison of the deduced
protein sequence of the various Abelson proteins. Thus,
differences between both the forms of the c-abl proteins
and the c-abl/ and v-abl proteins are clearly delineated.
However, the functional significance of each of these
differences is only partly understood. Unraveling these
mysteries remains one of the major challenges in this
area of research.

HI-B. The catalytic domain

The catalytic or SH, domain (src homologous do-
main 1), defined as amino acids 240 through 500 [61], is
required for enzymatic function and is the portion of
the abl proteins that is most conserved between the
various forms. (Throughout, unless stated otherwise,
amino-acid numbers are deduced using the sequence
containing information from human exon 1A.) For ex-
ample, the murine v- and c-abl/ proteins are identical
within the catalytic domain [62-64). Comparison of the
murine and human c-ab/ proteins in this region reveals
only four substitutions; one of these is a conservative
change [28]. As expected for a functionally important
portion of the molecule, the human proteins show §9%
similarity and 77% identity with the Drosophila protein
[28,35] and share about 60% of the residues with C.
elegans protein [65].
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The catalytic domain of the abl/ proteins shares many
features with other protein kinases, including those with
serine specificity [61). Virtually all of these molecules
have a lysine, correspording to Lys-271 in the human
abl protein, preceded by the consensus Gly-X-Gly-X-X-
Gly. Although not formally shown for abl, by analogy
to other kinases, the lysine is probably involved in
proton transfer following interaction with ATP; the
glycine-rich consensus, located 17 residues earlier in ab/
proteins, is probably involved in nucleotide binding
[66,67). Other landmarks of protein kinases found in the
catalytic domain include additional residues that may
be involved in ATP binding, such as Asp-363 and
Asn-368 and the Asp-Phe-Gly stretch at positions 381
to 383. The Ala-Pro-Glu triplet at positions 407 to 409
is also a hallmark of these enzymes [68).

Although abl/ shares many features with all protein
kinases, the relationship to those with tyrosine specific-
ity is especially close. Among oncoproteins, abl is most
similar to fes [61). However, strong homologies to other
cytoplasmic tyrosine kinases, especially those in the src
family, are also evident. For example, two stretches near
the residues implicated in ATP binding that may be
important in determining tyrosine specificity are found
at positions 363 through 368 and 402 through 409 [61].
Many of the tyrosine kinases also share a major phos-
phorylation site, corresponding to Tyr-393. Whether
phosphorylation at this site is an important mediator of
catalytic activity remains unclear. The corresponding
site is phosphorylated on v-ab/ and bcr/abl but not
c-abl proteins in vivo [23], suggesting that this dif-
ference may be important for protein function. How-
ever, experiments mutagenizing the homologous residue
in src proteins have not uncovered a central role for this
phosphorylation [67,70).

Consistent with the importance of the catalytic do-
main to v-abl function, linker insertion mutations in
this region generally abolish kinase activity and trans-
forming potential [21,71). Because two v-abl proteins
lacking the last 8 or 10 residues of the catalytic domain
transform cells, the entire catalytic domain is not re-
quired for this function [42,72]. A linker insertion muta-
tion just lour amino acids further into the catalytic
domain abolishes both transforming potential and
kinase activity [71). Together, these data define the
maximum sequence requirement for transformaiion at
the carboxyl-terminal end of the catalytic domain.

Some mutations within the catalytic domain create ¢s
v-abl proteins. Insertion of a methionine afier residue
327, a valine and a proline after residue 329 as well as
substitution of a histidine at position 456 or a glycine at
position 415 have this effect {72,73). Although none of
these mutations involves residues implicated in specific
functions, they all affect residues that are conserved in
most members of the src subfamily of protein tyrosine
kinases [61]. Combining the two substitution mutations

confers ts kinase activity to bcr/abl proteins (Ro-
senberg, N. and Witte, O.N., unpublished data).

11-C. The SH; domain

Between the gag-derived sequences and the stretch of
amino acids that define the catalytic domain, both v-abl
proteins contain a region that is highly conserved among
all abl proteins [35,42,62-65] and shared with other
tyrosine kinases [74]. This portion of the molecule,
called SH., comprises 125 amino acids in the v-ab/
proteins and ccntains two subregions called B and C. In
addition to being conserved in most tyrosine kinases,
these subregions are also found in the v-crk oncoprotein,
the GTPase-activating protein {GAP) and phospho-
lipase CII (also called gamma) [74-78]. These latter
proteins are not tyrosine kinases, but at least crk and
phospholipase CII may be involved in signaling path-
ways involving these enzymes (reviewed in Ref. 78).

The function of the B and C subregions in any of the
diverse molecules that contain them is not known. Cur-
rent models suggest that these subregions may be in-
volved in protein-protein interactions occurring during
signaling or that they are important regulatory regions.
Expression of v-crk induces transformation and an
elevation of cellular phosphotyrosine [76], suggesting
that the v-crk protein interfaces with growth pathways
that are modulated by tyrosine phosphorylation. How-
ever, the role of the B and C sequences in v-crk-media-
ted transformation has not been addressed directly. In
the case of GAP and rhosnholipase, neither region
appears to be strictly required for activity [78,79). Lin-
ker insertion mutations affecting the SH, domain of
v-abl protein do not affect the ability of Ab-MLV to
transform NIH 3T3 [21,71]. However, a mutation re-
moving this region and the last 49 amino acids of gug
yields a non-transforming virus [21] as do some muta-
tions affecting the SH, domain in other oncogenic
tyrosine kinases [74,80).

1II-D. The SH; domain

The SH; domain is present in c-ab/ proteins and in
the feline form of v-abl. This region borders the B
subregion of the SH, domain and contains a third
subregion called A. These sequences are also shared
with v-src, v-crk and phospholipase CII [75,76]. How-
ever, while all c-abl proteins are very closely related in
this area, conservation with oiher oncoproteins in this
region is less striking than observed in the B and C
subregions. Nonetheless, this region appears critical for
normal c-abl function. Analysis of a series of c-abl
deletion mutations expressed from retroviral LTRs has
revealed that constructs lacking 54 amino acids, includ-
ing those related to the A region, transform NIH 3T3
and induce lympho:nas in mice [36,37]. The activation



of transforming potential is not directly correlated to
protein kinase activity but does correlate with the abil-
ity of the c-abl protein to phosphorylate itself on tyro-
sine in vivo [36). While overproduction of the ‘activated’
form is probably also important for transformation
[36,37), a change in localization to exclusively cyto-
plasmic appears to be of central importance (Baltimore,
D., personal communication). Because both the bcr / abi
and feline v-abl proteins contain the residues absent in
the transforming c-ab/ mutants [42,81,82], their function
can apparently be repressed in the presence of either bcr
or gag sequences.

IHI-E. The amino icrminus

Unlike the other portions of abl protein, the various
forms of the molecule differ drastically at the amino
terminus. The c-abl genes in mammalian cells cncode at
least two protein forms with very different amino
termini. Both forms of v-abl protein derive these se-
quences from retrovirus gag genes while the ber gene
contributes these sequences in the case of altered abl
proteins associated with CML and ALL. These se-
quence differences probably play a key role in the
function of the various abl proteins, affecting kinase
activity or substrate interaction or both.

The sequences at the extreme amino terminus of
c-abl protein define specific forms of the c-ab! product
[27.28). Sequence analysis of human and murine c-ab/
c¢DNA clones predicts that one form of the molecule,
called Type I (murine) or 1A (human) has 26 unique
amino acids at the amino terminus. The Type I se-
quence is identical in the human and murine proteins
and does not contain signals for membrane localization.
The Type 1 protein may be the predominant cyto-
plasmic form of c-abl {23).

The second major form of c-abl protein, called Type
IV (murine) or 1B (human) contains a 46-residue
amino-terminal region. Two conservative substitutions
distitiguish the murine and human forms [27,28]. This
form contains an N-terminal glycine, identical to the
myristylated residue present in the gag derived MA
(p15) proteins [83] and recent work has shown that this
form of the protein is indeed myristylated [37). The
Type IV form is probably the predominant membrane
asscciated form of the molecule. In addition, a signifi-
cant amount of this form is localized to the nucleus
(Baltimore, D., personal communication). Because
nuclear localization is lost in all transforming abl pro-
teins (Baltimore, D., personal communication), this
property of the type IV molecule is probably central to
its function.

In addition to the Type IV and Type I murine
proteins, analysis of cDNA clones predicts that two
other forms of the protein may exist. These molecules,
called Type II and Type 111, have amino-terminal re-
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gions of 20 and 21 residues, respectively [27]. Evidence
for the presence of these forms in humans or other
species has not been described. Direct study of the Type
II and 11l proteins has been hampered by the low
abundance of the mRNA encoding the Type HI form
and an inability to detect mRNA for the type II form
[27,84). Thus, the significance of these two products
remains to be determinad.

~ The functional importance of the amino terminal
region of c-abl proteins is reinforced by the homology
observed between the mammalian and the Drosophila
protein in this region. The extreme amino terminus
shares homology with the Type 1B human protein and
retains an N-terminal glycine that could be myristylated
[35]. While evidence for a myristylated form has not
been presented, chimeric human Type 1B c-ubi /
Drosophila genes can rescue flies carrying abl mutations
(Hoffman, F.M., personal communication), demonstrat-
ing functional similarity of these two regions. Thus far,
no evidence for a form of the protein homologous to
mammalian Type 1 has been found [35]). Because hu-
man Type 1A /Drosophila chimeric genes do not rescue
mutant abl alleles (Hoffman, F.M., personal communi-
cation), this form of the protein, if present, is unlikely
to be functionally important.

Both v-abl proteins derive their amino termini from
retrovirus gag sequences [8,9,26,42). The feline form
probably contains 344 amino acids specified by this
gene, while the first 236 residues of the murine v-ab/
protein are derived from gag information [42,62). The
entire MA (p15) and pl2 (pl0 in the feline virus)
proteins and a portion of the CA (p30) piotein are
present in the v-abl proteins. In replication competent
viruses, the gug sequences are normally processed to
yield virion structural proteins {85]; processing does not
occur in either of the viral ab/ proteins [8,86]). The MA
protein, which is important for membrane localization
of the normal retrovirus gag precursor polypeptide
[83,85], probably provides a similar function in the ab/
protein. The function of the p12 protein in replication
compeient viruses is still obscure and the role of these
sequences in the ab/ proteins is not completely under-
stood. In at least some cases, a portion of this region
appears to be important for protein stability in particu-
lar cell types [87,88]. No role for the CA protein se-
quences has been proposed. However, because several
feline viruses containing different onc genes contain
similar amounts of CA [42,89], these sequences may be
important for the biology of the virus.

The ber /abl proteins derive their amino terminal
amino acids from the bcr gene. The P210 form contains
937 ber-encoded residues [81,90]; the P185 form appears
to share the first 455 amino acids with P210 [91,92].
These sequences are not related to either gag or normal
c-abl sequences. Consistent with the absence of an
N-terminal glycine that could serve as a target for
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myristylation [81,90,92], the bcr/abl protein is pre-
dominantly cytoplasmic. The P185 and P210 forms of
ber /abl usually contain identical c-abl sequences, be-
ginning with residue 27, the first residue specified by
exon 2. The sequence differences in the amino-terminal
region of the two forms of bcr /abl protein may account
for the more efficient transforming activity of the P185
form in Whitlock-Witte cultures [39). Alterations in
kinase activity or differences in substrate interactions
may be responsible for this phenomenon. The ability to
purify large amounts of ber/abl protein using bacu-
lovirus vectors [93] should help address these issues.

111-F. The carboxyl terminus

In contrast to many protein tyrosine kinases, the
catalytic domain of the abl proteins is toward the
amino-terminal end of the molecule. The function of the
long, 630 residue carboxyl-terminal region is not com-
pletely understood. This region is not required for en-
zymatic activity, in either eukaryotic cells [24,71,87] or
E. coli [17,711}. Several chimeric mice carrying one c-ab/
allele encoding a protein with a truncated carboxyl
terminus have been bred. Preliminary studies reveal that
these animals are normal, indicating that loss of the
region is not a dominant mutation (Goff, S., personal
comunication). However, except for the feline v-ab/
protein [42), all c-ab/ proteins [12,25,28,35,64] and the
naturally occurring murine v-agb/ proteins [62,63] share
this region, suggesting that it is of functional signifi-
cance.

Conservation within the carboxy!-terminal portion of
abl proteins is not as precise as that seen in other
portions of the molecule. Analysis of one c-abl cDNA
clone suggests that two mutations in the P160 genome,
the deletion of a G at position 2915 and the insertion of
a G at position 2982, result in the insertion of 23 unique
amino acids at a position equivalent to residues 645
through 668 in human c-abl [63,64). A point mutation
at base 3477 results in the substitution of a glutamic
acid for Lys-832 [63,64]. While the significance of these
changes has not been assessed directly, data obtained
with a variety of Ab-MLYV strains and c-abl expression
systems suggest that they are not central to protein
function.

Comparison of the human and murine c-abl proteins
in the carboxyl terminal region reveals a significant
number of mismatches. Several short gaps are required
to align the two sequences; about 75% of the amino
acids are identical and 88% are conserved [28,64). The
region immediately following the catalytic domain (re-
sidues 501 to about 770) and a second region from
about residue 990 to the end of the molecule are the
most closely related. Serine residues that are phosphor-
ylated by protein kinase C are contained within each of
these regions [94). However, whether these phosphoryla-

tions are important for transformation or kinase activity
remains unclear. A stretch of five lysine residues be-
tween amino acids 605 and 611 are also conserved. This
region appears to interact with the SH; domain of the
Type IV c-abl protein and direct a portion of this form
of abl protein to the nucleus, an interaction that is
probably important for normal function (Baltimore, D.,
personal communication).

The Drosophila c-abl gene product diverges from the
mammalian proteins throughout the carboxyl terminal
region. Long stretches of homology do not exist and the
Drosophila-encoded molecule is 234 residues longer [35].
Like th¢ mammalian proteins, the carboxyl-terminal
portion of the molecule is proline rich; about 18% of the
residues in the mammalian proteins and 14% of those in
the Drosopkila protein are prolines. The possible func-
tion of these proline-rich stretches remains obscure.
However, since the entire carboxyl terminus is dispensi-
ble for fibroblast and in some cases lymphoid transfor-
mation, a straightforward explanation is not likely.

A variety of mutations affecting the carboxyl-termi-
nal region cf v-abl proteins has been constructed or
isolated using biological selection [24,87,95,96]). A'
though the properties of these viruses are somewhat
confusing, it seems clear that the lack of an intact
carboxyl terminal 1egion does not affect transformation
of NIH 3T3 cells [87,95]. However, a complete carbox-
yl-terminal region is associated with lethality in some
fibroblast systems [40,41,95]. Many mutations that cause
the loss of large parts of the carboxyl-terminal region
affect the ability of the protein to transform lymphoid
cells in vitro and in vivo [87,88,96, 97). However, Ab-
MLYV strains encoding abl proteins that terminate be-
fore the second carboxyl-terminal proline-rich region
retain their ability to induce Abelson disease, but are
severely compromused in their ability to transform
lymphoid cells in vitro [96,98].

IV. The structure and expression of c-abl genes
IV-A. Overview

Keys to understanding the role of c-abl in normal
differentiation and to elucidating the mechanism by
which its normal function is subverted in the viral form
have come from molecular analyses of ab/ genes. Clon-
ing of the major portion of the human and murine c-ab/
genes as well as the related abl genes from Drosophila
melanogaster, Calliphora erythrocephala, and Caenor-
habditis elegans has revealed basic relationships be-
tween these loci and allowed manipulation of the se-
quences in recombinant DNA based expression systems
[12,28,35,65,99-101). The isolation of ab/ genes in lower
eukaryotes may pave the way for genetic analyses that
directly address gene function. Finally, clues to the
elements important in controlling c-abl expression have
come from sequencing of cDNA clones [27,28,35,64].



1V-B. The human and murine c-abl genes

The human and murine c-abl genes are large units,
spanning greater than 230 and 150 kilobases, respec-
tively [99,100)]. These genes appear to have twelve exons.
There are multiple forms of the 5° most exon which are
collectively termed exon 1, but each c-at{ mRNA con-
tains sequences from only one of the forms [27,28).
Exons two through twelve are sometimes referred to as
common exons because all c-abh/ mRNas contain se-
quences transcribed from them. The precise organiza-
tion of all of the common exons has not been mapped.
However, hybridization experiments using cDNA prcbes
and heteroduplex analyses have demonstrated a similar
pattern for both the human and murine c-abl genes
[12,28).

Considerable effort has focused on the 5’ region of
the gene in an effort to understand the features control-
ling expression and exon 1 usage. The human gene has
two exon 1 units, termed 1A and 1B. Exon 1A is 19 kb
upstream of the first common exon (exon 2) and en-
codes the type 1A form of c-abl protein [28,100). Exon
1B is at least 200 kb upstream of exon 1A and encodes
the type 1B form of c-abl protein [28,100). Definitive
experiments identifying promoter and possitle enhancer
elements have not been reported. However, both forms
of exon 1 have upstream G-C rich regions and no
TATA or CAAT motifs have been found in the exon 1A
promoter. The exon 1B promoter does contain a single
CAAT motif 59 bases upstream of the sequence TT-
TAAAAGG [100]. This latter sequence resembles the
TATA element of the rabbit S-globin gene [102). How-
ever, these sequences are not conserved in the murine
gene, making it likely that the promoters for both exons
are contained within the G-C rich regions. These re-
gions contain multiple GGGCGG repeats [28,100] which
are potential binding sites for the transcription factor
Sp1 [103].

The murine c-abl gene contains four distinct exon 1
units, called types I-1V after cDNA clones containing
these sequences [27,99]). The murine type I exon shares
homology with human exon 1A and the murine type 1V
exon is similar to human 1B. In addition to sequence
homology, the position of these exons within the locus
is conserved between the two species. Exon 1, type 1 is
about 17 kb upstream of the first common exon, while
the type IV unit is at least 90 kb upstream of this point
[99]). The murine type II and type III exons have no
known counterpart in the human genome [28,100]. The
type III unit is located just downstream of the type 1V
exon, while the type 1I sequences are approx. 400 bp
downstream of the type I exon {99].

As in the case of the human c-abl gene, promoter
regions rich in G-C are loci:ted upstream of both the
type 1 and IV forms of exon 1. For each form, transcrip-
tion appears to initiate at multiple points and both of
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the promoter regions centain potential Spi binding sites
and lack TATA motifs [99]. The type IiI and type 11
exons do not kave separate promoter clements and may
be expressed by alternative splicing from the promoters
of the type IV and type I exons respectively. The type 11
region contains repetitive scquences and transcripts
containing these sequences have not been detected in
any cell type [27,84,99]. Thus, the original cDNA clone
in which the type II exon was identified may have
arisen via aberrant splicing and these sequences may
not be functional.

1V-C. Expression of c-abl in murine and human cells

Analysis of cell lines and tissues has revealed that
c-abl RNAs of 6.0 kb (human) and 5.3 (murine) contain
sequences from exon 1A (type I) while those of 7.0
(human) and 6.0 (murine) contain sequences from exon
1B (type 1V) [25,28,84). The factors moduiating alterna-
tive usage of the forms of exon 1 have not been cluci-
dated. However, the two RNAs direct synthesis of
distinct proteins that probably play different roles in
cellular growth and metabolism. Thus, identifying the
control mechanisms involved in exon 1 usage may pro-
vide clues to understanding c-ab/ expression. The mech-
anism by which the splicing reaction deals with the
great distance between exon 1B and the first common
exon also poses an intriguing question. Indeed, based
on estimates of the rate at which RNA polymerase
transcribes DNA sequences [104], at least 2 h would be
required to traverse the entire c-abl locus [100).

While most tisues express c-abl, the RNA is espe-
cially prominent in testis and lymphoid tissues, particu-
larly thymus [25,84,105). The relative abundance of the
two transcripts has been assessed for a number of
murine tissues, revealing that differences in the two-fold
range can be detected [84). The RNA containing exon
1A sequences is highest in heart, muscle, spleen and
thymus and lowest in liver and brain. The RNA con-
taining exon 1B sequences is relatively cunstant from
tissue to tissue. Type II1 RNA accounts for a small
percentage of the total ab/ RNA and has been found in
all tissues tested. The biological significance of the
variations in abundance of the different forms of the
RNA remains to be determined. As noted earlier, type
11 RNA has not been detected [27.84), suggesting that, if
this form exists, it is present in very low abundance.

In addition to the two common c-abl RNAs, mouse
testis expresses a unique, 4.0 kb species of c-ab/ RNA
[64,105,106]. This RNA is first detected in populations
enriched for early spermatids and is still prominent in
late spermatids [106). Both of these cells are post-meiotic
suggesting that c-abl may play a specific role in the late
differeniiation stages of sperm. Analysis of a testis-de-
rived cDNA clone reveals that this RNA contains exon
1 type I sequences and is identical to other c-ab/ RNAs
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with respect to coding information [64]. Conclusive data
concerning the use of exon 1 type IV sequences in a
testis specific RNA have not been presented. The 4.0 kb
RNA is polyadenylated at a site lacking obvious signals
for polyadenylation upstream of the usual site and thus
lacks 3’ sequences presumed to be untranslated in other
c-abl RNAs [64]. The missing region contains a small
open reading frame present in other c-ab/ RNAs that
could direct synthesis of an 18 kDa peptide. However,
no evidence for the existence of this peptide has been
presented.

IV-D. arg - an abl-related gene

A portion of a second human gene called arg (abl-re-
lated gene) has been isolated from a genomic DNA
library [107] using a v-abl probe from the region encod-
ing the tyrosine kinase domain. The clone appears to
contain two exons that share about 70% homology at
the nucleic acid level with corresponding sequences in
human c-abl. When the putative protein product is
compared to the c-abl protein, 92% homology is found
(28.107). This gene is not linked to c-ab/ and has been
localized to chromosome 1q24-25. Information on arg
homologues in other species has not been presented. An
arg-specific 12 kb RNA has been detected in various
human cell lines suggesting that the product of the gene
may be widely expressed. However, no information on
the protein, presumably a protein tyrosine kinase, is
available. Although arg and c-abl clearly are closely
related in the regions of the gene that can be compared,
a clear picture of their relationship awaits cloning of
larger segments of the arg gene or analysis of arg
cDNA clones.

IV-E. abl genes in other eukaryotes

Hybridization studies have identified abl-related
genes in dipterans (flies) [101,108] and in the nematode,
C. elegans [65). Homologues of abl have not been
detected in yeast. Among the abl genes found in lower
eukaryotes, the Drosophila gene has been examined in
the most detail. This gene contains ten exons and spans
greater than 26 kb in the 73B region of the third
chromosome [35,109]. Although the exact structure of
the gene is distinct from the mammalian genes, there
are several common features. For example, the first
exon is separated from the other exons by considerable
distance, about 14 kb, and the 3’ most exon is large.
Unlike the mammalian genes, only one form of exon 1,
a unit that shares homology with the mammalian exon
1B has been detected [35].

In Drosophila, abl RNA can be detected in unferti-
lized eggs and during emboryogenesis and metamorpho-
sis [110,111]. The RNAs range from 6.5 to 7.5 kb, with
size variation arising from the use of both alternative

splicing sites in the 3’ most intron and several poly-
adenylation sit :s [111]. Early in embryogenesis, the abl/
RNAs appear to be of maternal origin and are found
uniformly in the embryo. The first zygotic expression
begins about 8-12 h after fertilization, at which point
the transcripts are detected in the area of the ventral
nerve cord and the brain (Hoffman, F.M., personal
communication). Localization studies using anti-ab/ an-
tibodies have shown that the protein, like the RNA, is
present in all cells in the blastoderm. The protein is
detected coincident with zygotic expression 8 h after
fertilization in axons within the CNS. Later, in the
larval stages, abl protein is found only in those epi-
thelial cells of the imaginal discs which give rise to the
eyes and in both the cell bodies and axons of the retinal
cells.

Analyses of Drosophila carrying mutant abl alleles
have revealed that the gene is required for the adult fly
to emerge from the pupal case [109). This phenotype
may suggest that c-abl is required for the co-ordinated
neuronal development required to escape the pupal
case. Study of flies with gb/ mutations has failed to
reveal such a function. However, analysis of flies carry-
ing mutant ab! alleles and heterozygous for mutations
in the unrelated disabled gene reveals that abl plays a
key role in axonal developmen: in embryogenesic [112).
A percentage of flies carrying some abl mut:tions
emerge from the pupal case. These animals are weak,
sterile and have eye defects stemming from disorganiza-
tion or the lack of the retinal cells [109). This phenotype
is consistent with the expression of ab/ during forma-
tion of the cyes.

V. The structure of v-abl genes
V-A. Overview

Two viral forms of ubl have been identified, one in
the murine virus Ab-MLYV (1] and the second in HZ-2
virus, a feline virus [26]. The murine virus contains
sequences from murine c-abl, while feline c-abl se-
quences were trarsduced to generate HZ-2 [12,42). The
precise recombination points between viral and c-ab/
sequences and the amount of c-abl sequence present
differ in the two viruses. Neither virus contains the
entire c-abl coding sequence. However, both contain the
portion of c-abl that encodes the tyrosine kinase do-
main of the abl protein. In each case, the 5’ recombina-
tion involved sequences in the gag gene of the retroviral
parent and sequences in a c-abl exon. Thus, the amino
terminal portion of the abl/ protein encoded by the
viruses contains sequences derived from a gene that
normally encodes virion structural proteins. Finally,
control of v-abl expression is mediated by promoter,
enhancer and polyadenylation signals present in the
viral LTRs. Each of these features probably plays a key



role in the ability of the v-abl genes to induce cellular
transformation.

V-B. Ab-MLV

Ab-MLYV arose in a single BALB/c mouse injected
with Moloney murine virus (Mo-MLV) [1]. Sequence
analysis of cloned provirai forms has shown that the
recombination which generated the virus occurred after
base 1329 of the viral genome, within the sequences
encoding the CA (p30) protein [62). The c-abl recom-
bination point is within the third c-abi exon [12]. As a
consequence of the recombination, 236 gag codons have
replaced 26 common exon codons and all of the codons
derived from exon 1 at the 5" end of the gene. A small,
four base homology shared by Mo-MLV and c-ab/ at
the recombination point may have been important in
mediating the recombination event [12]. The 3’ recom-
bination point involves sequences at the extreme end of
the Mo-MLYV env gene and sequences in the 3’ untrans-
lated region of the last c-abl exon [12,62]). Thus, the
virus lacks a stretch of 765 bases from the 3’ untrans-
lated region of c-abl. No obvious homology exists be-
tween these regions involved in the 3’ recombination.

V-C. HZ-2 FeSV

The HZ-2 isolate of feline sarcoma virus was isolated
from a spontaneous multicentric fibrosarcoma arising in
a Siamese cat [26]. The 5" recombination point in HZ-2
invelves sequences in the portion of the feline leukemia
virus (FeLV) gag encoding the CA (p30) protein and
sequences in exon 2 of feline c-abl. As a consequence,
the feline form of v-abl contains 63 c-abl codons not
present in Ab-MLV. Striking homology is not shared at
the recombination point. However, the recombination
point in gag is within 24 bases of the recombination
point involved in generating four other unrelated feline
viruses that contain onc genes distinct from c-abl [89).
Thus, recombination within this region of the gag gene
may be functionally important.

While the 5’ recombination point that generated
HZ-2 occurs upstream of the Ab-MLV recombination,
the 3’ recombination point occurs after only 1317 bases
of c-abl sequence [42]. This recombination involves
sequences in the FeLV pol gene and c-«hl sequences
near the end of those encoding the ca:alytic domain of
the abl protein. Thus, feline v-ab! shares only 316
codons with the murine form. The 3’ recombination
point generates an in-frame fusion with pol coding
sequences. While the complete sequence of HZ-2 down-
stream of the recombination point is not available, as
many as 66 pol codons may contribute to the v-abl
protein encoded by this virus [42].
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VL. Altered abl structure and expression in human
leukemias

VI-A. The Philadelphia chromosome and the c-abi gene

The Philadelphia translocation t(9;22)(q34.q11) is
found in over 90% of all cases of CML [113-116] and in
a much smaller proportion of patients with ALL
[117-119). This chromosomal marker is generated by a
translocation in which the terminal portion of the long
arm of chromosome 9(q34) is joined to the truncated
long arm of chromosome 22. A reciprocal product called
the 9q + chromosome in which chromosome 22(q11) is
juxtaposed to the remaining portion of chromosome 9 is
alsc generated. Mapping of the human c-ab! gene to
chromosome 9(q34) [120] and to the Philadelphia chro-
mosome [121,122] suggested that it might play a role in
this disease. An altered c-abl gene product was found in
CML cells arising from the fusion of c-abl sequences
with those of a heretofore undescribed cellular gene
called bcr [22,29,30,123-126). The subsequent demon-
stration of a similar product associated with the Phila-
delphia chromosome in ALL cells (31-33] solidified the
role of this gene in these diseases. However, despite a
clear nnderstanding of the basic features of altered c-ab/
expression, the exact points in the disease process that
are affected by the gene and the mechanism by which
expression alters cell growth remain elusive In addition,
while differences in the exact structures of the translo-
cations in CML and in many cases of ALL are well
delineated, the way in which these differences impact «n
the distinct course of the two diseases is not understood.

VI-B. Philadelphia chromosome structure in CML and
ALL

The Philadelphia transiocation juxtaposes c-abl se-
quences from chromosome 9(q34) and bcr sequences
from chromosome 22(q11) [121,122,127]. Analyses of
genomic clones from the DNA of CML cells has re-
vealed that breakpoints in the ber locus are clustered in
a € kb region called the breakpoint cluster region or ber
[125,128-131]. This region consists of five small exons
designated exons one to five respectively from 5’ to 3’
[125). The breakpoints that have been characterized in
detail occur in intron sequences between either the
second and third or third and fourth exons in the region
[125].

In contrast to the clustering of bcr breakpoints, the
breakpoint in the c-abl gene varies widely but usually
occurs within the large intron separating exons 1B and
1A [100,130,132]. More rarely, the breakpoint appears
to map further 5’, in the vicinity of exons 2 and 3
(120,127,129]. Although not examined in detail, the
remainder of the c-abl gene does not appear to be
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altered as a consequence of the translocation in most
cases [127,132,133]. Amplification and internal re-
arrangement of c-abl, noted in the K562 cell line [133],
are not features generally associated with the transloca-
tion [130,134).

The Philadelphia chromosome associated with ALL
is cytogenetically indistinguishable from that found in
CML [117-119] and as in CML, is generated by a
recombination joining c-abl and bcr sequences
(33,135-137). However, in about 50% of adult Phila-
delphia chromosome-positive cases of ALL and in over
90% of juvenile cases, this rearrangement involves se-
quences toward the 3’ end of the first intron in the ber
gene [137-140], In the remaining instances, the recom-
binations do not differ significantly from those occur-
ring in CML in that they involve the breakpoint cluster
region [126,136,141], A possible difference between these
latter recombinations and those associated with CML
could be the presence of large deletions of ber sequence
extending beyond the breakpoint cluster region [136].
As is the case with the rearrangements associated with
CML, the breakpoint in the c-abl/ sequence usually
occurs in the large intron between exons 1B and 1A
[137]. Some recombinations have occurred further 3’ in
the intron between exons 1A and 2 [33,135}.

Evidence concerning the factors influencing the for-
mation of the Philadelphia chromosome is scant. Re-
gions of homology between the bcr and c-abl genes,
even in the areas involved in the recombination have
not been noted [125]). However, alu repetitive sequences
have been found in the vicinity of the breakpoints on
both chromosomes in both the CML and ALL translo-
cations [125,131,137,139), suggesting that such se-
quences may play a role in the recombination. A high
frequency of the ALL recombinations examined in one
study [139] are associated with a restriction fragment
length polymorphism (RFLP). This RFLP, generated by
the deletion of 1 kb at the 5’ end of the alu repetitive
elements in the first bcr intron, maps within 10 kb of
the breakpoints. Both normal and tumor DNAs carry
the RFLP which occurs in approximately one third of
all ber alleles. Whether the deletion associated with the
RFLP 13 important in directing the rearrangement re-
quires further study.

VI-C. Expression of ber / abl

A single 8.2 kb bcr/abl RNA species is present in
fresh bone marrow cells and in cell lines derived from
Philadelphia chromosome-positive CML patients
[123,124,128,133). In all cases examined, the RNA ini-
tiates at the 5’ end of the ber sequences and contains
most, if not all of the bcr exonic sequences up to the
breakpoint. In most cases, the bcr sequences are joined
to c-abl sequences at the normal exon 2 boundary and
the transcript is identical to the normal c-ab/ mRNA

from that point [28,81,82). Because many of the recom-
binations occur 5’ of c-abl exon 1A [100,130,132], the
absence of these sequences in the bcr /abl mRNA in-
dicates that these sequences are removed by splicing.
The mechanism by which this is accomplished may be
similar to the one which removes exon 1A sequences
from some normal c-abl mRNAs.

In the cases of ALL where the breakpoints are simi-
lar to those observed in CML, the same pattern of RNA
expression is observed [31-33,136). Cells from patients
with rearrangements in the first bcr intron usually
contain a 7 kb RNA that is the product of the ber /abl
fusion gene [33,91,92,135,138]. Although the translation
of the mRNA may begin 120 bases earlier than in CML
[92], most evidence suggests that, up to the breakpoint,
the ber sequences present in the fusion transcripts are
virtually identical in CML and ALL [81,82,91,92]. As in
the case of CML, the bcr sequences are fused to c-abl
exon 2 sequences and appear to be colinear with normal
c-abl mRNA 3’ of that point [91,92,135].

The 5’ untranslated region of bcr/abl appears to
play a key role in translational control. This region is
about 80% G-C and contains two stretches of G-C
repeats of approx. 15 and 30 bp that are predicted to
form stem-loop structures [81,90). This region also con-
tains two short open reading frames, one of which is
preceded by the Kozak consensus sequence and the
other of which is associated with a sequence related to
the Kozak consensus. However, no evidence for transla-
tion of these sequences has been found [143). Because
truncations removing the G-C repeats increase bcr /abl
translation in rabbit reticulocyte systems, while a mu-
tation affecting the potential start codon of one of the
small open reading frames does not (Ref. 143 and
Witte, O.N., personal communication), it is likely that
secondary structure in the 5’ untranslated region is
critical in controlling translation of the bcr/abl RNA.

VI-D. Structure and expression of the normal bcr gene

Interest in the structure and function of the bcr gene
stems from its participation in the translocation charac-
teristic of CML and some ALLs. The normal bcr gene
spans 130 kb of DNA and while the exact structure has
not been mapped, the coding sequence is divided into
about 20 exons [125,126]. Similar to the arrangement of
c-abl exons 1B and 2, the first and second bcr exons are
separated by a large intron [126,139]). Whether particu-
lar structural features facilitate processing of the long
transcripts generated by such distances remains an open
question. These features, if they exist, may also be
critical for processing of the long transcripts specified
by many of the bcr /abl genetic units.

The ber gene is expressed in the form of two RNAs
of 45 and 6.5 kb in size in a variety of cells, including
fibroblasts, lymphoid and myeloid cells and HeLa cells



[90,125,144]). The relationship of the two RNA species
to each other is unclear. Analyses with a variety of
probes has failed to pinpoint the difference [90]. Be-
cause only a single species of bcr/abl RNA is found
[124,128,133,142], the difference between the two nor-
mal bhcr RNAs is likely to lie at the 3’ end.

The bcr cDNA sequence contains a single long open
reading frame of 3813 bp that could encode a 1271
amino acid protein [90,125). This molecule is relatively
hydrophilic, with an excess of basic residues; no hydro-
phobic domains that characterize transmembrane re-
gions are present. Homologies to known proteins have
not been uncovered. Although bcr-snecific antisera pre-
cipitate two protein forms of M, 160000 and 180000 to
190000 [144,145), expression of ber in bacteria or in
eukaryotic cells using retroviral vectors leads to produc-
tion of only the 160000 form [143). While the relation-
ship of these molecules to each other and to the two
RNA species is unknown, it is possible that the bcr
sequences used in the expression systems lack the infor-
mation necessary to encode the larger protein form.

The ber protein is phosphorylated in vivo but whether
only serines or both serines and threonines are modified
has not been settled [143-145]. In contrast to abl pro-
teins, phosphorylation of tyrosine residues in the bcr
protein does not occur. A serine kinase activity is asso-
ciated with the bcr molecule [143,145]. However,
whether the activity is intrinsic to the bcr protein or is
the property of a co-precipitant requires further study.
Because the bcr protein shares no homology with any
known protein kinases [91,i25], the activity in the im-
mune complexes is probably not a property of the bcr
molecule.

Three additional ber related loci, called bcr2, ber3
and bcrd have been described [146). These sequences
are closely linked to each other and to the original bcr
gene and map to the q11.2 region of chromosome 22.
The bcr-related regions share seven 3’ exons and the
corresponding introns with each other and with the
originally described bcr gene [146,147). Beyond this
point the three bcr related sequences share a short
region of homology that is not found in the original becr
gene. After this point, each diverges into unique se-
quence. The combination of homologous and nonho-
mologous regions suggests that the bcr-related genes
may have arisen by insertion of the 3’ part of the bcr
gene into a common locus that then underwent variable
duplication. Information on expression of these loci has
not been presented.

VIL The role of bcr/abl in CML and ALL
VII-A. The biology of CML

A basic review of the pathogenesis of CML is needed
to discuss the possible mechanisms by which altered
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ber/abl expression plays a roie in the disease. The
primary event in CML is believed to be the clonal
outgrowth of a pluripotent hematopoietic stem cell
bearing the Philadelphia chromosome [148]. Initially the
disease is characterized by a chronic phase during which
production of committed myeloid progenitor cells and
occasionally platelet precursors is elevated. Although
these cells exhibit subtle abnormalities in growth kinet-
ics and in their requirement for growth factors
[149-151], they undergo terminal differentiation and
give rise to an increased pool of functional, mature cells.
The chronic phase lasts between several months and
several years, after which the disease enters the blast-
crisis stage in which rapid proliferation of immature
blast cells ensues (reviewed in Ref. 152). Although the
blast cells most frequently belong to the myeloid lin-
cage, lymphoblasts are found about thirty per cent of
the time. More rarely, the blast cells belong to other
hematopoietic lineages [152). The involvement of multi-
ple types of hematopoietic cells is consistent with the
dominance of a single clone of hematopoietic stem cells.

Because the Philadelphia chromosome is present at
the earliest clinically identifiable stages of the disease, it
may be argued that bcr / abl expression is important for
the initiation of the disease or for the early stages of
progression or both. Expression of bcr /abl is definitely
not restricted to the blast crisis stage [153,154] and is
probably initiated as soon as the translocation occurs. If
this suppusition is correct, bcr /abl expression is prob-
ably the initiating event in CML and may be instrumen-
tal in inducing the clonal dominance of the stem cell
carrying the translocation. Consistent with this interpre-
tation, in vitro infection of normal murine bone marrow
with retroviral constructs expressing bcr /abl stimulates
the clonal outgrowth of lymphoid cells [38,58].

The Philadelphia chromosome is present in all de-
scendants of th¢ dominant stem cell clone. Thus, a
perplexing question stems from the fact that prolifera-
tion of cells of the myeloid lineage is most often associ-
ated with the disease process [153). It is possible that
the ber /abl protein is not expressed in all lineages or
that differences in substrates or turnover rates vary in
different cell types. Detrimental effects of the abl pro-
tein such as those seen in some fibroblast systems
[40,41] or stimulation of normal differentiation as ob-
served in fetal murine erythroid cells [53,155], may be
important in determining the type of cellc that pro-
liferate.

The issue of cell specificity is complicated by ob-
servations made in murine model systems. Here, ber / abl
expression affects a cell not commonly involved in the
chronic phase of CML, the lymphoid cell [38,58]. This
outcome is not altered under conditions that select for
either myeloid proliferation [58] or expression of the
gene in stem cells (Kelliher, M., McLaughlin, J., Witte,
O.N. and Rosenberg, N, unpublished data). This latter
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result is particularly striking because v-abl expression
does induce myeloid cell transformation under these
conditions (Kelliher, M. and Rosenberg, N., unpub-
lished data). Differences between murine and human
cells may predispose to outgrowth of a cell type not
commonly associated with the disease. Alternatively,
the cell type involved in CML may be influenced by the
hematopoietic microenvironment of the patient, a situa-
tion that may not be duplicated in the tissue culture
model systems.

Understanding the changes involved in progression
from the chronic to the blast-crisis phase of the disease
is a central problem in CML. Because blast-crisis stage
in an individual patient involves only cells of a single
hematopoietic lineage, the change involved probably
does not occur at the stem cell level. Despite the finding
that certain cell lines derived during blast crisis have
elevated levels of ber /abi expression [133], such changes
have not been observed consistently [156,157]. Indeed,
loss of the Philadelphia chromosome and bcr/abl! ex-
pression in the late stages of the disease has been
observed [158]. Chromosomal abnormalities such as tri-
somy 8 and 19, formation of a second Philadelphia
chromosome and isochromosome 17 [159] are associated
with the blast-crisis phase and these changes may
activate other oncogenes or affect tumor suppressor
genes. Activated ras genes have been detected in some
CML cases [160), but they are not a general feature and
are unlikely central to the disease process. Although
activation of the myc oncogene is not associated with
blast crisis [161,162], co-expression of this gene and
ber/abl induces transformation of rat cells in vitro
[163]. Other, as yet unidentified, oncogenes may func-
tion in a similar fashion to induce progression of the
disease to the blast-crisis stage.

Similar to the situation in CML, secondary changes
are required for full malignant transformation of murine
bone marrow cells expressing bcr/abl [38). The inci-
dence and course of disease in bcr/v-abl transgenics
[55] suggests that similar events are also needed in vivo.
Consistent with these observations, ber /abl expression
fails to induce transformation of normal murine bone
marrow cells in one step transformation assays (Ref. 38;
Kelliher, M., McLaughlin, J., Witte, O.N. and Rosen-
berg, N., unpublished data). The nature of the ad-
ditional signals important for malignant progression in
any of these systems has remained elusive. Identifying
the secondary changes associated with progression may
be complicated by the possibility that more than one
type of secondary change complements bcr / abl.

VII-B. The biology of ALL
ALL is the most common childhood leukemia and

occurs more rarely in adults; 10-20% of these cases are
characterized by the presence of the Philadelphia chro-

mosome [117-119). Although the presence of this marker
is generally associated with a poorer prognosis (re-
viewed in Ref. 164), definitive information on the role
of bcr/abl in pathogenesis is not yet available. The
disease is a distinct clinical entity from CML and is
characterized by the aggressive, malignant proliferation
of a committed progenitor cell of the B or more rarely
the T lymphocyte lineage (reviewed in Ref. 165). In
contrast to CML, the blood picture is usually monomor-
phic and the malignant clone shows no potential for
differentiation [166). The nature of the malignant clone
remains unsettled [166-169]. The observation that some
ALLs appear to evolve into chronic-phase CML follow-
ing treatment supports that notion that this clone is a
stem cell [167). However, in contrast to CML, where the
translocation persists in all lineages even during remis-
sion, ALL patients induced to remission lose all blood
cells carrying the Philadelphia chromosome, suggesting
that the malignant clone in this disease is a committed
progenitor cell [166-169).

The molecular characterization of bcr/abl gene fu-
sions in ALL may provide clues to the long standing
controversy surrounding the origin of the disease. In
some ALL cases, the pattern of bcr/abl expression
appears identical to that observed in CML [126,136,141].
The majority of such cases occur in adults [140,164),
raising the possibility that some of them may be blast-
crisis-phase CML that escaped earlier diagnosis. The
instances cited earlier in which Philadelphia chro-
mosome positive cells remain during remission [167]
may also fall into this category. Most juvenile cases of
ALL express a distinct bcr /abl protein from that found
in CML [139,140,164] and these cases may represent de
novo ALL.

The P185 bcr/abl protein most commonly associ-
ated with ALL lacks bcr-derived sequences that are
present in the P210 protein commonly associated with
CML. This difference arises from the distinct recombi-
nations that usually characterize the two diseases and
may indicate that particular breakpoints are prefer-
entially generated in different types of cells. However, it
seems more likely that the two different proteins affect
the growth and differentiation of different types of cells.
The spectrum of transformed cells found in ALL more
closely resembles that observed with v-abl and bcr /abl
[4]. However, both the P210 and P185 forms of bcr /abl
appear to interact with the same cell type, an immature
B cell precursor, in murine model systems [38,39). In
addition, the P185 form of bcr/abl has been observed
in acute myeloid leukemia [170], a disease of myeloid
cells occasionally associated with the Philadelphia chro-
mosome [170,171). Consistent with the aggressive nature
of ALL, the P185 form of bcr/abl has more potent
transforming activity than P210 in vitro in one model
system [39]. The differences in bcr determinants be-
tween the two proteins probably account for the dif-



ference in transforming potencies, but a direct examina-
tion of this question has not been reported.

VII. Future directions

Progress in understanding the structure and expres-
sion of the various forms of abl genes has been rapid.
The ability to purify large amounts of abl protein using
baculovirus vectors or other expression systems should
open the door to experiments probing the biochemical
properties of these molecules and may also facilitate the
identification of cellular molecules that interact with ab/
protein. The availability of large amounts of pure abl/
protein is also a first step towards crystallization and
biophysical analysis.

Solving the mysteries associated with the way in
which the altered forms of abl protein impact on cellu-
lar growth and differentiation remain a major challenge.
The once firmly entrenched view that v-abl is a trans-
forming gene acting only on early B lineage cells has
been replaced by a broader picture in which the differ-
ent forms of abl have diverse effects on various
hematopoietic cells. Although protein tyrosine kinase
activity is central to all of these responses, features of
abl proteins that are unique to these molecules must
also play a key role. The availability of both molecular
approaches to mutagenesis and in vitro and transgenic
systems in which to measure the effects of abl/ expres-
sion may speed the dissection of functional regions of
the proteins. Because abl is one of a large family of
genes encoding protein tyrosine kinases, advances in
this area may also be expected to impact on our under-
standing of cellular metabolism in a broader way.

The coming years should bring an increased under-
standing of the role of altered abl expression in CML
and ALL. The absence of an adequate tissue culture or
animal model system to study the nerplexing CML
system remains a stumbling block. However, introduc-
tion of altered abl genes into murine stem cells followed
by reconstitution of irradiated mice or the use of special
bone marrow stromal cultures to grow infected hemato-
poietic cells hold promise. Advances in this area should
not only shed light on the mechanism by which altered
abl expression affects cellular growth but also may lead
to a clear picture of the pathogenesis of these two
important human diseases. Improved treatment regi-
mens may also follow.

While emphasis is often placed on the abnormal
situations, understanding the function of the normal
c-abl gene is of equal importance. The ability to
manipulate this gene in lower eukaryctes may help to
unravel this question. Experiments to inactivate or com-
promise expression of normal c-abl in inice using em-
bryonal stem cell technology may also prove enlighten-
ing.
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Certainly, if the progress of the last decade can be
matched in the next, our understanding of both normal
c-abl and all of the altered forms of abl will be ad-
vanced significantly. However, despite the advances that
have been made, the problems that remain are compiex
and their solution will require both creative and labor
intensive efforts on the part of both physicians and
scientists.
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