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1. Bcr negatively regulates superoxide production in polymorphonuclear 
leukocytes and its absence results in oxidative tissue damage and multiple 
organ system failure during Gram negative septicemia. 

this thesis 

2. Expression of the chimaeric oncoprotein P190 BCR/ABL in transgenic mice 
causes genomic instability in pre B-lymphoid cells, which ultimately results in 
tumor progression. 

Ihis thesis 

P190 Bcr/Abl and P210 Bcr/Abl cause clinically distinct leukemias in 
transgenic mice and provide evidence for specific biochemical differences 
between these two chimaeric oncoproteins. 

this thesis 

The effects of BCR/ABL expression in cell lines other than those of 
hematopoietic origin are doubtlessly valid in vitro, but have little bearing on the 
in vivo situation. 

this thesis 

The inability of some grown-ups to draw a mouse as anatomically correct as a 
masterful five year old does, is direct evidence that some of us indeed never 
fully lose the child within us. 

this thesis 

6. The prefix c- to c-BCR, used by Reuther et al., incorrectly implies that the 
human BCR gene has a viral counterpart, v-bcr, and that BCR is an oncogene. 

Reuther GW, et al. Science 266:129,1994 

7. The conclusion of Daley et al., mat both chronic phase and blastic transition 
could be mimicked by serial transplantation of BCR/ABL expressing bone 
marrow cells to recipient mice, is not justified. 

Daley GQ, el al. Proc Null Acad Sei USA 88:11335,1991 



8. Research carried out in cultured cells, should be referred to as 'in vitro ' or 'in 
whole cells ', and not as 'in vivo ' research. 

9. Without animal models, the different biological functions of small GTP-binding 
proteins p21 Rac'a, p21 c / x*2 and p21Ä*° will be very difficult to ascertain. 

10. The claim by Letterio et al., that maternal rescue explains the phenotypic 
differences between TGF-ßl null-mutant pups born from heterozygous 
mothers, versus those born from mothers homozygous for allelic TGF-ßl 
inactivation has not been convincingly validated. 

LeUerioJJ, et «/. Science 264:1936,1994 

11. The ambivalence in statistical analysis of the oxygen isotope signature of 
phosphate in fossilized bones of Tyrannosaurus rex indicates, that we will 
probably never know whether this large theropod was endothermic or 
ectothermic. 

Millard AH Science 267:1666.1995: Barrlck RE, el at. Science 267:1667,1995 

12. Conducting science in a place where tectonic plates collide, gives additional 
meaning to the notion "earth-shocking discoveries". 

13. "The mind is like a TV set - when it goes blank, it's a good idea to turn off the 
sound." 

Propositions belonging to the dissertation: 
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by Jan Willem Voncken, June 1995 
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CHAPTER 1 

Introduction 



1.1. Hematopoietic development; a brief overview 
Hematopoiesis in higher vertebrates is a complex and accurately controlled process. Blood cells 

originate from a population of totipotent hematopoietic stem cells, which retain proliferative and regenera
tive capacity, and underlie the continuously renewing hematopoietic system (Broxmeyer, 1991; Tavassoli, 
1991). 

A myriad of cytokines, acting either alone or in concert, are capable of stimulating proliferation of 
hematopoietic stem cells and progenitor cells and/or promoting their subsequent differentiation in vitro 
and in vivo. These factors are at the basis of a dynamically regulated hematopoietic homeostasis, which 
allows an organism to adequately respond to altered demands (Sachs, 1987; Metcalf, 1989; Harmening, 
1992). 

1.2. Leukemia 
Leukemia is a blood disease characterized by a great increase in numbers of abnormal white blood 

cells. Uncontrolled production of leukocytes is caused by cancerous mutation of a myelogenous or a 
lymphogenous cell. Usually, the more undifferentiated the cell type, the more acute the leukemia is, often 
leading to death within a few months if left untreated (Guyton, 1991). 

Leukemia is accompanied by metastatic growth of leukemic cells in abnormal areas of the body. 
Leukemic cells of the bone marrow may be produced in such great numbers that they invade surrounding 
bone, causing pain and a tendency to easy fracture. Almost all leukemias spread to the spleen, lymph 
nodes and other well vascularized regions, regardless of whether the origin of the leukemia is in the bone 
marrow or in the lymph nodes. The rapidly growing cells invade the surrounding tissue, depleting these 
tissues of metabolic elements and consequently causing tissue destruction and metabolic wasting of the 
organism. 

Increased susceptibility to infection, as a result of immune system failure, severe anemia and bleeding 
tendency caused by thrombocytopenia (lack of platelets) are all very common effects in leukemia and 
result mainly from displacement of the bone marrow by non-functional leukemic cells. 

13 . Genetic basis of human cancer 
Most cancers in human are of genetic origin: accumulation of multiple mutations within the DNA of 

a single somatic cell cause the cell to lose growth control (Hopkins, 1987). The concept of somatic 
mutation of cancers was proposed early this century (Boveri, 1929) and later specified (Nowell, 1970; 
Knudson, 1975). Karyotypically visible abnormalities have been known to occur in neoplasias (Von 
Hansemann, 1890; Boveri, 1914) since the turn of the last century. For many years it had been suspected, 
that such abnormalities might cause cancer by alteration of specific genes or their expression. Only in the 
last decades, due to introduction and continuous improvement of cytogenetic and molecular techniques, 
has the significance of chromosomal aberrations in the onset and progression of cancers become clear: 
analysis of recurrent cytogenetic abnormalities in cancer has led to the identification of many oncogenes, 
genes involved in the development of cancer (Bishop, 1991; Rabbitts, 1994). 

• Cellular oncogenes in cancer; viral origin 
A significant part of current conceptual understanding of carcinogenesis in vertebrates is derived from 

virologie research: cellular oncogenes were first discovered as cellular counterparts of transforming 
oncogenes found in retroviruses. At the beginning of this century it was shown that some avian leukemias 
and sarcomas were transmissible in cell-free extracts (Ellerman and Bang, 1908; Rous, 1910). This pointed 
to an infectious nature of certain cancers. Following the isolation of mammalian tumor viruses in the 
early 60's, interest in oncogenic viruses was greatly enhanced. At present, viruses that can cause cancer 



and transform cells in culture include several DNA tumor viruses (families: Papovaviridae, Adenoviridae 
and Herpetoviridae) and RNA containing viruses (family: Retroviridae). All oncogenic viruses of the latter 
family belong to the subfamily Oncovirinae. Among these oncornaviruses, C-type virus particles are 
equipped with the ability to transduce genes of cellular origin onto their own genome. These so-called viral 
oncogenes (v-onc) are, due to altered expression and/or acquired genetic mutation(s) of the cellular genes, 
responsible for initiation and maintenance of malignant cellular transformation. The cellular counterparts 
of v-oncs appear to be evolutionary conserved sequences and are, under normal circumstances, often 
implicated in growth control. These genes are referred to as cellular (proto-)oncogenes (c-onc). Since the 
first isolation of Rous sarcoma virus from avian sarcomas, many more oncornaviruses have been found in 
chicken, turkey, mice, rats, cats and monkeys. To date, over 30 different viral oncogenes are known 
(Varmus, 1989; Bishop, 1991), a number which is still increasing. 

While numerous transforming viruses have been isolated, viral carcinogenesis in animals is a relatively 
rare process and even more so in human. There are several examples where tumor viruses may be 
implicated in human cancer, such as hepatitis B (and C) in hepatocellular carcinoma, human papilloma 
virus in anogenital cancers, Epstein-Barr virus in nasopharyngeal carcinoma and Burkitt's lymphoma, 
human T-cell leukemia/Iymphoma viruses in adult T-cell leukemia/lymphoma. These are nonetheless rare 
cases, and the mechanism(s) by which the viruses cause the disease are often not understood (Hopkins, 
1987). Since the discovery of proto-oncogenes in the mammalian genome, however, it has become clear 
that, analogous to the role of v-oncs in viral carcinogenesis, these c-oncs play a key role in human car
cinogenesis as well (reviewed by: Varmus 1989; Bishop, 1991). The development of a fully malignant 
tumor involves the activation or altered expression of oncogenes, or the inactivation of tumor suppressor 
genes that control normal cellular development. It generally is accepted that approximately 80% of all 
cancers have an environmental component (Higginson, 1993): the majority of human cancers arises by 
chance, as a result of (accumulation of) mutation(s) through exposure to various occupational or 
environmental genotoxins (e.g. tobacco, asbestos and radon (lung cancer), UV light (melanoma), ionizing 
radiation (leukemia)). Only in a few instances are inherited predisposing mutations known to be responsible 
for tumorigenesis (e.g. Wilms' tumor; retinoblastoma). 

• Mechanisms of oncogenic activation 
Among cytogenetic changes known to be at the basis of oncogenic transformation, are: point mutations 

(such as those in RAS, P53, Rb genes in various cancers; reviewed by Bishop, 1991), deletions (often 
resulting in loss of tumor suppressor genes, like the Rb gene in retinoblastoma; reviewed by Marshal, 
1991), gene amplifications (among the best characterized are the MYC gene amplifications in 
neuroblastomas and RAS gene amplifications in primary lung, bladder, colon and rectum carcinoma; 
reviewed by Bishop, 1991), and gene inversions and translocations (reviewed by Rabbitts, 1994). Among 
the latter group, mutations consistently found in certain tumor types (specific), and those found in isolated 
cases (idiopathic) are distinguished. 

Historically, much information has been gathered from studying chromosomal aberrations in leukemias, 
because of easy access to primary tumor cells. Leukemia often results from specific chromosomal transloca
tions and inversions, that cause activation of proto-oncogene products (through positioning of a T-cell 
receptor gene or an immunoglobulin gene in close proximity to a proto-oncogene) or, more commonly, 
creation of tumor specific fusion proteins (chimaeric oncoproteins). Affected genes in both categories often 
involve transcription factors. In solid tumors, the majority of translocations results in the formation of 
chimaeric oncoproteins. The combined cytogenetic and molecular biological findings suggest that protein 
fusion may prove to be a general theme in malignant chromosomal translocation (Rabbitts, 1994). 



1.4. The Philadelphia chromosome in leukemia 
One chromosomal abnormality in particular has served as a paradigm for investigation of human 

leukemia and of other forms of malignant disease. Not only was the Philadelphia chromosome (Ph ) the 
first recognized cytogenetic aberration consistently associated with a specific form of cancer, cytogenetic 
and molecular dissection of the breakpoint on chromosomes 22 and 9 and its gene-fusion product have 
been pivotal in outlining and understanding some of the current mechanistic concepts that underlie 
oncogenic transformation. The Philadelphia translocation in specific types of leukemia and the genes 
involved will be discussed in detail below. 

9 9q+ 

22 22q~ (Ph') 

Figure 1. The Philadelphia (Ph) translocation. (Left) The chromosomes involved in the Ph translocation, chromosomes 
9 and 22, and the resulting abnormal chromosomes 9q* and 22q~. (Right) A schematic drawing of this chromosomal 
translocation with the approximate locations of the abl and sis oncogenes. Arrows indicate the positions of the 
chromosomal breakpoints (figure taken from Heisterkamp and Groffen, 1991). 



Chronic myelogenous leukemia (CML) was first recognized as a clinical entity around the middle 
of the last century. In the ensuing years the disease was distinguished from other myeloproliferative 
disorders on the ground of its distinct clinical and pathological features. The first real clue to its patho
genesis was the landmark discovery of an abnormally small chromosome in 1960 (Nowell and Hungerford, 
1960). The Philadelphia chromosome (Ph), named in honor of the city in which it was discovered, was 
the first specific chromosomal abnormality to be consistently associated with one particular form of human 
cancer. 

A decade after the first description of the iVi-chromosome, it was identified as a modified chromosome 
22 (Caspersson et al. 1970). Subsequently, it was shown that the abnormal chromosome was the product 
of a translocation, [t(9:22)(q34;qll)], between chromosome 22 and chromosome 9 (Rowley et al., 1973), 
in which the distal portion of the long arm of chromosome 22 (22qll.21 to qter region) had become joined 
to chromosome 9 at band q34 (Fig. 1). Despite the general assumption that the translocation was 
reciprocal, this was not confirmed at the molecular level until 10 years later when it was shown, that a 
gene (ABL) encoded on a small segment of chromosome 9 (q34.1 to qter), moved to chromosome 22 at 
band q l l (De Klein et al., 1982; Bartram et al, 1983; Groffen et al., 1984). 

The association between the presence of the /"^-chromosome and CML is well established: over 95% 
of all patients have this chromosome in their leukemic cells. Although literature has customarily referred 
to P/t-positive and .P/z-negative CML, some of the remaining 5% of patients were found to have 'Ph-
translocations', which were often not microscopically visible, but which could be detected using molecular 
techniques (reviewed by: Mitelman, 1993). In recent years it has been suggested that the remaining class 
of CML patients lacking this chromosomal translocation altogether do not have true CML but rather 
suffer from other myeloproliferative disorders (reviewed by: Clarkson and Strife, 1991). The Ph-
chromosome is also found in a low percentage of acute myeloid leukemia (AML; also referred to as 
acute non-lymphocytic leukemia; ANLL) and in adult and childhood acute lymphoblastic leukemia 
(ALL). The percentage of ALL patients reported to have a TVi-chromosome varies from 2-6% in children 
to 17-25% in adults (Priest et al., 1980; Champlin et al., 1985). 

• Origin and pathogenesis of ALL and CML 
Acute lymphoblastic leukemia (ALL) is the major subtype of pediatric cancer in developed countries. 

ALL is a biologically diverse disease and is divided into broad subgroups, according to immunological and 
karyotypic criteria. These subtypes correspond roughly to T and B-cell precursor populations. The target 
cell for ALL is either a multi-potential stem cell or a lymphoid (T or B) stem cell. Childhood and adult 
.P/i-positive ALL are acute in onset and invariably of pre-B lymphoblastic origin. Despite advances in 
understanding of cell and molecular biology of ALL, the etiology of ALL remains elusive. Some 
leukemogenic factors have been defined, however, including exposure to high levels of radiation, Down's 
syndrome and other chromosome fragility disorders (Greaves, 1990). 

The distinctive and diverse chromosomal abnormalities associated with ALL subtypes most probably 
reflect important components of the etiological mechanisms involved. The Philadelphia translocation is 
the most common chromosomal abnormality in ALL. ALL has been referred to as clinically remarkable 
in that a substantial portion of cases are curable with relatively modest doses of chemotherapy and prophy
lactic CNS radiation. However, the cytogenetic P/i-marker is associated with a very poor clinical prognosis: 
patients with P h + ALL are rarely cured (Fletcher et al, 1991; Greaves, 1990). 

The incidence of CML in most Western countries is about 1.5 per 100.000 population per year and 
accounts for about 15 percent of all cases of leukemia. About 3500 new cases are diagnosed in the USA 
each year. The cause of CML and the mechanisms, which determine its progression, are presently 
unknown. It is an acquired disease, but there are no clues to its etiology other than an increased incidence 



in individuals with exposure to increasing doses of ionizing radiation. This has been noted following chronic 
exposure in radiologists, who practiced without adequate shielding, in patients submitted to radiation 
treatment, and in individuals exposed to a high doses of radiation from the detonation of nuclear weapons 
such as in Japan in 1945. 

CML is a clonal myeloproliferative disorder, arising from neoplastic transformation of a hematopoietic 
progenitor cell and is characterized clinically by clonal expansion of the myeloid compartment, involving 
neutrophils and their direct precursors. This chronic phase is characterized by marked hyperplasia of 
myeloid cells, that maintain their maturation capacity, and is easily controlled with therapy. 

The disease goes through an accelerated phase during which the myeloid cells gradually lose their 
capacity for terminal differentiation. Basophilia, thrombocytosis, and cytogenetic clonal evolutions also 
appear. Ultimately the disease undergoes a transition to a more aggressive type leukemia (blastic phase 
or blast crisis) on average four years after diagnosis (i.e. chronic phase). At this point, /Vi-positive cells 
appear to have lost their capacity to differentiate and the rapid accumulation of cells, that retain a 'blast' 
morphology and are highly resistant to therapy, is directly or indirectly responsible for the invariably fatal 
outcome of the cancer. Blast crisis can be classified as myeloid, lymphoid or undifferentiated, based on 
morphologic, cytochemical and immunologic features of the cells (reviewed by: Kantarjian et al., 1991). 

Treatment has been attempted for over 60 years. Currently, the most promising protocols are bone 
marrow transplantation, for which only a select group of patients is eligible, and interferon treatment. 

The presence of the P/i-chromosome in erythrocyte, granulocyte, monocyte, lymphocyte and 
megakaryocyte precursors in CML seems to point to the original genetic mutation having occurred in an 
ancestral cell common to these cell types, but the exact location of the transforming event within the 
progenitor cell lineages remains unclear. Usually, all nucleated cells in the bone marrow are Ph-positive 
at the time of diagnosis. .P/z-negative normal cells persist, but their growth is apparently suppressed by 
the leukemic cells. The Ph-chromosome is absent in the majority of mature lymphocytes, although in 
about 20-25% of patients in chronic phase some B cells contain the /Vi-marker and early B cell progenitors 
predominate in about 25% of patients in blastic transformation (Champlin and Golde, 1985). T lymphocyte 
involvement has only rarely been reported, although recent findings would indicate that bilineal (T lym
phoid/myeloid) .P/i-positive progenitors may be implicated in some cases of blastic transformation (Akashi 
et al , 1993). 

Tumor progression is a fundamental feature of cancer biology. Cancers do not arise de novo in their 
final form, but begin as small indolent growths, which gradually acquire characteristics associated with 
malignancy. Most leukemias, as is also the case with solid tumors, undergo clonal development and 
karyotypic evolution. As a result of the original leukemic clones acquiring additional genetic abnormalities, 
a proliferative advantage is conferred on subclones, which become increasingly malignant. About 10% of 
CML patients present at diagnosis with other chromosomal abnormalities in addition to the Ph-
chromosome (Clarkson and Strife, 1991). At the time of blast crisis, approximately 8 out of 10 CML 
patients show additional chromosome abnormalities. Non-random translocations are most common, but 
additions, deletions, inversions, duplications and other structural chromosome abnormalities also occur 
frequently (Clarkson and Strife, 1991). In /%-positive ALL, more than 90% of cases have identifiable 
chromosomal abnormalities at diagnosis, with structural changes occurring more frequently than numerical 
changes (75% vs. 60%). In addition, often other chromosome translocations are present besides the Ph-
chromosome (Williams et al., 1990). 



1.5. Molecular insight into the Philadelphia translocation 
A cellular oncogene designated ABL is located on chromosome 9 in band 9q34. The possibility of 

ABL involvement in the /Vi-translocation was substantiated, when translocation breakpoints were 
discovered within its 5' region (De Klein et al., 1982; Heisterkamp et al., 1983, 1983a; Groffen et al, 
1987). In the P/i-translocation, part of it is moved to chromosome 22 (Heisterkamp and Groffen, 1991; 
Heisterkamp et al., 1993a). The majority of breakpoints in ABL occurs in the large intron between the 
two alternative first exons, IB and 1A, and in that between 1A and 2 (Fig. 2). Some breakpoints occur 
in the main body of exons, sporadically upstream of exon IB (Morris et al., 1990, and references therein). 
The location of the breakpoint is directly responsible for what happens on a molecular level in the Ph-
translocation: a truncated ABL proto-oncogene, missing its regulatory promoter region, is joined to 
sequences on chromosome 22 (Fig. 3). 

Human ABL Locus 

K562 
Breakpoint 

l a I \ 

i, min ft ft t 

Fi&ae 2 The human ABL locus. The genomic DNA of the ABL locus is represented by the horizontal lane, with the 
bracket and the solid lines indicating the regions not cloned and cloned to date. The alternative exons lb and la and the 
common exon II are marked, as well as the exon containing the phosphotyrosine acceptor site (tyr; Groffen et al., 1983). 
Arrows below the graph point to the position of chromosomal breakpoints on chromosome 9 in 5 CML patient DNAs. 
The arrow above the map indicates the position of the breakpoint in the CML cell line K562, which has been used in 
numerous in vitro studies (figure taken from Heisterkamp and Groffen, 1991). 
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Figure 3. The human BCR locus and its chimaeric translational products. (A) More than 95% of breakpoints in CML 
are located within the M-bcr. In a subclass ofPh* ALL, breakpoints are found within m-bçr. Exons are indicated with 
boxed areas in the restriction map. E = EcoRl, E denotes a polymorphic EcoRI site. (B) The chimaeric Bcr/Abl 
oncoproteins are shown schematically; the Abl moiety is the same in both types of patients, whereas the contribution of 
Bcr domains varies (see also Fig. 5; figure taken from Heisterkamp and Groffen, 1991). 
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The breakpoints on chromosome 22 are restricted to relatively limited regions of DNA located within 
a gene designated BCR (breakpoint cluster region; Fig. 3). The BCR gene is oriented with its 5' end 
toward the centromere of chromosome 22. Breakpoints occur within certain introns; as a consequence, 
what remains on chromosome 22 is part of a gene still containing its promoter and a varying number of 
5' exons. The 3' exons are usually translocated to chromosome 9; their relevance for leukemogenesis is 
thought to be minor. The juxtaposition of the promoterless part olABL to the 5' BCR segment seems 
to be the crucial event. More complex and variant translocations occur, in which the 5' BCR/3' ABL 
sequences are found on other chromosomes, or on an apparently normal chromosome 22. In all these 
cases, however, the unifying common event is the joining of BCR and ABL (reviewed in Heisterkamp 
and Groffen, 1991). 

Because of their orientation with respect to each other, the two genes can be transcribed as one 
single chimaeric BCR/ABL gene (Shtivelman et al., 1985). The number of ABL exons found in the 
chimaeric transcript is relatively invariant (Fig.3). The contribution of the BCR gene to the chimaeric 
BCR/ABL oncogene differs. When the breakpoint lies within the first intron of BCR (within the minor 
breakpoint cluster region, or m-bcr), the hybrid transcript contains only BCR exon 1. In other instances, 
the break occurs within the major breakpoint cluster region (M-bcr) between exons 10 and 14 (or, by 
convention designated: M-BCR exons 1-5). Exon 1 of BCR as well as M-BCR exons 2 and 3 end after 
the first nucleotide of a triplet; since ABL exon 2 starts with the second nucleotide of a triplet, a correct 
open reading frame is maintained upon splicing of these BCR exons to ABL exon 2 (with the exception 
of the codon joining the two genes). The short, 7 kb BCR/ABL mRNA, that contains only BCR exon 1, 
encodes a protein 185,000-190,000 Dalton, and is designated P185 or P190 correspondingly. When the 
breakpoint is located in the M-bcr region, the messenger RNA's are around 8.5 kb in length. The 
corresponding proteins are 210.000 Dalton in size and referred to as P210. P190 is mainly found in juvenile 
and adult ALL, although it has occasionally been found in blastic phase of CML (Grosveld, 1990). The 
P210 is present in both CML and ALL. 

• The ABL proto-oncogene 
The ABL proto-oncogene was first identified in the mammalian genome (Goff et al., 1980) by its 

homology to the oncogene of Abelson murine leukemia virus (A-MuLV; Abelson and Rabstein, 1970). 
It has since been found to generate two more oncogenes, one of which is the v-abl of Hardy-Zuckerman 
feline sarcoma virus (HZ2) FeSV; Hardy-Zuckerman, 1970: Besmer et al., 1983). In the early 1980's ABL 
was implicated in human cancer for the first time, when it was shown that the proto-oncogene was 
translocated to the Philadelphia chromosome in CML (De Klein et al., 1982; Heisterkamp et al., 1983, 
1983a; Groffen et al., 1987). This discovery, as was the case for BCR, heralded the beginning of intensive 
research into the molecular biology of the ABL gene. 

The ABL proto-oncogene extends a region of at least 200 kb of DNA, its 3' end pointed toward the 
telomere of chromosome 9. The ABL gene has two alternative first exons, IB and 1A, which are separated 
by a large 175 kb intron. The second intron is 17 kb. The main body of ABL exons spans only 32 kb. 

The product of the c-ABL proto-oncogene is a non-receptor protein-tyrosine kinase that is ubiquitously 
expressed in mammalian cells. ABL homologs are found in different animal species and together constitute 
the abl family of tyrosine kinases (reviewed by Wang, 1993). The tyrosine specific protein kinase family 
includes transmembrane growth factor receptors like epidermal growth factor (EGF) receptor, insulin 
growth factor (IGF) receptor, platelet derived growth factor (PDGF) receptor and colony stimulating 
factor-1 (CSF-1, M-CSF, c-fms) receptor (Sefton et al, 1981; Groffen et al., 1983; Reddy et al., 1983). 
These receptors have the capacity to phosphorylate themselves (auto-phosphorylation). Abl is closely 
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related to a group of cytoplasmic or membrane associated tyrosine kinases that lack a transmembrane 
and/or extracellular domain, including proteins encoded by proto-oncogenes such as SRC, ARG and 
FES/FPS. However, the protein kinases are targeted to cellular membranes through N-myristoylation of 
an N-terminal sequence in the protein (reviewed by Resh, 1990) 

The c-Abl protein contains at least four functional domains (Fig. 4): An N-terminal variable domain, 
encoded by two alternative exons (called Type I and IV in mouse c-abl (Meijer et al., 1987; Oppi et al, 
1987), or Type la and lb in human c-abl (Ben-Neriah et al., 1986; Shtivelman et al., 1986), a kinase 
regulatory domain which includes two Src homologous regions (SH3 and SH2), the tyrosine kinase or 
SHI domain (this region harbors the enzymatic domain common to the oncogene family) and a large C-
terminal segment that is unique to the Abl family of tyrosine kinases. Deletion of N-terminal domains 
within Abl activates the Abl-kinase (Franz et al., 1989; for further discussion see: 'Molecular mechanisms 
for BCR/ABL mediated leukemogenesis'; this paragraph), as do a myriad of other mutations (Rees-
Jones and Goff, 1988). SH2 domains recognize short peptide motifs bearing phosphotyrosine residues and 
function in protein-protein interactions (Koch et al. 1991; Pawson, 1995). Although SH2 domains are not 
required for catalytic activity, specific point mutations within these modules can inactivate the Abl-kinase 
(Mayer et al, 1992). SH3 domains are, like SH2 domains, also involved in signal transduction, through 
recognition of proline residues in peptide motifs, although their exact biological function is unclear (Koch 
et al., 1991; Pawson, 1995). In c-Abl(IV), deletion of the SH3 domain activates the kinase activity of Abl 
(Franz et al., 1989), as does insertional mutation in the region between the SH3 and the SH2 domain. This 
suggested that the spatial orientation of both domains is critical for regulation (Jackson and Baltimore, 
1989) and that somehow the SH3 domain serves as a inhibitory regulator of the tyrosine kinase. Whether 
this inhibition is trans (through inhibitors) or cis (through intramolecular interaction) in nature, is currently 
not known (reviewed by Wang, 1993). 
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v SH3 SH2 
• 

P190 
P210 

Y-kinase NTS DB F-actin 

Figure 4. Schematic depiction of structural domains within the Bcr protein (upper) and the Abl protein (lower). In pl6tPcr 

the N-terminal oligomerization domain (oligo), the approximate region responsible for the serine/threonine kinase activity 
in the protein (SIT-kinase), the Dbl-homology domain (Dbl), the pleckstrin homology domain (PH) and the C-terminal 
GAP domain (GAP) are indicated 7» pi45*°l, the variable domain (v) is encoded by two alternatively spliced first exons 
(see text). Five additional domains include the Src homology domains SH3 (SH3), SH2 (SH2) and SHI, which is the 
tyrosine kinase domain (Y-kinase), a DNA binding domain (DB) and an F-actin binding domain (F-actinB). The putative 
nuclear translocation signal is marked with NTS. Arrows in the figure indicate the approximate positions in the Bcr protein 
and in the Abl protein, N-terminal and C-terminal of which, respectively, domains are included in the chimaeric Bcr/Abl 
P190 and P210 oncoproteins; the contribution of Bcr to Bcr/Abl in P190 and P210 differs, while the Abl moiety in both 
Bcr/Abl oncoproteins is identical (see also: Fig. 3). 
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The c-Abl proto-oncoprotein is localized in both the cytoplasm, where it is weakly associated with F-
actin, and the nucleus, where it co-localizes with chromatin. Nuclear translocation, DNA-binding, and F-
actin binding are mediated by the large, non-catalytic C-terminal segment of the protein (Kipreos and 
Wang, 1992; McWirther and Wang, 1993a; Van Etten et al., 1989). The nuclear translocation of Abl is 
cell cycle dependent and corresponds to phosphorylation of serine/threonine residues in the protein. The 
DNA binding function of Abl is regulated by cell cycle-dependent cyclin 2 (cdc2)-mediated 
phosphorylation (Kipreos and Wang, 1990; Kipreos and Wang, 1992). 

The non-receptor tyrosine kinase p l 4 ^ negatively regulates cell growth when overexpressed in 
fibroblasts (Sawyers et al, 1994), a function which contrasts with that of abl fusion oncogenes such as 
x-abl and BCR/ABL. ABL null-mutant mice are runted and die within 2 weeks after birth for unknown 
reasons. In addition, many show B and T cell lymphopenia, the cause of which also remains unknown 
(Tybulewic et al., 1991; Schwartzberg et al., 1991). 

Although it seems clear that the Abl protein is involved in cell cycle regulation, at present, neither 
the mechanisms that regulate the normal c-Abl function nor the signal transduction pathways, that Abl 
is part of, are well understood. 

. The BCR gene 
The clustering of chromosomal breakpoints in a specific region of chromosome 22 (Groff en et al., 

1984) in blood cells of leukemic patients, led to the discovery the BCR gene (Heisterkamp et al. 1985). 
In human, the BCR gene is ubiquitously expressed. In the mouse, bcr expression is detectable as early 

as the zygote stage, continues throughout embryogenesis (unpublished observations) and is found in most 
adult tissues examined with a relatively high expression in brain (Heisterkamp et al., 1993). 

The BCR gene encodes a 160 kDa cytoplasmic protein with several functional domains (Fig. 4). The 
N-terminal domain encoded by BCR exon 1 has an (associated) serine/threonine kinase activity in vitro 
(Maru and Witte, 1991), can oligomerize (McWirther and Wang, 1993), and is capable of binding other 
protein factors, among which pl45^ (Sawyers et al, 1991; McWirther et al., 1993). Bcr itself is 
phosphorylated on serine and threonine residues, the significance of which is currently not understood. 
The central part of Bcr has homology to the Dbl proto-oncogene, a guanine nucleotide-exchange factor 
(GEF) for human CDC42 (Eva and Aaronson, 1985; Hart et al., 1991), suggesting a similar catalytic 
activity for Bcr. The biological significance of the pleckstrin-homology domain in Bcr is as of yet unclear 
(Boguski and McCormick, 1994; Cohen et al., 1995). 

In vitro, the C-terminal end of p l ó O ^ harbors GTPase activating protein (GAP) activity toward the 
small GTP-binding proteins Racl and Rac2 and CDC42 (Diekmann et al., 1991; Hart et al., 1992). Racl 
and Rac2 belong to the Rho family of small p21"aMike GTPases, members of which are involved in cyto-
skeletal organization. Racl is required for growth-factor-induced membrane ruffling of Swiss 3T3 fibroblasts. 
Bcr can regulate this Racl-mediated process in vitro, since microinjection of the purified Bcr GAP domain 
abolishes ruffling (Ridley et al, 1993). A number of other proteins are also GAPs towards Racl and Rac2 
in vitro, including rhoGAP, ß-chimerin, n-chimerin, ABR and P190 (Diekmann et al., 1991; Leung et al, 
1994; Ahmed et al., 1994; Heisterkamp et al., 1993b; Ridley et al., 1993). 

Based on the information described above, Bcr is likely to play a role in signal transduction. To date, 
no naturally occurring mutants have been identified, other than the truncated Bcr in the Bcr/Abl fusion 
oncoprotein. 

• Molecular mechanisms for BCR/ABL mediated leukemogenesis 
Currently, at least three different c-abl derived oncogenes have been identified in oncogenic retroviruses 

known to cause cancer in mouse and cat (A-MuLV and (HZ2) FeSV respectively) and from human 
neoplasias (BCR/ABL in ALL and CML). In all of these oncogenic proteins, the Abl tyrosine kinase is 
constitutively activated. The mechanisms for oncogenic activation are different for the three oncogenic 
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forms. Activation of v-abl involves deletion of both the SH3 domain or the C-terminal part (A-MuLV 
or (HZ2) FeSV respectively) and fusion with viral protein (Gag) sequences. Activation of the transforming 
potential of Gag-v-Abl is primarily due to deletion of the SH3 domain (Fig. 5); additional mutations in the 
Abl moiety may contribute to the oncogenicity of Gag-v-Abl (Rees-Jones and Goff, 1988). 

SH3 SH2 SH1 c-abl p145 

v-abl pl60 

Qbl bcr-abl p210 

BCR 

bcr-abl p190 

BCR 

Figure 5. Schematic representation of structural domains in the normal c-Abl protein and the chimaeric oncoproteins, 
Gag-v-Abl, P190 Bcr-ABl and P210 Bcr-Abl. In c-Abl, the SH3, SH2 and SHI (kinase function) domains are marked 
The presence of a viral (gag) and the variable Bcr amino acid sequences, in Gag-v-Abl and the chimaeric oncoproteins 
Bcr/Abl P210 and P190 respectively, are indicated in the lower three maps (N-terminal); note the presence of the Bcr 
DBL-homology domain in the Bcr/Abl P210 oncoprotein, but not in P190 (figure adapted from Grosveld, 1990). 

The c-abl gene is activated by a different mechanism in Philadelphia chromosome-positive leukemia. 
Fusion of BCR on chromosome 22 to c-ABL on chromosome 9, replaces N-terminal sequences of Abl 
with those of Bcr (Heisterkamp et al., 1983; Shtivelman et al., 1985; Hermans et al., 1987). The chimaeric 
Bcr/Abl oncoproteins differ in two ways from the Gag-v-Abl: their SH3 regions are still intact and they 
are not N-myristoylated (Fig. 5). No additional mutations are found in the Abl moiety of Bcr/Abl. Bcr/Abl 
oncoproteins are confined to the cytoplasm, in contrast to c-Abl or Gag-v-Abl. The chimaeric BCR/ABL 
oncoproteins have acquired a strong auto-phosphorylation activity, which is readily detectable in vitro. 
This is true for both v-abl and chimaeric BCR/ABL oncogenes. In Bcr/Abl, two regions in the first 
domain of Bcr are responsible for activating the Abl kinase in the chimaeric BCR/ABL gene product. 
One region, mapped to amino acids 28-68, deregulates the Abl tyrosine kinase activity and enhances the 
actin-binding function of Abl (McWhirter and Wang, 1991). The second region in the first Bcr domain, 
amino acids 176-242, may contribute to the deregulation of the catalytic activity through intrinsic binding 
to the AW-SH2 domain (Konopka et al, 1984; Muller et al., 1991; McWhirter and Wang, 1991); it has 
been proposed that this deregulation involves interference with the putative negative-regulatory function 
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of the SH3 domain (Pendergast et al., 1991). 
Although controversial (Groffen et al., unpublished results), there is some evidence that, unlike v-abl, 

BCR/ABL does not transform murine fibroblasts (NIH-3T3 cells; Daley et al., 1987). The weaker 
oncogenic activity of Bcr/Abl proteins is believed to relate at least in part to the subcellular localization 
of the different oncogenic forms of Abl (Wang, 1993). BCR/ABL can cooperate with the myc oncogene 
to transform Rat-1 fibroblasts, albeit with a much lower efficiency than v-abl. Similar in vitro assays have 
also indicated a difference in transforming ability between BCR/ABL PI90 and BCR/ABL P210, which 
correlated with differences in auto-phosphorylation activity (Lugo and Witte, 1989; Lugo et al., 1990). 
The (auto-)phosphorylation activity of Abl in vitro is relatively weak; overexpression of c-abl is not 
transforming (Wang, 1993 + references therein). 

1.6. In vitro studies of BCR/ABL 
To decipher cellular mechanisms that underlie tumorigenic transformation of hematopoietic cells by 

BCR/ABL chimaeric oncoproteins, researchers have often resorted to the use of in vitro assay systems. 
A classical method to examine the transforming (oncogenic) potential of a proto-oncogene is the NIH-

3T3 transfection assay, in which the gene of interest is introduced into an immortalized cell line. Most 
NIH-3T3 transforming genes from human tumors appeared to be ras oncogenes. The assay is known to 
be relatively insensitive to morphological transformation by other oncogenes, such as myc and myb. The 
hybrid BCR/ABL oncoproteins do not, or at best poorly (Groffen et al, unpublished results), transform 
these mouse fibroblasts (Daley et al., 1987). However, in concert with another oncogene, myc, it they cause 
full transformation in Rat-1 fibroblasts (Lugo and Witte, 1990). 

More important to the etiology of leukemia is the effect of BCR/ABL oncogenes on cells of 
hematopoietic origin. Lymphoid and myeloid cells can be transformed in vitro with retroviral constructs 
harboring BCR/ABL oncogenes (McLaughlin et al., 1987; Young and Witte, 1988; Daley et al., 1988). 
Both BCR/ABL P190 and P210 stimulate growth of immature lymphoid cells. These studies also indicated 
that BCR/ABL P190 is a more potent stimulator than BCR/ABL P210 (Lugo and Witte, 1990). BCR/ABL 
P210 expression abrogates the requirement for interleukin 3 (IL-3) of murine factor-dependent lympho-
blastoid or myeloid cell lines (Daley et al., 1988). Similarly, leukemic B-cell progenitor cells, derived from 
BCR/ABL PI90 transgenic mice, could be cultured independent of exogenous growths factors and stroma 
(Griffiths et al., 1992). 

Recent studies, however, indicate that growth factor independence is probably not an early acquired 
trait of leukemic cells in human CML: neither human Philadelphia-positive hematopoietic progenitors nor 
chronic phase CML cells loose their growth factor requirement and normal proliferative responses to 
growth factors (Moore et al , 1973; Goldman et al., 1974; Metcalf et al., 1974; Lansdorp et al., 1985). It 
was suggested that BCR/ABL expression in chronic myelogenous leukemia alters the normal develop
mental controls in leukemic progenitor cells by suppression of apoptosis under conditions of limiting 
growth factor. This notion was corroborated by in vitro experimentation with hematopoietic cell cultures 
and temperature sensitive mutants of v-abl and BCR/ABL (Evans et al. 1993; Bedi et al., 1994a; Bedi 
et al., 1994b; Carlesso et al, 1994; Laneuville et al., 1994; McGahon et al., 1994; Kabarowski et al., 1994), 
suggesting that myeloid expansion is the result of prolonged cell survival rather than uncontrolled 
proliferation. 

• Cellular interactions of Bcr, Abl and Bcr/Abl 
Which molecular mechanisms and factors partake in cellular transformation, once BCR/ABL is 

expressed inside hematopoietic cells, has been the focus of research over recent years. A large number 
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of studies describes protein-protein interactions with Bcr, Bcr/Abl and/or Abl in vitro or in cultured cells. 
Proteins interacting with Abl include 3BP-1 (Cicchetti et al., 1992), Rb (Welch and Wang, 1993), Crk 
(Feller et al., 1994; Ren et al, 1994), Crkl (Ten Hoeve et al., 1994), Grb-2 (Ren et al., 1994; Pendergast 
et al., 1993; Puil et al., 1994), Nek (Ren et al, 1994), and actin (McWirther and Wang, 1993a). In addition, 
Abl has been shown to bind DNA (Kipreos and Wang, 1992). Bcr interacts with p21racl/2 (Diekman et 
al, 1991; Ridley et al., 1993), CDC42Hs (Hart et al., 1992), Abl (Pendergast et al. 1993) and proteins of 
the 14-3-3 family (Reuther et al., 19940. Bcr/Abl binds and/or phosphorylates Bcr (Campbell et al., 1990; 
Lu et al., 1993), Grb-2 (Pendergast et al., 1994), ph-p53 (Campbell et al., 1990), Fes (Ernst et al., 1994), 
She (Puil et al, 1994; Matsuguchi et al., 1994), rasGAP, pl90, p62 (Druker et al., 1992), the phosphatase 
Syp (Tauchi et al., 1994), c-cbl (Andoniou et al., 1994) and Crkl (Ten Hoeve et al., 1994b; Nichols et al, 
1994; Oda et al., 1994). Some of these factors are specific to hematopoietic cells, others are not. Some 
factors engage in interactions with domains in the parental molecules, which are missing in the chimaeric 
Bcr/Abl oncoprotein. It is as of yet unclear whether such factors play a major role in transformation. 
Moreover, although many of these interactions are likely to be significant in an experimental setting, it is 
questionable that they all contribute equally in vivo to the process of Bcr/Abl mediated tumorigenesis in 
the hematopoietic cells of /%-positive leukemia patients. 

1.7. Animal studies in iVt-positive leukemia 
Historically, a lot of information about gene function has been obtained through genetic analysis of 

mutant organisms (e.g. fruit fly, mouse). Whereas the discovery of mutant animals was merely governed 
by chance, recent revolutionary technical advances in mammalian genetics have made it possible to create 
animals with predetermined alterations in their genome. These techniques have already had a significant 
impact on our understanding of fundamental biology, in such areas as the developmental regulation of 
gene expression, cell lineage interaction and the effect of gene expression or ablation in the context of 
an intact organism. In the biomedical field, the opportunity has been created to generate animal models 
for human disease, to genetically engineer animals for production of proteins of therapeutic importance, 
and to develop human somatic gene therapy techniques. In agriculture, introduction of genetically 
manipulated species has been directed at optimizing quantitative yield and qualitative food product 
composition and enhancement of adaptation to adverse environments. 

One of the first techniques aimed at germline alteration makes use of introduction of exogenous DNA 
sequences, transgenes, into the mouse genome (Fig. 6). This can either be achieved by microinjection of 
pronuclei of fertilized mouse eggs or retroviral infection of early embryos (Jaenisch, 1988). These embryos 
are transplanted into pseudopregnant female mice, and, with exception of when embryonically lethal 
transgene constructs are used, develop into transgenic animals. 

A conceptually different strategy modifies endogenous DNA sequences in the mouse genome, rather 
than adding exogenous sequences. This technique is known as gene targeting or targeted mutagenesis. 
The advantage of this approach is that integration and integration site can be controlled. In transgenic 
technique, genomic integration is random rather than directed, and often in the form of tandemly 
integrated copies. Gene targeting relies on homologous recombination of cloned and altered (e.g., mutated 
or interrupted) DNA sequences with complementary sequences in the endogenous locus. In an initial step, 
one (or both) allele(s) of a particular gene is genetically altered in embryonal stem (ES) cells by means 
of a targeting vector (Capecchi, 1989). ES cells, although grown in culture, have retained their full 
developmental potential: ES cell contribution to all tissues is found, including the germline, upon injection 
of the cells in developing mouse blastulas (Evans and Kaufman, 1981; Martin, 1981;, Bradley et al., 1984). 
The injected embryos will be born as genetically mosaic (chimaeric) mice and transmit the targeted allele 
to their progeny (Fig. 7). Through interbreeding of fully heterozygous descendants, the gene of interest 
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can be fully inactivated or mutated. These animals are known as null mutants or, colloquially, knock-out 
mice. 

TG DNA 

1 cell stage zygote 

foster mouse 

non-transgenic offspring transgenic offspring 

Figure 6. Generation of transgenic animals through micro-injection of 1 cell stage embryos. The figure (above) depicts 
the micro-injection of the largest of two pronuclei in fertilized mouse eggs, with a DNA solution containing the transgene 
(TG) of interest. The transgene will randomly integrate into the mouse genome, and, from hereon, every newly formed cell 
in the dividing embryo will carry the transgene, including the germ line cells. Injected embryos are surgically transferred 
into the fallopian tube of pseudopregnant recipient female mice (foster mouse) and allowed to pass through gestation. 
Newborn mice are either transgenic or non-transgenic, depending on whether integration of the transgene occurred. 

17 



ES cells 

blastocyst 

foster mouse 

I 

/ \ 

chimaerlc mouse 

host blastocyst-derived offspring ES cell-derived offspring 

< • / - ) 

Figure 7. Generation of mouse germ-line chimeras by introducing embryonal stem (ES) cells into mouse blastocysts. First, 
ES cells, in which one allele of a particular gene is genetically altered by the experimenter, are micro-injected into the 
blastocoel of a 4.5 day old host embryo (blastocyst; above). The injected ES cells (grey) combine with the existing 
embryonal stem cells (black) in the inner cell mass (ICM) to form a mosaic ICM, from which a chimaeric embryo will 
develop. The injected blastocysts are surgically transferred into the uterus of a pseudopregnant mouse and development 
is allowed to progress to birth. Above, the ES cells are derived from a mouse homozygous for a dominant agouti coat 
colour allele and the recipient blastocyst from a mouse homozygous for the recessive black allele. The chimaeric mice are 
composed of cells of both genotypes and therefore display coats with patches of each colour. When germ line transmission 
occurs, the dominant agouti coat colour gene, which was ES cell derived, and the mutated allele will be passed on from 
the chimaeric mice to offspring thereby generating animals uniformly heterozygous (+/-) for the introduced mutation. 
Offspring from matings between heterozygous animals will consist of wildtype (+/+; not mutated), heterozygous (+/-; one 
allele mutated in every cell) and null-mutant animals (-/-), the latter of which no longer carry a normal functional gene 
(Le. both alleles of the gene of interest are mutated). 
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The importance of in vivo models to study Philadelphia-positive leukemia is manifold. A well defined 
mouse model provides a means by which tumorigenesis can be studied from its earliest stages onward and 
factors and mechanisms that eventually contribute to malignant progression of the leukemic cells can be 
uncovered. Besides an 'unlimited' provision of tumor material for analysis, more importantly, the availability 
of a mouse model provides a means by which cancer treatment regimes can be tested. In addition, 
identification of cellular components and/or pathways that contribute to the onset or progression of 
leukemia may eventually lead to the discovery and development of new drugs. 

Two conceptionally different approaches have made use of transplantation of BC/î/ABL-positive 
murine bone marrow cells into syngeneic recipients or microinjection of BCR/ABL transgenes into 
fertilized oocytes respectively. 

• Chronic myeloid leukemia; retroviral approach 
Over the most recent years, attempts to generate a reliable animal model for the study of CML have 

been thwarted by lack of reliability and reproducibility (Daley, 1993). Several investigators have tried to 
create a mouse model for CML through reconstitution of irradiated recipient mice with BCR/ABL-positive 
bone marrow (Elefanty et al., 1990, Kelliher et al, 1990, Daley et al., 1990, Daley et al., 1991; Gishizky 
et al. 1993). Mouse bone marrow cells were infected with retroviral vectors bearing BCR/ABL coding 
regions. Although some mice were obtained that developed leukemia, the kinetics and the nature of the 
induced disease were, shown to depend largely on infection conditions, retroviral and internal regulatory 
sequences used, and also on genetic background of the irradiated recipient mice. In essence, the outcome 
of the disease depended on which hematopoietic progenitor cell was targeted by retroviral vectors (Elefanty 
et al. 1992; Kelliher et al., 1993). Myeloproliferative disorders could be obtained by manipulating these 
experimental conditions. However, myeloid disease develops in only a small number of transplanted mice 
(Daley, 1993); the myeloproliferative disorder in these mice was referred to as CML-like rather than CML 
(Elefanty and Cory, 1990; Gishizky et al., 1993). BCR/ABL P190 and P210 were found to cause similar 
disease in a retroviral setting (Kelliher et al., 1991). Even with v-abl, which under natural conditions 
exclusively induces pre-B cell leukemia in mice, myeloproliferative illness could be produced (Kelliher et 
al., 1990). All in all, the disease pattern resulting from retroviral infections appears very difficult to 
reproduce (Daley, 1993 and personal communication). A major obstacle in retroviral technology is to target 
the infection to stem cells. This is essential, since CML is thought to be a clonal disease originating in the 
hematopoietic stem cell (Fialkow et al.'77). 

• Transgenic mouse models for CML and ALL 
Transgenic mouse technology was first introduced in 1980 (Palmiter and Brinster, 1985). Essentially, 

a transgene is micro-injected into a one-cell stage zygote, and will consequently be integrated into the 
genome of the developing embryo. The advantage of a transgenic model as an alternative to retrovirally 
infected bone marrow transplantation becomes immediately apparent: once integrated into the genome 
of a 1-cell stage zygote, a transgene is per definition present in all derived cells, including the hemato
poietic stem cell. Transgenic technology is a powerful experimental tool in the study of gene function in 
development and disease. 

In BCR/ABL transgenic animals, every cell including hematopoietic stem cells will contain a BCR/ABL 
transgene. Development of disease is independent of influences of retroviral sequences or other 
experimental factors, such as infection and bone marrow culture conditions. Hence, a transgenic mouse 
model solely reflects the tumorigenic properties of BCR/ABL oncoproteins. An initial study was carried 
out with a hybrid BCR-v-abl transgene (Hariharan et al., 1989) in mice. Depending on the choice of 
regulatory sequences, mainly T lymphomas and few pre-B lymphomas (promoter sequence: immunoglobulin 
heavy chain enhancer, E/n) or exclusively T lymphomas (promoter sequence: myeloproliferative sarcoma 
virus long terminal repeat; MPSV-LTR) were found. However, the \-abl oncogene in BCR-v-aW has 
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accumulated a multitude of mutations in the structural part of the abl oncogene, that do not occur in 
either the human ABL or the BCR/ABL oncogene (Rees-Jones and Goff, 1988; Groffen et al., 1992). 
These mutations contribute to the transforming ability of v-abl. Besides the fact that v-abl causes a 
hematopoietic disease distinct from that caused by BCR/ABL (Scott et al., 1991), the hybrid BCR/v-abl 
protein does not exist outside the laboratory. These observations complicated interpretation and comparison 
of results with those of others who did use BCR/ABL in for example retrovirus-infected bone marrow 
studies. 

In an attempt to generate a true transgenic mouse model for CML, a 'minigene' had been designed 
(Heisterkamp et al., 1993c), in which expression of a P210 or P190 transgene was controlled by the human 
BCR promoter, as is the case in the Philadelphia translocation. With these constructs, however, no live 
transgenic progeny were ever obtained: although a small number of 'expressing' transgenic embryos 
apparently passed through development normally up to term, embryonic malformation and resorption were 
found significantly more frequent than in control pregnancies (Heisterkamp et al., 1993c). The observed 
effects presumably directly related to BCR promoter activity during development, as well as to yet 
unknown pleiotropic lethal effects of the P210 fusion protein on embryogenesis. 

To circumvent the problem of embryonic lethality a different promoter system was chosen: metallo-
thionein (MT) promoters are inducible and transcriptionally active in a non-tissue specific manner (Mayo 
and Palmiter, 1981; Durnam and Palmiter, 1981; Stuart et al, 1984). The first construct made was one 
that encoded a Bcr/Abl P190 oncoprotein. Although transgene expression was detectable without induction, 
it did not interfere with embryogenesis: transgenic founder animals were born in relatively large numbers. 
Within two months after birth the animals quite rapidly developed a pathological condition: 80% of the 
founder animals died of acute leukemia. Predominant disease was clinically classified as pre-B cell ALL 
and was indistinguishable from human ALL (Heisterkamp et al., 1990). Hence, this animal model unambig
uously demonstrated the specific relation between BCR/ABL P190 oncogene expression and the 
development of pre-B cell leukemia. 

1.8. Scope of this thesis 
The availability of primary human tumor material for study is often restricted. Moreover, such tissues 

represent terminally advanced stages of tumorigenesis, and do not provide any insight into early events 
in tumorigenesis. To decipher cellular mechanisms that underlie tumorigenic transformation of 
hematopoietic cells by BCR/ABL chimaeric oncoproteins, researchers have often resorted to the use of 
in vitro assay systems. Unfortunately, the chosen assay conditions are not always relevant to human 
leukemia. Therefore, the availability of in vivo models to study Philadelphia-positive leukemia is 
paramount: a well defined mouse model provides a means by which tumorigenesis can be studied, from 
its earliest stages onward, and factors and mechanisms, that eventually contribute to malignant progression 
of the leukemic cells, can be uncovered. Besides an 'unlimited' provision of tumor material for analysis, 
more importantly, the availability of a mouse model provides a means by which cancer treatment regimes 
can be tested. In addition, identification of cellular components and/or pathways that contribute to the 
onset or progression of leukemia may eventually lead to the discovery and development of new drugs. 

In 1990, the group of Groffen and Heisterkamp reported on a transgenic mouse model for 
Philadelphia-positive acute lymphoblastic leukemia (ALL). The disease that developed in the BCR/ABL 
P190 transgenic mice resembled the human disease closely. With the establishment of a model for leukemia 
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in an in vivo setting, the possibility was created to investigate the development of a 'human' leukemia 
from its earliest stages onward, and to study factors and mechanisms that eventually contribute to malignant 
progression of the disease. Part of this graduate study focussed on initiating a detailed biological analysis 
of this and other mouse models for Ph + leukemia: tumor evolution, a common feature of cancer biology, 
was studied by cytogenetic analysis of leukemia, and oncogenic specificity of BCR/ABL P190 and 
differences in oncogenicity between the BCR/ABL P190 and P210 oncogenes, were investigated using de 
novo generated transgenic animals (Chapters 2, 3, 4 and 5). A start was made with the evaluation of 
relatively simple anti-cancer treatment protocols by us (Chapter 6) and by other groups. 

The biochemical reason why cellular transformation occurs in Philadelphia-positive leukemia has been 
known for quite some time now: the Abl tyrosine kinase, which is under normal circumstances implicated 
in cell cycle regulation, becomes constitutively activated through fusion to Bcr sequences as a result of 
the t(9:22)(q34;qll) translocation. The reason why, on a (molecular) biological level, cells lose growth 
control, remains elusive. The role of Bcr in the disease, other than that the fused sequences somehow 
activate the Abl kinase, is unclear. At the beginning of this graduate study, nothing was known about the 
normal cellular function(s) of the plóCr0- protein. In 1991, it was discovered that Bcr retains a GTPase 
activating protein (GAP) function toward certain small GTP-binding proteins of the p21 subfamily 
p2iRac/Kho Subsequently it was found that the Racl protein plays a role in mitogen stimulated membrane 
ruffling in fibroblasts, indicating a possible role for Bcr in cell growth regulation. At approximately the 
same time, Racl and Rac2 were connected in vitro with the respiratory burst (NADPH) oxidase, a catalytic 
system that is responsible for bactericidal oxygen radical production in neutrophils and macrophages, and 
in B-cells. The Bcr protein was meanwhile unfolding as a complex multidomain protein, harboring sequence 
homology with the Dbl oncogene, a guanidine-nucleotide exchange factor (GEF) for the small GTP-
binding protein CDC42, pleckstrin, the major substrate for protein kinase C in platelets, with ß-chimerin, 
n-chimerin, ABR, rhoGAP and pl90, all proteins with an overlapping in vitro GAP activity toward Racl 
and Rac2. Besides, Bcr harbors a unique serine/threonine kinase activity, is capable of oligomerization and 
was shown to interact with several cellular factors in vitro. Although in vitro the BcrGAP activity showed 
overlap with a whole myriad of biochemically related proteins, the biological relevance of this regulatory 
domain was not clear. Recently it was speculated that the BCR gene plays a role in normal hematopoiesis 
and is also implicated P/z-positive leukemia. On the basis of the data described above, and more 
importantly, because of its connection to P/i-positive leukemia, we set off to generate bcr null-mutant mice 
to examine the function of plÄr*7- in normal and leukemic cell in the context of the whole organism 
(Chapter 7). To this end, the innovative gene targeting technology was used. 

The bcr gene is highly expressed in mammalian brain. The expression pattern of a biochemically related 
protein, n-chimerin, overlaps with that of bcr. N-chimerin was shown to be involved in certain cognitive 
processes in birds and possibly in mice as well. Notwithstanding the function of Bcr in cells of 
hematopoietic origin, these observations suggest a possible different function for this protein in brain. In 
an attempt to further delineate a putative function of Bcr in the brain we have studied the regional 
expression and developmental expression kinetics of bcr in rodent brain (Chapter 8). 
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of BCRIABL Transgenic Mice 
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and Heisterkamp N.: Clonal development and karyotype evolution during leukemogenesis of BCRIABL transgenic 
mice. Blood 79 (1992) 1029-1036. 



Clonal Development and Karyotype Evolution During Leukemogenesis of 
BCR/ABL Transgenic Mice 

By Jan Willem Voncken, Christine Morris, Paul Pattengale, Günther Dennert, Christie Kikly, John Groffen, 

and Nora Heisterkamp 

The Philadelphia (Ph) translocation is responsible fpr the 
generation of the chimeric BCR/ABL oncogene. The Ph 
chromosome constitutes the earliest detectable chromo
some abnormality in chronic myelogenous leukemia and is 
also found in acute lymphoblastic leukemia. Mice transgenic 
for a P190 BCR/ABL-producing DNA construct develop lym
phoblastic leukemia/lymphoma and provide an opportunity 
to study early stages of the disease as well as progression. In 
this study, we have karyotyped the bone marrow of 10 
19-day-old BCR/ABL P190 transgenic mice from a line that 
reproducibly develops leukemia/lymphoma. Leukemic cells 
from 17 terminally ill transgenic founders and progeny were 

THE PHILADELPHIA (Ph) chromosome, specifically 
found in chronic myelogenous leukemia (CML) and 

Ph-positive acute lymphoblastic leukemia (ALL), is the 
result of a reciprocal translocation between chromosomes 9 
and 22 . " The translocation causes the ABL oncogene from 
chromosome 9 to fuse with part of the BCR gene located on 
chromosome 22. In approximately half of cases of Ph-
positive ALL this chimeric gene produces a P190 BCR/ 
ABL fusion protein, containing only those amino acids 
encoded by the first exon of the BCR gene; in the remaining 
cases of Ph-positive ALL and in CML a fusion protein with 
a larger BCR gene contribution, P210, is found." The 
oncogenic role of these fusion proteins is suggested by the 
fact that the Ph chromosome is a consistent abnormality 
present at the time of diagnosis in the leukemic cells of 
CML and ALL patients, and also by the oncogenic outcome 
of transgenic and other in vivo experiments using the 
BCR/ABL fusion gene.'10 

Cancer is thought to be a multistep process that passes 
through different stages, each accompanied by gene muta
tions."12 This process is exemplified by CML. Debate 
continues as to whether a predisposed leukemic cell, which 
lacks the Ph chromosome, exists in CML,1314 but the Ph 
chromosome is always found at diagnosis, usually as the 
sole karyotypic abnormality.15 With progression of the 
disease, additional chromosome aberrations are observed 
in as many as 80% of patients after the transition from 
chronic to acute stage.16" ALL is often accompanied by 
nonrandom chromosome abnormalities at presentation, 
among which the Ph chromosome is one of the most 
frequently seen.18 

To investigate the role of BCR/ABL in leukemia, we 
have generated mice transgenic for a DNA construct that 
produces the P190 protein. Eight founder mice rapidly 
succumbed to leukemia (both myeloid and lymphoid) 
within a short period (58 days) after birth, demonstrating 
the leukemogenic activity of the activated ABL oncogene.10 

In the present study, we have asked whether the onset and 
progression of BCR/ABL P190-generated leukemia in 
transgenic mice is accompanied by the appearance of 
chromosome abnormalities such as those found in humans. 
Our results show a normal karyotype in initial stages and 
support the assumption that the activated BCR/ABL gene 

also karyotyped as well as bone marrow transplant recipi
ents of leukemic donor marrow. Karyotypically visible aberra
tions were absent from the early stages of BCR/ABL P190-
generated leukemia and normal metaphases could be found 
even in the terminal stages of the disease. A high frequency 
of aneuploidy was found in advanced leukemia, with a 
marked preference for the gain of mouse chromosomes 12, 
14, or 17. These results point to a primary role for BCR/ABL 
in leukemogenesis and suggest a destabilizing effect of the 
BCR/ABL gene on the regulation of cell division. 
© 1992 by The American Society of Hematology. 

alone plays a key role in the development of leukemia. 
Later stages of the disease are characterized by nonrandom 
numerical changes of mouse chromosomes that have a 
genetic analogy to human chromosomes involved in leuke
mia. 

MATERIALS AND METHODS 

Transgenic mice. Transgenic mice were generated as previously 
described10 using a BCR/ABL construct encoding the P190 fusion 
protein. In different lines the transgenic DNA construct is ex
pected to have been integrated independently on different chromo
somes. In cases in which the copy number of the transgene was 
higher than one, integration most often occurs in a tandem, 
head-to-tail fashion in one particular locus. There is no evidence 
that integration of transgene DNA into the mouse genome exhibits 
site-specificity.19 

Founder animals were the offspring of matings between C57B1/ 
CBA F, animals. Transgenic progeny were the result of matings 
between founders and C57B1 x CBA F, mice. Successive genera
tions were the result of similar matings. Mice identification 
numbers have three, six, nine, or 12 digits and indicate founders, 
Fl, F2, and F3 animals. Pathologic analysis was performed on 
autopsy material obtained at killing from mice that were generally 
terminally ill. Mice were diagnosed with lymphoblastic lymphoma/ 
leukemia (LL) or ALL alone. Of all founder and progeny trans
genic mice (n = 100), 50% had died of leukemia/lymphoma before 
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70 days of age. Of the line established from founder no. 623, 
animals died of or were killed with terminal disease on an average 
of 68 days after birth (range, 41 to 147 days). A more detailed 
characterization of these mice will be presented elsewhere (manu
script in preparation). 

Bone marrow (BM) transplants. BM from founder no. 713 and 
from progeny animal no. 623-844-1037 (both transgenic BCR/ 
ABL, P190) was collected from femurs and transplanted into 
C57B1 x CBA Fj animals that had received a lethal radiation dosis 
of 1,000 rad (recipient S.2-3) or a sublethal dosis of 500 rad (all 
other recipients). Animal no. 713 was diagnosed with ALL and 
killed at 64 days. Its terminal white blood cell count (WBC) was 
28 x 10VL. Donor no. 623-844-1037 was diagnosed with LL. 
Transplants were performed as indicated in Fig 1. 

Cytogenetics. Karyotypic analysis was performed directly on 
material collected at autopsy. A clone was defined as two cells 
having trisomy or a structural change and three cells having 

monosomy of a particular chromosome. Heparinized peripheral 
blood (PB) or BM was collected in RPMI 1640 medium supple
mented with 15% fetal bovine serum. PB cells were used only when 
WBCs were higher than 50 x 10*/L; nonleukemic blood and blood 
containing less lymphoblasts did not yield sufficient metaphases 
under these culture conditions. Cells were washed once, then 
incubated with 100 ng/mL colcemid (GIBCO, Grand Island, NY) 
for 1 hour at 37°C, given a hypotonic shock in 0.075 mol/L KCl for 
20 minutes at 37°C, and fixed and washed with cold 1:3 (vol/vol) 
acetic acid:methanol. Chromosomes were trypsin G-banded accord
ing to Seabright.20 Chromosome banding terminology was as 
described by Nesbitt and Franke.21 

Southern blot analysis. DNAs were isolated from spleen, lymph 
nodes, muscle, blood, and kidney as described.10 DNAs digested 
with £coRI were run on 0.7% gels, blotted to nitrocellulose, and 
hybridized to a 1.2-kb Msp 1/EcoRl JH probe. Posthybridization 
washings were at 0.1X SSC at 65°C. 

BMT Serlta 1 

I 
R.l 

(lxl07BM) 

41,XX,+12 [30] 

R.l-1 

(lxl08SPL) 

4L,XX.+12 [20J 
41,XX,+marX° [5] 

R.l-2 

(lxl07BM) 

41,XX,+12 [9] 
41.XX,4narl° [131 

R.2 

(4.5xl07SPL) 

42,XX,+12,+14 [91 
41,XX,+14 [111 

R-l-3 

(lxl07BH) 

41,XX,+12 [121 
41,XX,+»orl° [81 

BMT Series 2 

S.l-1 

(5xl06BM) 

41,XX,+12 [161 
42.XX,+10,+12 [3] 
42,XX,+9,+17 [1] 

S.3-5 

(lxl07BM) 

40,XX [1] 
42,XX,+9.17 [14] 
43.XX,+8.+9.17 [5J 

#623-844-1037 

40,XX [18] 
41,XX.+12 |2] 

I I 
S. l -2 

(5xl06BH) 

40,XX 
4 1 , XX,+10 
41,XX,+12 
42,XX.+10,+12 
42,XX,+9,+17 

1 
1 

S.4-7 

(U107BM) 

131 
[31 
[1] 
13] 

HO] 

40 
40 
42 
39 

XX 
XX 
XX 
-X 
+me 

.1 
5.4-

1 
S.2-3 

(5xl06BM) 

+marl 
+9,+17 
- 1 . - 3 , - 1 9 , 
r l ,+mar2,+mar3 

8 

(10x10 BM) 

161 
111 
161 

11] 

42.XX,+9,+17 [20] 

[101 
HI 

S.3-6 

(1x107BH) 

40,XX 
40 ,XX. -9 , -15 , 

+mar,+n«r 
4 0 ,XX . -8 . - 10 , - 11 . - 12 , - 19 , 

+iurL,+mar2,+mar3,+iiar4,+mar5 [1] 
41,XX,+12 [2] 
42.XX.+10.+12 [1] 
42,XX,+9,+17 [41 
43.XX.+8,+9.+17 [11 

42,XX,+9,+17 [20] 

Fig 1. Transplant strategy and 
karyotype findings for recipients 
of BM or splenocyte (SPL) cells 
from leukemic mouse donors no. 
713 {series 1) and 623-844-1037 
{series 2). The number of cells 
that had a particular karyotype is 
in brackets. 
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