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STELLINGEN 

1. Analyse van het genoom met behulp van specifieke DNA 
probes kan een belangrijke bijdrage leveren aan de 
diagnose van chronische myeloide en acute lymfoblastische 
leukemie. 
(Dit proefschrift) 

2. Twardzik en medewerkers concluderen ten onrechte, dat de 
aanwezigheid van "transforming growth factor ce" (TQEto) in 
de urine van kankerpatiënten een goede tumormarker is. 
(Twardzik et al., Cancer Research 45, 1934-1939, 1985) 

De conclusie van Bolen en medewerkers, dat in dikke darm 
carcinomen de pp60 c-src protéine kinase activiteit is 
verhoogd, wordt niet voldoende ondersteund door hun 
waarnemingen. 
(Bolen et al., P.N.A.S. 84, 2251-2255, 1987) 

4. Wanneer met in vitro analyse van kernextracten binding van 
eiwitten aan DNA aangetoond kan worden, betekent dit nog 
geenszins dat die binding ook bij genregulatie in vivo 
van belang is. 
(Becker et al., Cell 51, 435-443, 1987) 

Het lijkt hoogst onwaarschijklijk, dat de blastcrisis van 
CML patiënten gepaard gaat met een verandering van het 
breukpunt in het bcr gebied van het Philadelphia 
chromosoom, zoals gesuggereerd wordt door Schaefer-Rego en 
medewerkers. 
(Schaefer-Rego et al., Blood 70, 448-455, 1987) 

6. In tegenstelling tot wat gesuggereerd wordt door Carpenter 
en medewerkers, lijkt de tyrosine kinase activiteit van de 
"epidermal growth factor (EGF) receptor" geen rol te 
spelen bij de stimulering van de celgroei. 
(Carpenter et al., Cell 37, 357-358, 1984; Prywes et 
al., The EMBO Journal 5, 2179-2190, 1986) 



7. Het rapport waarin gesteld wordt dat aspirine de kans op 
een hartaanval kan verkleinen, zou niet door de 
farmaceutische bedrijven in advertenties gebruikt mogen 
worden. 
(The Steering Comnitee of the Physicians' Health Study 
Research Group, N.Engl.J.Hed. 318, 262-264, 1988) 

Een land dat bekend is om zijn ••hollanditis" zou geen bom 
moeten gebruiken om de eindronde van het Europees 
voethalkampioenschap te bereiken. 

Stellingen behorende bij het proefschrift: The genetic basis 
of chronic myelogenous and acute lymphoblastic leukemia. 

Kees Stam, Hageningen, 15 april 1988. 
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Scope of the Investigation 

The Ph' chromosome is a cardinal feature of chronic myelogenous 

leukemia (CML). Originally described by Nowell and Hungerford (1960) 

as a small chromosome 22 it was later demonstrated by de Klein and co-

workers(1982) to typically result from a reciprocal translocation 

t(9;22)(q34.1;qll.2). In approximately 5 percent of patients, the Ph' 

chromosome results from anomalous complex translocation. Detailed 

studies using in situ hybridization have demonstrated that chromosomes 

9 and 22 are usually involved in such translocations. Translocations 

between chromosome 22 and a chromosome other than 9 rarely occur. 

The human c-abj. sequences represent the cellular homologue of the 

transforming gene of Abelson Murine Leukemia Virus (A-MuLV). This 

retrovirus is a recombinant between Moloney Murine Leukemia virus and 

mouse cellular c-abj. sequences (Goff et al., 1980). A-MuLV induces 

lymphoid tumors following In vivo inoculation of the mouse (Potter^ 

1983; Prekumar et al., 1975). Southern blot analysis of a series of 

somatic cell hybrids demonstrated that the human c-abl gene is 

localized on chromosome 9 (Heisterkamp et al., 1982). The finding 

that a small region of chromosome 9 is translocated to chromosome 22 

in CML prompted studies to elucidate whether the abj gene was involved 

in this disease (de Klein et al., 1982). Bartram and colleagues (1983) 

first reported that the c-abj. gene is translocated in Ph' positive but 

not in Ph' negative patients while Heisterkamp and co-workers (1983) 

reported a CML patient with a breakpoint 14 kb 5' of the c-abl 
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sequences homologous to v-abj.. This data suggested a role for c-abl in 

CML, a theory supported by the presence of an abnormally sized abl 

messenger RNA (Collins et al., 1984; Gale and Canaani, 1984) and abl 

protein in the CML cell line K562 (Konopka et al., 1984). 

The region of chromosome 22 involved in the translocation has also 

been identified. Cloning of a chimeric breakpoint fragment from a CML 

patient (Heisterkamp et al., 1983) enabled the use of a chromosome 22 

specific probe. Subsequent Southern blot analysis of the DNA of a 

number of CML patients showed that chromosome 22 breakpoints map to a 

stretch of 5.8 kb of DNA (Groffen, et al., 1984). This area on 

chromosome 22 was designated breakpoint cluster region or bcr. 

The investigation described in this thesis was undertaken to gain 

further insight into the genetic organization of the c-abj. gene on the 

Ph' chromosome and the consequence of the Ph' translocation at the 

transcription and translation level. Chapter 2 is an extensive review 

of the genetic basis of CML and acute lymphoblastic leukemia (ALL). 

Discussed is the cytogenetic and molecular aspects of CML and ALL and 

the activation of the c-abl protein kinases as a consequence of the Ph' 

translocation. In Chapter 3, we show that the breakpoint cluster 

region on chromosome 22 is part of a gene, called p M - Molecular 

characterization demonstrates that p M is a large gene oriented with 

its 5' end towards the centromere and with its 3' end toward the 

telomere of chromosome 22. As a consequence of the Ph' translocation 

the 3' end of this gene is translocated to chromosome 9, whereas the 5' 

sequences remain on the Ph' chromosome. Following translocation, the 

remaining p_hl sequences become fused to the c-abl gene in a head to 

tail fashion on chromosome 22. We hypothesized that this genomic 
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configuration could result in the transcription of a chimeric mRNA 

consisting of 5' ehl and 3' abj. sequences. In the study presented in 

Chapter 4, we analyzed the RNA of CML patients and found strong 

evidence for this model. Direct proof for the hypothesis was provided 

by cloning of a chimeric phl/c-abl cDNA in the CML cell line K562, 

described in Chapter 5. The experiments described herein have also 

contributed to more information about the genomic organization of the 

phi and c-ab_l genes on the Ph' chromosome. 

Reports by Konopka et al. (1985) showing the presence of a larger 

210K c-abj. protein in the leukemic cells of CML patients initiated the 

studies described in Chapter 6. We demonstrate that this abnormal c-

abl protein is a fusion protein containing amino terminal £hl and 

carboxy terminal abj. sequences. This phl/c-abl protein has an elevated 

tyrosine kinase activity when compared to the normal c-abj. protein. In 

addition, we show in this chapter that the normal ßhj. gene encodes for 

a 160 K phosphoprotein exhibiting an associated kinase activity. 

A better understanding of the Ph' chromosome at the molecular 

level has allowed us to develop a probe for the detection of the Ph' 

translocation. In Chapter 7, we report the results of the clinical 

trials done at seven medical centers involving more than 400 clinical 

samples. In this report we demonstrate that the use of DNA probe 

analysis in the CML diagnostics has several advantages over cytogenetic 

methods. 



CHAPTER 2 

THE GENETIC BASIS OF CHRONIC MYELOGENOUS AND 

ACUTE LYMPHOBLASTIC LEUKEMIA 



19 

The Genetic Basis of Chronic Myelogenous and Acute 
Lymphoblastic Leukemia 

Kees Stam 
Oncogene Science, Inc. 

Manhasset, NY USA 

I. Introduction 

II. Chronic Myelogenous and Acute Lymphoblastic Leukemia: 
Disease and Treatment 

a) Leukemias 
b) Chronic myelogenous leukemia 
c) Acute lymphoblastic leukemia 

III. Oncogenes, Mode of Discovery and Biochemical Function 
a) Oncogenes 
b) Mode of discovery 
c) Biochemical function 

IV. Protein Kinases 

V. The Philadelphia (Ph') Translocation 

VI. Involvement of the c-abj. and p_hl Gene in CML and ALL 
a) The abl gene 
b) The p_h_L gene 
c) The fusion of p_hl and abj. on the Ph' chromosome 

VII. Activation of the c-abl Protein Kinase 
a) The phl/c-abl aberrant proteins 
b) Regulation of kinase activity and transformation 

VIII. Conclusion 

IX. References 



20 

I. Introduction 

In 1890, David Hansemann first drew attention to the frequent 

occurrence of mitotic irregularities in malignant tissues. He 

associated them with the origin and development of malignancy and 

suggested that such nuclear abnormalities could be used as a criterion 

for diagnosis of the malignant state. Such notions formed the basis of 

the mutation theory of cancer, presented in 1914 by Theodore Boveri in 

his book "Zur Frage der Entstehung Maligner Tumoren", in which 

chromosomal aberrations were suggested as the cause of the change from 

normal to malignant growth. This long remained a theoretical idea 

because of the technical difficulties in chromosome preparation 

throughout the first half of the century. 

During the 1950s and 1960s, the application of methods developed 

for the study of chromosomes in plants and insects, coupled to the 

availability of mammalian tissue culture made it possible to work out 

detailed karyotypes. Clear-cut correlations were established between 

specific chromosome abnormalities and a number of disease states, 

laying a firm foundation for modern cancer cytogenetics. The results 

obtained, clearly demonstrated that the chromosome changes observed 

were an integral part of tumor evolution. However, most of this early 

work employed metastatic tumor cell populations, in which the 

chromosomal picture can be assumed to have changed considerably since 

the primary oncogenic process. Few, if any, conclusions, therefore, 

could be drawn as to the role of chromosome changes in etiology of 

neoplasia. The early chromosome studies on malignant cells have been 

summarized in detail previously (Atkin, 1976; Levan and Mittelman, 
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1977; Hsu, 1979; Sandberg, 1980). 

In 1960 Nowell and Hungerford (1960) reported the first consistent 

chromosome abnormality in a human cancer; they observed an unusually 

small G group chromosome in leukemic cells from patients with chronic 

myelogenous leukemia (CML). This chromosome, which appeared to have 

lost about one half of its long arm, was named the Philadelphia (Ph') 

chromosome in honor of its city of discovery. The question of whether 

the deleted portion of the long arm was missing from the cell or 

whether it was translocated to another chromosome could not be answered 

at that time because it was impossible to identify each human 

chromosome precisely with the techniques available. The discovery of 

the Ph' chromosome in CML seemed to be the conclusive verification of 

Boveri's idea: a malignant disorder strictly correlated to a specific 

chromosomal change. However, results obtained after a search for 

similar abnormalities closely associated with other types of malignant 

hematologic diseases were quite disappointing. Although the 

abnormalities seemed to be consistent in any particular patient, the 

patterns varied greatly from one patient to another. Moreover about 

one-half of the patients with acute leukemia of both the myeloid and 

lymphoid types appeared to have a normal karyotype in their leukemic 

cells (Rowley and Testa, 1982; Mitelman and Levan, 1981; Sandberg, 

1980). Thus, the accepted notion was that the Ph' chromosome was a 

unique example of a consistent karyotypic abnormality, and the general 

rule was one of marked variability in karyotype. This in turn led most 

investigators to assume that chromosome changes were a secondary 

phenomenon, rather than being fundamentally involved with the process 

of malignant transformation. 
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Evidence obtained during the 1980s showed that these assumptions 

were incorrect. The introduction and consistent refinement of 

chromosome banding techniques (Hagemeijer et al., 1979; Yunis, 1981; 

Testa, 1984) made it possible to identify and define tumor specific 

chromosomal aberrations. Combination of these sophisticated 

cytogenetic techniques with cytological, cytochemical and immunological 

studies revealed that the malignant cells of most human tumors have a 

clonal karyotypic defect (Yunis et al., 1982; Yunis, 1983; Berger and 

Flandrin, 1984). A major breakthrough in cancer research came with the 

development of recombinant DNA techniques which made it possible to 

localize, clone and characterize the individual genes involved in 

tumorigenesis. 

It is well known that cancer has myriad causes, but many of these 

may act in a common way by damaging DNA, resulting in the activation, 

mutation or loss of distinct genes. At least three major functional 

groups of such genes can be discerned. The oncogenes represent the 

first group (Bishop, 1983, 1985, 1987; Duesberg, 1983, 1985; Slamon et 

al., 1984; Weinberg, 1985; Land et al., 1983). They seem to act 

dominantly in the sense that they can induce transformation when 

transferred to cultured cells. Oncogenes are present in the human 

genome as normal cellular genes (proto-oncogenes) frequently involved 

with the control of normal cell growth; so far more than 50 proto-

oncogenes have been identified. 

A second group of genes are called "tumor suppressors" or "anti-

oncogenes". These genes act recessively in the sense that both alleles 

need to be deleted or functionally incapacitated before a tumor can 

arise. The most thoroughly analyzed example of such a gene is rb-1, 
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both alleles of which are lost in retinoblastoma tumor cells (Cavenee 

et al., 1983; Murphree and Benedict, 1984; Benedict et al., 1983). It 

has been suggested that the rb-1 gene may have a normal regulatory 

function, possibly in the induction of an essential step in the 

terminal differentiation of this tissue (Murphee and Benedict, 1984; 

Knudson, 1971; Knudson and Strong, 1972; Comings, 1973; Robertson, 

1984). Certain other neoplasms such as Wilms' tumor, familial renal 

cell carcinoma, neuroblastoma and small-cell carcinoma of the lung 

(SCLC), may also arise from the loss of both alleles of a single gene. 

This evidence for recessive anti-oncogenes is consistent with much 

earlier reports of the suppression of tumorigenic behavior in hybrids 

derived from the fusion of malignant with normal cells (Harris, et al., 

1969; Klein et al., 1981; Wiener et al., 1973; Stanbridge et al., 

1976). Cytogenetic analysis of such hybrids and their malignant 

segregants suggests the existence of different suppressor genes on 

different chromosomes (Jonasson et al., 1977; Spira et al., 1981; Evans 

et al., 1982; Klinger and Shows, 1983). There is now evidence that the 

transforming effect of certain retroviral oncogenes can be counteracted 

by different suppressor genes. For instance, revertants of in vitro 

Kirsten-murine sarcoma virus-transformed fibroblasts have been found to 

suppress ras, fes, and sis, mediated transformation after somatic 

hybridization (Noda et al., 1983). Eventually, the suppressor genes 

may turn out to be as diverse as the oncogenes. 

The third group of genes that influence neoplastic behavior are 

designated modulators. They do not, on their own, transform normal 

into neoplastic cells, but they modify their spread in the organism. 

They probably constitute a large and heterogenous group. For example, 
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metastatic spread may be influenced by the genes of the major histo

compatibility complex (MHC) (Katzav et al., 1983; Sandersson and 

Beverley, 1983) and invasiveness by those genes controlling proteolytic 

and homing mechanisms (Nicholson, 1982; Dano et al., 1985). Cellular 

resistance to immune rejection (Dalianis et al., 1979; Fenyö and Klein, 

1976) may also play a part. 

Data concerning the molecular basis of the Ph' translocation in 

CML have accumulated rapidly over the past few years. The Ph' 

chromosome is observed in high frequency in CML (approximately 95 

percent of patients with typical CML have this marker [Sandberg, 1980; 

Rowley, 1973, Heim et al., 1985]). In addition, the Ph' chromosome is 

also found in both acute lymphoblastic leukemia (ALL) and, more rarely, 

in acute nonlymphocytic leukemia (ANLL) (Le Beau and Rowley, 1984; 

Chessells et al., 1979; Priest et al., 1980; Abe and Sandberg, 1979; 

Yunis et al., 1984). It offers one of the most clearly documented 

examples of a translocation which leads to the activation of a human 

cellular oncogene. The fusion of the c-abj. and pjhj. gene result in the 

production of an activated abj. protein (Ben Neriah et al., 1986b; Stam 

et al., 1987; Hermans et al., 1987), which is probably directly 

involved with the malignant process. In the following review I will 

discuss the genetic basis of chronic myelogenous and acute 

lymphoblastic leukemia. 
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II. Chronic Myelogenous and Acute Lymphoblastic Leukemia: 

Disease and Treatment 

a) Leukemias 

Cancer is the leading cause of death in the Western world, after 

heart disease. In the United States alone, 500,000 people die per year 

of cancer (source Surveillance, Epidemiology and End Results (SEER) 

from the National Cancer Institute). Lung cancer is responsible for 

most of the cancer deaths, with 36 percent in man and 20 percent in 

women (Table 1). Leukemias and lymphomas are responsible for 10 

percent of the cancer deaths. The annual mortality of leukemia varies 

from three to seven per 100,000 in different countries. In the United 

States the estimated new cases of leukemias for 1987 is 26,000. 

Leukemia is not a single disease entity but refers to a 

heterogenous group of neoplastic disorders involving the cells of the 

blood-forming organs. The leukemias are usually classified as acute or 

chronic, based on length of survival and degree of maturation of the 

cells. They are further subclassed according to the predominant cell 

line involved. This classification broadly divides them into 

lymphocytic and myelogenous forms. Acute leukemias are characterized 

by a predominance of immature myeloid or lymphoid precursors (blasts or 

blast forms). The blasts progressively replace normal bone marrow, 

migrate and invade other tissues. In the acute state, production of 

normal erythrocytes, granulocytes (neutrophils, eosinophils and 

basophils), and platelets is diminished leading to anemia, infection 

and hemorrhage. If untreated, the acute leukemias are fatal within a 

period of twelve months. 
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The acute leukemias are divided into two major types called acute 

lymphoblastic leukemia (ALL) and acute nonlymphoblastic leukemia 

(ANLL). The latter is divided into several subtypes depending on the 

predominant cell types present. The different subtypes, 

erythroleukemia, acute monocytic leukemia, acute myelomonocytic 

leukemia, acute promyelocytic leukemia (APL), acute megakaryoblastic 

leukemia, acute eosinophilic and acute basophilic leukemia are 

collectively called acute myelogenous leukemia (AML). 

Chronic leukemias are hematologic malignancies in which the 

predominant leukemic cell will differentiate normally. The chronic 

leukemias include chronic lymphocytic leukemia (CLL) and chronic 

myelogenous leukemia (CML). CLL is a malignant hematologic disorder 

characterized by a persistent, absolute increase in morphologically 

mature lymphocytes in the peripheral blood and bone marrow. It is a 

rare disorder in persons less than 30 years of age and gradually 

increases in incidence with each decade. The median age of CLL 

patients is 60 years. The median survival of CLL patients varies from 

24 months for patients with anemia and thrombocytopenia to eight to ten 

years for patients whose primary symptoms are lymphocytosis and 

lymphadenopathy. 

CML is a clonal myeloproliferative disorder arising from 

neoplastic transformation at the level of the pluripotent stem cell. 

It is characterized by a greatly elevated leukocyte count with all 

stages of granulocytic development in both peripheral blood and bone 

marrow. Within a mean of three years after diagnosis, the relatively 

benign chronic phase of CML gives way to a phase known as blast crisis. 

CML accounts for 20 to 30 percent of cases of leukemia and can occur at 
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any age. It is rare in childhood and peaks in the middle 40's. 

b) Chronic myelogenous leukemia 

Clinical characterization 

CML, originally described by Craigie (1854), Bennett (1845) and 

Virchow (1845), is a hematologic malignancy characterized by excessive 

growth of myeloid cells and their progenitors (Koeffler and Golde, 

1981; Goldman and Lei, 1982). The hallmark of CML is the Philadelphia 

(Ph') chromosome. This is an acquired chromosomal defect and is 

recognized by a shortening of the long arm of chromosome 22. 

Cytogenetic studies and analysis of glucose-6-phosphate dehydrogenase 

(G-6PD) isoenzyme analysis (Beutler et al., 1962; Lyon, 1962) 

demonstrated that CML is a clonal disorder of pluripotent hematopoietic 

stem cells. The Ph' chromosome, which is present in the leukemic cells 

of over 95 percent of the CML patients (Rowley, 1973; Sandberg, 1980; 

Heim et al., 1985), has been identified in neutrophils, monocytes, 

macrophages, erythrocytes, megakaryocytes, eosinophils, basophils and 

their committed progenitors (for review, Champlin and Golde, 1985; 

Greaves et al., 1982; Koeffler and Golde, 1981). Reports by Hernandez 

et al. (1982) and Griffen et al. (1983) of cases with a T lymphocyte 

blast crisis suggest that the disease may involve a pluripotent cell 

capable of differentiating to T lymphocytes as well as to other myeloid 

and lymphoid cells. The Ph' chromosome is not present in bone marrow 

fibroblast or other mesenchymal tissues (Maniatis et al., 1969). 

The clinical features of CML are usually limited to excessive 

granulocytosis, although in many patient's blood levels of platelets, 
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monocytes and even lymphocytes are also Increased. Untreated patients 

have a high white blood cell count (WBC) generally peaking at 100 to 

400 x 109 per liter blood. The red blood cell production is often 

decreased, resulting in anemia. The patient's principal complaint is 

fatigue. Abnormal physical findings usually are limited to pallor, 

splenomegaly and sternal tenderness. 

Increase of myelopoiesis appears not to be due to an accelerated 

proliferative rate (Chervenick and Boggs, 1968), but rather the disease 

is characterized by massive expansion of pools of committed myeloid 

progenitors which have a growth advantage over normal bone marrow 

progenitors (Galbraith and Abu-Zahra, 1972; Moore et al., 1973; Goldman 

et al; 1980). The proportion of Ph' chromosome-positive cells 

progressively increases over time to ultimately representing more than 

99 percent of dividing bone marrow cells. Philadelphia chromosome-

negative cells persist in the bone marrow but this growth is eventually 

suppressed by the malignant clone (Gupta et al., 1984; Dube et al., 

1984). 

Myeloid cells mature normally during the chronic phase of CML. 

There are subtle abnormalities of granulocyte (Broxmeyer et al., 1977; 

Olofsson et al., 1976) and platelet (Schafer, 1984) function, but these 

rarely lead to symptomatic complications. The mature cells have 

usually a decreased leukocyte alkaline phosphatase (LAP). The 

malignant cells are minimally invasive in the chronic phase and 

generally remain retracted to the hematopoietic tissues (the marrow 

and spleen). Release of immature cells to the blood often indicates 

evolution to the acute phase (Theologides, 1972; Barton et al., 1979). 

The chronic phase of CML is unstable. At some point, the disease 
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undergoes transformation to an aggressive leukemia. Transformation may 

be clinically manifest as in acute leukemia (acute phase or blast 

crisis) or by progression of symptoms and resistance to chemotherapy 

(termed accelerated phase) (Karanas and Silver, 1968). Features 

associated with transformation include systemic symptoms (fever, 

sweats, or weight loss) increasing organomegaly, or extramedul1ary 

leukemias. The granulocyte and/or platelet count typically becomes 

less responsive to chemotherapy while the proportion of blasts and 

promyelocytes increases, often associated with the development of 

anemia and/or thrombocytopenia. In more than 75 percent of patients, 

transformation is accompanied by karyotypic evolution with development 

of abnormalities superimposed upon the Ph' chromosome, most commonly 

trisomy 8 or, isochromosome 17 or duplication of the Ph' chromosome 

(Spiers and Baikie, 1968; Rowley, 1975). 

Most patients ultimately develop acute phase (blast crisis), in 

which the disease resembles acute leukemia. The cells no longer 

differentiate to mature granulocytes; maturation arrest occurs at the 

level of the blast or promyelocyte (Golde et al., 1974). This phase 

can be divided into two general forms: lymphoid and myeloid (Rosenthal 

et al., 1977; Boggs, 1974; Janossy et al., 1979). Lymphoid blast 

crisis develops in approximately 30 percent of the patients (Catovski, 

1979). In this variant, the blast cells are phenotypically similar to 

the common form of acute lymphoblastic leukemia. Myeloid blast crisis 

is heterogenous. The blasts appear to be morphologically similar to 

myeloblasts and express myeloid antigens and cytoplasmic enzymes. 

Erythroid and megakaryocytic variants of blast crisis also occurs (Bain 

et al., 1977; Rosenthal et al., 1977). 
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Several factors present at the time of diagnosis are associated 

with early transformation to blast crisis, including a high WBC count, 

a large proportion of immature cells, large spleen or liver size and 

large number of eosinophils or basophils. Patients with an apparently 

normal karyotype generally have an extremely poor prognosis compared to 

patients with the typical Ph' chromosome abnormality. Patients 

presenting with other chromosome abnormalities may also have a worse 

prognosis (Ezdinli et al., 1970; Whang-Peng et al., 1968). After the 

first year, there is a relatively constant risk of transformation to 

blast crisis; approximately 25 percent of patients surviving at any 

point will evolve into blast crisis over the ensuing year. Medium 

survival is three to four years. Less than 30 percent of patients 

survive five years (Fialkow et al., 1981). 

Treatment 

Several different strategies have been developed for the treatment 

of CML. The treatment of CML is mainly palliative (Koeffler and Golde, 

1981; Goldman and Lei, 1982; Wiernik, 1984; Priesler and Raza, 1982), 

being hampered by the lack of differential sensitivity to chemotherapy 

between the malignant cells and their normal hematopoietic counter 

parts (Goto et al., 1982). Treatment with an alkylating agent like 

busulfan or an anti-metabolite (DNA-synthesis inhibitor) like 

hydroxyurea is generally effective in controlling the granulocytosis 

and thrombocytosis. Other therapeutic approaches have included 

intensive leukapheresis, splenic irradiation and radioactive phosphorus 

(Reinhard et al., 1959). 

Such methods usually suppress the growth of the malignant clone 
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but fail to eradicate the disease. Patients who achieve "clinical 

remission", i.e., normal blood cell counts, continue to have 

predominantly Ph' chromosome-positive cells in the bone marrow. 

Although chemotherapy will relieve the symptoms of the disease, there 

is no evidence that treatment with any chemotherapeutic agent delays 

the development of blast crisis or prolongs patient survival (Minot et 

al., 1924; Medical Research Council, 1968). 

For CML patients in the early benign phase of the disease, 

recombinant human interferon alpha-A has recently been shown to induce 

hematologic remission (as reviewed by normalization of the WBC count, 

normalization of differential cell counts with no immature forms and 

the disappearance of all clinical symptoms)(Talpaz et al., 1986). 

Therapy with interferon also appears to result in the suppression of 

the Ph' chromosome in some of these patients. Yoffe et al. (1987) 

reported 2 cases where interferon therapy resulted in the restoration 

of normal bone marrow, whith apparently complete remission monitored, 

•to date, for 6 months in one case and 9 months in the other. Molecular 

analysis of these patients after treatment, showed (with a probe 

sensitivity of 5 percent Ph' positive cells) that no Ph' positive cells 

were present. However, interferon has sometimes strong side effects of 

fever and malaise. Further studies are needed to assess the effect of 

interferon on the course of Ph' positive CML and to determine the 

effect of combining it with other chemotherapeutic and biologic agents 

that may have antitumor activity in this disease (Kurzrock et al., 

1985). 

The most encouraging results have been obtained with high dose 

combination chemo-radiotherapy, followed by syngeneic or allogeneic 
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bone marrow transplantation. This is the only treatment so far capable 

of eradicating the leukemic clone. Fever et al. (1982) initially 

reported prolonged disease-free survival in patients with CML receiving 

high-dose cyclophosphamide, total body irradiation and syngeneic bone 

marrow transplants. Approximately 65 percent of patients receiving 

syngeneic transplants in chronic phase and 20 percent of those treated 

while in blast crisis have achieved complete remission free of Ph' 

chromosome-positive cells and have survived for over five years free of 

disease. 

Similar results have been obtained with allogeneic marrow 

transplantation with marrow from HLA-identical sibling donors (Goldman 

et al., 1986). The actuarial two year survival among patients given 

transplants in the chronic phase of their disease was 72 percent, a 

figure that contrasts with an actuarial survival of 18 percent among 

those treated in later phases of the disease. The actuarial risk of 

relapse at two years in these two categories of patients was 7 and 42 

percent, respectively. Unrelated donor bone marrow transplantation is 

possible when a suitable matched sibling donor is not available and 

when performed before the onset of advanced disease (Ganesan et al., 

1987). Unfortunately, only a minority of patients are currently 

candidates for bone marrow transplantation as most patients either lack 

an HLA-identical sibling donor or are too old to be considered. 

c) Acute lymphoblastic leukemia 

Clinical characterization 

Acute lymphoblastic leukemia (ALL) is a hematologic malignant 
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disease characterized by an uncontrolled proliferation of immature 

lymphocytes and their progenitors. The fundamental defect appears to 

be an unregulated proliferation of early precursor cells that have lost 

their capacity to differentiate. Studies with glucose-6 phosphate 

dehydrogenase and chromosome markers provided evidence that ALL is a 

disease in which normal and malignant cells coexist and compete for 

ascendancy within the bone marrow. This is in contrast to CML, in 

which only few normal hematopoietic progenitors are detectable at the 

time of diagnosis. Although ALL is most common in children, a 

substantial proportion of cases occur in adolescents and adults. The 

clinical symptoms of ALL relate to decreased numbers of hematopoietic 

cells. The signs and symptoms may have been present for several weeks 

to months before diagnosis and are usually nonspecific, consisting of 

mild fatigue, malaise and anorexia. With the development of anemia, 

the symptoms generally progress to more marked fatigue and pallor. 

Classification 

The complex array of hematopoietic differentiation suggests that 

the acute leukemias are extraordinarily heterogenous. Both 

morphological and immunological features are used to classify patients 

with ALL. A French-American-British (FAB) morphologic classification 

of ALL has been developed that recognizes three types of lymphoblasts 

termed LI, L2 and L3 (Bennett et al, 1976). The FAB classification is 

based on a spectrum of cell properties, such as the ratio of nucleus to 

cytoplasm, the number and size of nucleoli, and the degree of 

cytoplasmic basophilia. In childhood ALL, 85 percent of patients have 

LI morphology. In contrast, adults with ALL have a predominance of the 
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L2 morphology. The L3 morphology, resembling that in Burkitt's 

lymphoma is occasionally present in adults with ALL. 

A second approach to the classification of ALL is based on the 

immune features of the leukemic cells, in this system subtypes are 

termed common, T, B or null phenotypes, based on the detection on the 

cell surface of the common ALL antigen (a polypeptide with a molecular 

weight of 100,000), receptors for ovine red blood cells, T-cell 

antigens, or immunoglobulin molecules, respectively. Null cells have 

none of these surface features. In children, approximately 75 percent 

of cases are of the common ALL phenotype which may belong to the B-

lymphocyte lineage (Korsmeyer et al., 1983). The remainder consist of 

T-cell or null cell phenotypes: B-cell ALL accounts for less than 1 to 

2 percent of cases. In adults, the distribution of immunophenotypes is 

significantly different. Only 50 percent of cases are the common 

phenotype. Null cell ALL accounts for up to 40 percent in some 

studies, while the incidence of B-cell ALL also increases (Greaves and 

Lister, 1981). The increased frequency of phenotypically 

undifferentiated or null-cell ALL in adults is of possible prognostic 

importance. Recent data suggest that in some cases of null-cell ALL 

the cells may represent myeloid or hybrid leukemias rather than typical 

ALL (Desforges, 1981). 

Chromosomal abnormalities 

Data indicate that up to two thirds of adults with ALL have 

chromosomal abnormalities, including hypodiploidy, pseudodiploidy, and 

hyperdiploidy, as well as specific chromosome translocations. 

Approximately 17 to 25 percent of adults with ALL (LeBeau and Rowley, 
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1984) and 2 to 6 percent of children with ALL (Chessels et al, 1979; 

Priest et al, 1980) have the Ph' chromosome. Patients with Ph' 

positive ALL are heterogenous; up to 20 percent have a disease best 

characterized as lymphoid transformation of CML (Pittman et al, 1979). 

These patients may have a remission after treatment with vincristine 

and prednisone. They, nevertheless, retain the Ph' chromosome while in 

remission (as do patients with typical CML) and usually relapse within 

a short time with either lymphoid-blast or, less typically, myeloid-

blast crises (Catovsky, 1979). The second group of Ph'-positive 

patients with ALL are more typically of high-risk ALL. If these 

patients respond to chemotherapy, the bone marrow in remission is 

cytogenetically normal. Remission tends to be brief, with bone marrow 

or central nervous system relapse; myeloid transformation does not 

occur. Patients with ALL and the Ph' chromosome tend to be younger and 

have a lower white-cell count than those with lymphoid transformation 

of CML (Raza et al, 1982). Patients with L3 or the B-cell form of ALL, 

which is related to Burkitt's lymphoma or leukemia, have a high 

frequency of the t(8;14) translocation (Zech et al, 1976). Less 

commonly, translocations involving chromosome 8 and either 2 or 22 are 

found (t(2;8) and t(8;22)) (Van den Berghe et al, 1979). Other even 

less frequent aberrations found in ALL are t(4;ll), a deletion of the 

long arm of chromosome 6(6q-) and trisomy of chromosome 12(12+) (Jacobs 

and Gale, 1984). The result of cytogenetic studies suggest that ALL 

patients with chromosomal abnormalities have a worse prognosis. For 

example, over 70 percent of adults with a normal karyotype have 

remission with conventional chemotherapy, as compared with only 45 

percent of those with chromosomal abnormalities (Third International 
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Workshop, 1983). Abnormalities associated with a poor prognosis 

include t(9;22), t(4;ll) and t(8;14). In contrast, hyperdiploidy and 

6q- are both associated with a relatively good prognosis. 

Treatment 

The treatment of ALL is generally divided into two phases, called 

induction and continuation. The latter is subdivided into 

consolidation or intensification, and maintenance. The objective of 

induction chemotherapy is to achieve remission, i.e., the eradication 

of leukemia that is detectable by conventional techniques. 

Consolidation or intensification refers to the use of high-dose 

chemotherapy in patients who are in remission. These are aimed at 

completely eliminating residual clinically undetectable leukemia and 

preventing relapse and the emergence of drug resistant cells. 

Maintenance usually involves less intensive chemotherapy. Its purpose 

is to reduce the leukemia cell burden further. 

Approximately 50 percent of patients less than 15 years of age 

with ALL are experiencing long-term leukemia-free survival. This 

success has evolved during the past two decades by improving the rate 

of induction of complete remission, establishing the necessity for 

continued combination chemotherapy during remission with maximally 

tolerated doses of drugs, and prophylactically treating the central 

nervous system. 

The combination of vincristine and prednisone induces complete 

remission in more than 90 percent of pediatric patients. These drugs 

result in minimal suppression of normal regenerating bone marrow and 

allow for rapid induction of remission with minimal morbidity. 
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Patients more than 15 years of age and rare individuals with 

morphologically undifferentiated leukemia remain relatively resistant 

to this induction therapy. The addition of L-asparaginase or an 

anthracycline, such as daunomycin or adriamycin, may increase the 

proportion of patients who enter remission and may also result in lower 

relapse rates. 

Methotrexate and 6-MP have been the most effective agents for 

prolonging hematologic remission in ALL. Treatment in remission with 

drug combinations different from those employed in induction has become 

a standard part of the complete program. Combined with central nervous 

system prophylaxis it has, in the last decade, produced apparent cures 

in about 50 percent of children with ALL. Duration of maintenance 

therapy has varied from 2 1/2 to 5 years. 

Recent advances in understanding the biology and therapy of ALL 

have had a considerable effect on survival in this heterogeneous group 

of diseases; long term disease free survival rates of 50 to 75 percent 

are now observed in patients who receive chemotherapy (George et al., 

1979; Nesbit et al., 1983; Niemeyer et al., 1985; Hoelzer et al., 

1984). Some patients who have a first remission lasting more than 18 

months will have a prolonged second remission by chemotherapy alone 

(Rivera et al., 19851; Chessels et al., 1986). Chemotherapy followed 

by bone marrow transplantation from matched sibling donors has been 

used successfully in several centers to treat patients with leukemia in 

whom chemotherapy fails or who are at very high risk for relapse after 

primary therapy (Chessels, 1986; Johnson et al., 1981; Dinsmore et al., 

1983; Blume et al., 1980). In the 60 to 70 percent of patients that do 

not have a matched allogeneic marrow donor, autologous marrow 
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transplantation has been used (Ritz et al., 1982; Ramsay et al., 1985). 

The reports by Kersey et al. (1987) are encouraging, suggesting that in 

high risk group patients with a first remission lasting less than 18 

months, long-term survival can be obtained. 

III. Oncogenes, Mechanism of Activation and Biochemical Function 

a) Oncogenes 

The search for genetic damage in neoplastic cells now occupies a 

central place in cancer research. The belief that genetic damage might 

be responsible for cancer is based on a number of different findings: 

the recognition of hereditary predispositions to cancer (Lynch, 1976; 

Schimke, 1978; Ponder, 1980), the detection of damaged chromosomes in 

cancer cells (Rowley, 1983, 1984; Yunis, 1983), the apparent connection 

between susceptibility to cancer and impaired ability of cells to 

repair damaged DNA (Lehmann, 1982; Hanawalt and Sarasin, 1986), and 

evidence that relates the mutagenic potential of substances to their 

carcinogenicity (Ames, 1979). The discovery of cellular genes (proto-

oncogenes) that in another form (oncogenes) can be clearly demonstrated 

to induce neoplastic growth implicated DNA in the genesis of human 

tumors. 

To date more than 50 (proto) oncogenes (Table 2, Figure 1) have 

been identified. Several of the oncogenes have been associated with 

specific forms of human cancer (Bishop, 1983, 1985). They are believed 

to act individually or in concert; the interaction of oncogene-encoded 

proteins possibly accounts for the multi-stage nature of cancer. 
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Oncogenes are present in the human genome as normal cellular genes 

(proto-oncogenes) with normal cellular functions. Proto-oncogenes have 

been highly conserved throughout vertebrate evolution suggesting that 

they play a critical role in cellular metabolism or at particular 

developmental stages. 

Activation to oncogene activity can result from either qualitative 

or quantitative changes in the protein product encoded by an altered 

proto-oncogene. The activation could be caused by the expression of a 

normal proto-oncogene product in the wrong tissue or at the 

inappropriate development stage. The cellular processes affected by 

the conversion of a proto-oncogene into a transforming activated 

oncogene are not fully understood. 

b) Mode of discovery 

Viral transduction 

Cellular oncogenes were first identified as the homologues (c-onç) 

of the transforming genes of acute RNA tumor viruses (Bishop, 1983; 

Varmus, 1982, 1983). In contrast to the slowly transforming RNA tumor 

viruses, these acute transforming RNA tumor viruses were found to 

contain extra host cell derived sequences, responsible for the acute 

form of transformation. Typically, the viral oncogenes were found to 

represent truncated and/or mutated forms of normal cellular genes 

(Bishop, 1983; Duesberg, 1983). The genesis of retroviral oncogenes 

from cellular proto-oncogenes has been called transduction. 

Two different possibilities have been proposed to explain why the 

transduced oncogenes of retroviruses are pathogenic, even though they 

derive from seemingly harmless cellular genes. First, expression of 
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the transduced genes is driven by potent viral regulatory elements. 

Thus sustained and abundant expression of an otherwise normal gene 

might cause neoplastic growth. Efforts to test this possibility have 

given ambiguous results and remain incomplete. When expressed at high 

levels by experimental means, most of the proto-oncogenes tested to 

date can transform established lines of cells but not primary expiants 

of normal tissues. There may be exceptions in both regards: the 

proto-oncogene c-src has not elicited a completely neoplastic phenotype 

in established cells (Iba, et al, 1984; Parker et al., 1984; Johnson et 

al., 1985), whereas over expression of the normal c-mvc and c-H-ras 

proto-oncogenes transform primary as well as established cultures 

(Baumbach et al., 1986; Martin et al., 1986; Patchinsky et al., 1986; 

Cichutek and Duesberg, 1986). 

Second, transduced genes generally acquire mutations while en 

route from proto-oncogene to oncogene (Bishop, 1983; Varmus, 1984). 

Comparisons of retroviral oncogenes with their cellular progenitors 

have uncovered point mutations, deletions and genetic substitutions in 

the viral alleles. In two instances, this genetic damage appears to 

release the biochemical activities of the gene products from allosteric 

controls. Firstly, the mutations in v-src (Coussens et al., 1985; Iba 

et al., 1985; Cooper et al., 1986, Levy et al., 1986) and v-erb B 

(Gilmore et al., 1985; Kris et al., 1985; Lax et al., 1985) confer 

higher constitutive activity on the protein-tyrosine kinases encoded by 

these genes (they might also alter substrate specificities of the 

enzymes, but there is no evidence for this as yet). Secondly, mutations 

present in the oncogenic versions of c-ras reduce the GTPase (GTP is 

guanosine 5' triphosphate) activity compared to the activity of the 
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normal c-ras protein. Since the GTP-ras complex is the active 

version, this could imply that the oncogenic version may transmit a 

continuous signal rather than a regulated, transient one (Gibbs et al., 

1984; McGrath et al., 1984; Sweet et al., 1984; Manne et al., 1985; 

Colby et al., 1986; Levinson, 1986). Transformation by these 

retroviral oncogenes may therefore result from sustained levels of 

otherwise normal biochemical activities. 

Insertional mutagenesis 

A second mechanism of activation is called insertional 

mutagenesis. Integration of viral DNA into genomic DNA can influence 

expression of cellular genes by bringing them under control of powerful 

regulatory elements in the viral genome (Varmus, 1982; Nusse, 1986) or 

damage them directly (Bishop, 1983; Varmus 1982; Varmus, 1983). 

Besides previously identified cellular oncogenes like c-mvc (Hayward et 

al., 1981; Payne et al., 1982; Corcoran et al., 1984), c-mos (Rechavi 

et al., 1982; Cohen et al., 1983, Gattoni-Celli et al., 1983); c-mvb 

(Shen-Ong et al., 1984; Rosson and Reddy, 1986) and c-erbB (Fung et 

al., 1983; Raines et al., 1985), other cellular genes can serve as 

targets for activation by proviral or transposon-like integration, like 

int-1 (Nusse and Varmus, 1982; Nusse et al., 1984), pim-1 (Cuypers et 

al., 1984; Selten et al., 1985) or Mvli-1 (Tsichlis et al., 1983). 

There is as yet no direct evidence that activation of proto 

oncogenes by insertional mutagenesis is tumorigenic, but the argument 

nevertheless has considerable logical force. First, several of the 

genes attached by integration are known to be progenitors of retroviral 

oncogenes. Second, integration of retroviral DNA displays little (if 
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any) specificity within the cellular genome, yet integration in the 

tumors affects specific proto-oncogenes, presumably the consequence of 

selection for cells that have undergone neoplastic transformation. 

Third, retroviral vectors have been used to demonstrate that such 

mutant proto-oncogenes have transforming activity. Examples include c-

mvc and c-erbB (Baumbach et al., 1986; Martin et al., 1986; Patschinsky 

et al., 1986; Keath et al., 1984); and the proto-oncogene int-1. first 

identified at the integration site of MMTV (Brown et al., 1986). 

Translocation 

Cancer cells have provided clues to oncogenes in the form of 

microscopically visible damage to chromosomes. Three types of damage 

can be recognized: translocations between (or inversion within) 

chromosomes, deletions affecting discrete portions of chromosomes, and 

abnormal amplifications of large domains within chromosomes. Deletions 

on occasion may signal the existence of a different type of genetic 

element the so called "anti-oncogenes". 

Specific translocations have been shown to affect known c-

oncogenes such as c-myç and c-abl in the Burkitt's lymphoma and chronic 

myelogenous leukemia specific translocations respectively, or lead to 

the identification of new putative c-oncogenes as bc_l-l and bel-2 

(Nowell et al., 1984; Cleary and Sklar, 1985) or pvt-1 (Webb et al., 

1984; Cory et al., 1985). Like c-myç these latter genes are joined to 

the immunoglobulin genes following translocation. 

Although karyotypic instability of cancer cells is commonplace, 

and could represent effect rather than cause, several observations 

suggest that the translocation of proto-oncogenes plays a crucial role 
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in tumorigenesis. Some translocations occur with great consistency in 

particular tumors (Rowley, 1983; 1984; Yunis, 1983) and can affect the 

same proto-oncogene in different species, for example, c-mvc in B cell 

tumors (Varmus, 1984). Three of the proto-oncogenes first recognized 

during the study of retroviral oncogenes (c-abl, c-ets and c-mvb) have 

now been implicated in translocations that exemplify various forms of 

malignancy (Klein, 1983; Leder et al., 1983; Nowell et al., 1985 

Shtivelman et al., 1985; Bartram et al., 1983; Groffen et al., 1984 

Stam et al., 1985; Grosveld et al., 1986; Rovigatti et al., 1986 

Sacchi et al., 1986). Translocation of a proto-oncogene can damage 

both the structure and the function of the gene in ways that echo those 

found in the transduced and overtly oncogenic version of the same gene 

(Davis et al., 1985). Finally, mice carrying a translocated c-mvc gene 

in their germinal DNA develop lymphoid tumors (Adams et al., 1985). 

Amplification 

Amplification of proto-oncogenes has been shown in two patterns: 

as an occasional feature of diverse tumors (Varmus, 1984; Ali tal o and 

Schwab, 1986) and as a recurrent abnormality of specific proto-

oncogenes in particular tumors (Kohl et al., 1983; Little et al., 1983; 

Schwab et al., 1983b, 1984, 1985a; Schwab, 1985; Nau et al., 1985, 

1986; Escot et al., 1986; Wong et al., 1986; Libermann et al., 1985; 

Yamamoto et al., 1986). Investigation of amplified DNA sequences in 

tumor cells showed the involvement of previously identified oncogenes: 

c-mvc (Alitalo et al., 1983) and K-ras (Schwab et al. 1983a) and has 

also lead to the discovery of new, related oncogenes: N-mvc (Schwab et 

al., 1983b) or L-myç (Nau et al., 1985). 
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There are three reasons why amplification may be of significance 

in cancer cells. First because amplification frequently affects known 

proto-oncogenes (Varmus, 1984; Schwab et al., 1985b; Yancopoulos et al. 

1985; Alitalo and Schwab, 1986), secondly, the amplification of a 

proto-oncogene sometimes correlates with a particular feature of cancer 

cells, as if one were cause and the other effect (Winter and Perucho, 

1986), and thirdly, because amplified DNA persists in mammalian cells 

only if it provides a selective advantage to the cells (Stark and Wahl, 

1984; Schimke, 1984), it must be necessary in the cancer cells, where 

it has survived countless rounds of cell division. 

Transfection 

DNA-mediated gene transfer, led to the characterization of 

transforming genes present in tumor cells, competent to transform 

appropriate recipient cultured cells, e.g. the mouse fibroblast cell 

line NIH-3T3 (Cooper et al., 1980). Approximately 20 percent of the 

DNA's extracted from primary human tissue or human tumor cell lines 

were able to induce focus formation in cultures of this immortalized, 

rodent cell line. The isolated transforming genes are generally 

mutated members of the ras gene family: H-rjs, K-ras or N-ras (Cooper, 

1982; Der et al., 1982; Shimizu et al., 1983; Hall et al., 1983; Cooper 

and Lane, 1984). Despite obvious limitations, probably due to the 

recipient cell line used, occasionally new and often truncated 

transforming genes have been isolated like met (Cooper et al., 1984; 

Dean et al., 1985; Park et al., 1986), trk (Martin-Zanca et al., 1986), 

B- and T-lvm (Lane et al., 1982) or neu (Schechter et al., 1984; 1985; 

Bargmann et al., 1986a, 1986b). 
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c) Biochemical function 

Although a variety of proto-oncogenes and oncogenes have been 

discovered, only four biochemical mechanisms have been identified by 

which this rich diversity of proteins may act; control of gene 

expression by influencing the biogenesis of mRNA (Kingston et al., 

1984, 1985; Setoyama et al., 1986); participation in the replication of 

DNA (Studzinski, 1986); metabolic regulation by proteins that bind GTP 

in the manner of the familiar G or N proteins (Hurley et al., 1984); 

and protein phosphorylation with either tyrosine, serine or threonine 

as substrate amino acids (Hunter and Cooper, 1985). For a more 

detailed review of the different mechanisms see Weinberg (1985), Bishop 

and Varmus (1985) and Bishop (1985). 

The oncogene products of fos, my_ç, my_b, ski» E 5 3 , erb-A and iun 

are all found in the nucleus of the cell (Klempnauer et al., 1984; 

Verma et al., 1984; Bishop, 1985; Weinberger, et al, 1986; Struhl, 

1987) and are implicated in control of gene expression and replication 

of DNA. The exact mechanisms by which these proteins induce 

transformation is not known. 

Activation of ras oncogenes in human tumors is most commonly due 

to point mutations in the ras coding sequence (Bos et al., 1985; Fasano 

et al., 1984; Reddy et al., 1982; Tabin et al. 1982). Activated ras 

oncogenes are found in 10-20% of human tumors and have been detected in 

carcinomas, sarcomas, and hematopoetic malignancies (Der et al., 1982; 

Eva et al., 1983; Pulciani et al., 1982). Mammalian ras gene products 

are associated with the inner face of the plasma membrane, bind GTP, 

and exhibit a low GTPase activity (Sefton et al., 1982; Sweet et al., 
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1984). On the basis of sequence homology and biochemical properties, 

it has been suggested that Ü S proteins may be members of the G protein 

family that serve to transduce information from cell surface receptors 

to internal effector molecules in a variety of systems (Gibbs et al., 

1984; Hurley et al., 1984), e.g. hormonal regulation of adenylate 

cyclase (Gilman, 1984) and phosphoinositide turnover (Berridge and 

Irvine, 1984). Although there are few data concerning the normal 

function of p21 ras in mammalian cells, in yeast, one role of the ras 

protein may be to integrate nutritional information with intracellular 

cAMP levels via the adenylate cyclase system (Fraenkel, 1985; Toda et 

al., 1985). The GTPase activity of the oncogenic versions of p21 ras 

is considerably reduced compared to the normal product (Gibbs et al., 

1984; Sweet et al., 1984). Since the GTP-G protein complex is the 

active version of the G protein family, this could imply that the 

oncogenic version of p21 may transmit a continuous signal rather than a 

regulated, transient one. In the case of adenylate cyclase, this would 

lead in to activition of the cAMP-dependent protein kinase and would 

thereby increase the phosphorylation state of its protein substrates. 

IV. Protein Kinases 

For nearly thirty years phosphorylation has been recognized as a 

means of reversibly modulating the function of proteins. Over this 

period many protein kinases specific for serine and threonine residues 

in their substrates have been identified and characterized. The first 

protein kinase to be purified was Phosphorylase kinase in 1959 (Krebs 
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et al., 1959) followed in 1968 by the cAMP-dependent protein kinase 

(Walsh et al., 1968). Only recently have enzymes with specificity for 

tyrosine been reported. Tyrosine phosphorylating activity was 

originally detected in partially purified preparations of two viral 

transforming proteins (Eckhart et al., 1979; Witte et al., 1980). 

Since that time it has become clear that there is a large family of 

protein tyrosine kinases (Table 3). The group of oncogenic protein 

kinases account for approximately one third of all known oncogene 

products (Bishop, 1985, 1987, Table 2). Eight such cellular enzymes 

were first recognized in altered guises as parts of the transforming 

proteins of a series of acutely oncogenic retroviruses; these are v-

src. v-ves. v-fqr. v-fps/fes. v-abl, v-ras. v-erbB. and v-fms. Some 

tyrosine kinases are growth factor receptors. The proto-oncogenes c-

mos, c-raf. A-raf, pjcs and pim-1 show homology with protein 

serine/threonine kinases. 

All protein kinases have a striking sequence similarity in their 

catalytic domains. The first demonstration of this similarity came 

when the cAMP-dependent protein kinase subunit was shown to be related 

to pp60v-src over a region of about 300 amino acids (Barker and 

Dayhoff, 1982) an unexpected finding given the different amino acid 

specificities of these enzymes. This relatedness implies that the 

cAMP-dependent protein kinase and pp60c-src are descended from the same 

ancestral protein kinase. Based on sequence similarities, it appears 

that most if not all eukaryotic protein-serine/threonine and protein-

tyrosine kinase genes arose from a single archetypal gene. 

A comparison of a large number of catalytic domains reveals a 

series of short sequence motifs that are highly conserved. Starting 
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from the N-terminus, these include Gly-X-Gly-X-X-Gly followed by a Lys 

15-20 residues downstream both of which form part of the ATP binding 

site. At a distance varying from 80-180 residues further C-terminal, a 

second conserved region is observed, consisting of a sixty amino acid 

region which contains the sequences Arg-Asp-Leu, Asp-Phe-Gly and Ala-

Pro-Glu (Hunter and Cooper, 1985, 1986). Although the protein-

serine/threonine kinases and protein-tyrosine kinases are closely 

related, they are distinguished from one another by a number of primary 

sequence features in their catalytic domains. Among these is the 

region between the Asp-Phe-Gly and Ala-Pro-Glu elements, which contains 

the major autophosphorylation site. The existence in this region of a 

Tyr surrounded by acidic amino acids is, so far, a perfect prediction 

that a protein will be a protein-tyrosine kinase (Hunter and Cooper, 

1986). 

The screening of cDNA and genomic libraries with different probing 

techniques revealed new protein kinases in the srç gene family (Semba 

et al., 1986; Kawakami et al., 1986, Quintrell et al., 1987; Yamanashi 

et al., 1987; Ziegler et al., 1987), ab_l and fp_s_ gene family (Kruh et 

al. 1986; Foster et al., 1986) and new members of the protein 

serine/threonine family (PSK-J3, PSK-HI, PSK-C3, Hanks, 1987). In 

addition, well characterized protein kinases that were thought to be 

single catalytic entities proved to be encoded by multiple genes. 

Four mammalian protein kinase C genes have been identified, one of 

which gives rise to two alternately spliced mRNAs encoding proteins 

with different C-termini; this places at least five distinct protein 

kinase isozymes in this subfamily (Coussens et al., 1986; Knopf et al., 

1986; Ono et al., 1986a, 1986b; Parker et al. 1986; Housey et al., 
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1987; Ohno et al., 1987). Likewise, the cAMP dependent protein kinase, 

although known to have multiple regulatory subunits, was believed to 

have a single type of catalytic subunit. Now it has emerged that there 

are at least two genes encoding different, although highly related, 

catalytic subunits (Uhler et al., 1986; Showers and Maurer, 1986). The 

generation of multiple protein kinases from a single gene by alternate 

splicing, exemplified by protein kinase C, is also found with the c-abl 

gene, whose products can have one of two different N-termini (Ben-

Neriah et al., 1986a; Shtivelman et al., 1986a), as well as the srç 

gene, which encodes two forms of pp60 c-src differing by the presence 

or absence of an internal amino acid exon (Martinez et al., 1987). 

Although protein-serine kinase activity has been shown in 

prokaryotes, protein-tyrosine kinase activity has not yet been 

demonstrated. Protein phosphorylation seems to have become common in 

parallel with the increase in complexity of eukaryotic organisms. In 

yeast a total of 14 serine/threonine kinases but no tyrosine-kinases 

have been discovered. This is in contrast to Drosophila were at least 

9 protein tyrosine-kinases have been found (Hunter, 1987b). Probably, 

the first protein kinase originated from a nucleotide binding protein 

and had specificity for serine and/or threonine, subsequently a 

protein-tyrosine kinase evolved. The expansion in the number of 

protein tyrosine kinase genes may have coincided with the evolution of 

multicellular differentiated organisms. Many protein tyrosine kinases 

serve as receptors and signal transducers for circulatory peptide 

hormones and growth factors, a function that is largely unnecessary in 

unicellular organisms. The existence in mammals and Drosophila of so 

many growth factor receptor protein tyrosine kinases implies that 
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tyrosine phosphorylation plays an important role in mitogenic response 

pathways. However, the fact that both in mammals and in Drosophila 

several of the protein-tyrosine kinases are expressed at the highest 

levels in terminally differentiated neural tissue suggest that 

specific types of protein phosphorylation are essential for the 

functioning of differentiated as well as growing cells. 

Hunter (1987b) compares protein kinases with sophisticated 

transistors in electronic circuits. Protein kinases can be envisaged 

as components of biological feedback and amplification pathways, as 

well as switching or signalling systems, serving as major components of 

the essential regulatory circuitry of the cell. Their activity can be 

regulated positively or negatively by several types of input such as 

specific ligands or by phosphorylation of the protein kinases 

themselves. Most protein kinases have multiple substrates as outputs. 

For the cell to use protein phosphorylation as a regulatory 

mechanism, this modification must be reversible. Dephosphorylation is 

brought about by protein phosphatases. It has yet to be shown whether 

the protein phosphatases are as diverse as the protein kinases or 

whether fewer phospatases with broad specificity will suffice. To 

date, little is known about phosphotyrosyl-protein phosphatases, but 

there appears to be multiple forms, all of which are distinct from the 

better characterized phosphoseryl-phosphothreonyl phosphatases 

(Foulkes, 1983). 

The discovery of a protein kinase activity associated with pp60 v-

src (Collett and Erikson, 1978), the product of the Rous sarcoma virus 

(RSV) sr£ gene, suggested that transformation might be due to aberrant 

protein phosphorylation events which would modulate the functions of 
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critical cellular proteins. Abnormal patterns of tyrosine 

phosphorylation are manifest in cells transformed by the viral protein-

tyrosine kinases. However, little real progress in identifying cellular 

proteins phosphorylated on tyrosine have been made. First it has been 

difficult to demonstrate that cellular proteins phosphorylated on 

tyrosine in transformed cells are direct substrates of the kinase. 

Second, it has not yet been possible to firmly establish a causal 

relationship between tyrosine phosphorylation of any particular 

cellular protein and cell transformation. This raises the possibility 

that many of the known or suspected cellular substrates could be the 

result of simply adventitious phosphorylation with no physiological 

relevance. 

Although the exact mechanism through which phosphorylation is 

involved in cell transformation is unknown, the correlation between 

protein-tyrosine kinase activity of certain oncogene products and their 

ability to transform cells is significant. Mutation experiments with 

v-abl and v-src/c-src have shown that tyrosine kinase activity is 

necessary for transformation (Prywes et al., 1983, 1985; Coussens et 

al., 1985; Hanafusa et al., 1984; Levy et al., 1986; Jove and Hanafusa, 

1987). Overexpression of c-erbB-2 has been reported in approximately 30 

percent of human breast carcinomas (Slaraon et al., 1987; Venter et al., 

1987; Kraus et al., 1987) and activated c-abl proteins are present in 

the leukemic cells of Ph' positive CML and ALL patients. 
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V. The Ph' Chromosome 

The Ph' chromosome or 22q" is a cytogenetic abnormality usually 

resulting from a reciprocal translocation t(9;22) (q34; qll). This 

marker chromosome is found in the leukemic cells of more than 95 

percent of patients with chronic myelogenous leukemia (Rowley, 1973; 

Heim et al., 1985). A Ph' chromosome indistinguishable by cytogenetics 

is observed in the leukemic cells of about 17 to 25 percent of adults 

with a suspected diagnosis of ALL (Le Beau and Rowley, 1984). A lower 

incidence has been reported for childhood ALL (2 to 6 percent) 

(Chessels et al., 1979; Priest et al., 1980) and AML (less than 1 

percent, Abe and Sandberg, 1979; Yunis et al., 1984). The presence of 

the Ph' chromosome in CML usually means a better prognosis than when 

the Ph' chromosome is absent (Ezdinli et al., 1970; Pugh et al., 1985; 

Travis et al., 1986). However, Ph'-positive ALL patients have a worse 

prognosis than the Ph'-negative ALL patients (Bloomfield et al., 1986; 

Seeker Walker, 1984). 

The Ph' chromosome is the result of either a standard t(9;22) 

translocation (90 percent of the CML cases) (Rowley, 1973) or a variant 

translocation (3 to 8 percent, Heim et al., 1985). A minority of the 

CML cases (3 to 7 percent) are without a Ph' chromosome (Ph'-negative 

CML, Rowley and Testa, 1982). The standard Ph' translocation is the 

result of reciprocal exchange between chromosome 9 and 22, shown by de 

Klein et al. (1982) and Bartram et al. (1983) with the help of in situ 

hybridization. The translocation juxtaposes c-abl proto-oncogene 

sequences on chromosome 9 (Heisterkamp et al., 1982, 1983b; de Klein et 

al., 1982) with a gene of unknown function denoted ßhl_> on chromosome 


