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ABSTRACT

I  used a v arie ty  o f techniques including conventional cytogenetic 

a n a ly sis , in s i tu  hybrid isation  o f gene probes to metaphase chromosomes 

and Southern an a ly sis  o f DNA to study c e l l s  from p atien ts with chronic 

myeloid leukaemia (CML) and Philadelphia chromosome p o sitiv e  acute 

leukaemia. I  focused on f iv e  separate  but re la te d  questions.

I  studied a group o f p atien ts whose leukaemic c e l l s  lacked a c la s s ic a l  

Ph chromosome, so -ca lled  Ph-negative CML. I  confirmed the presence in 

some o f these patien ts o f the same abnormal gene and mRNA th at 

ch aracterise  Ph-positive CML but in s itu  hybrid isation  stu d ies suggested 

that the BCR/ABL gene was created not by a mechanism o f recip rocal 

tran slocation  but by in t e r s t i t i a l  in se rtio n . Studies designed to 

e sta b lish  more p recise ly  haw much ABL-cantaining genetic m aterial was 

in serted  into  chromosome 22 suggested that the amount o f chromosome 

9q3A-derived m aterial varied between d iffe ren t p a tie n ts .

I  studied a group of CML p atien ts with complex tran slo catio n s involving 

up to four chromosomes, in whom the sequence o f  tran slocation  events was 

not c le a r , to confirm th is  impression that chromosomes 9q3A and 22q11 

were always involved.
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I  studied the cytogenetic and molecular featu res o f 4 patien ts with Ph- 

p o sitiv e  CML in b la s t ic  transform ation to id en tify  p assib le  add ition al 

changes sp e c if ic  to transform ation.

I  had the opportunity to study two Ph-positive acute leukaemia p atien ts 

with unique fe a tu re s . One patien t a t  presentation  had a minority o f 

normal metaphases which a t  re lapse  had acquired an extra chromosome 19. 

Another p atien t had AML (FAB M6) a r is in g  de novo with a 'masked' Ph 

chromosome asso ciated  with extensive karyotypic changes.

My work provides support fo r the concept, now very widely accepted, that 

the acq u isition  o f the BCR/ABL chimeric gene i s  a fundamental step  in 

the pathway towards f u l l  leukaemic expression in CML and occasional 

cases o f acute leukaemia. I t  h igh ligh ts the important observation th at 

genomic changes a ssociated  with sp e c if ic  chromosomal tran slo catio n s may 

a lso  occur in cytogen etically  normal c e l l s .  I t  emphasises the point 

that other undefined genomic changes must a lso  contribute, perhaps 

c ru c ia lly , to the leukaemic phenotype in CML and Ph-positive acute 

leukaemia. F in ally  i t  addresses the question o f what types o f  further 

change may underlie b la s t  c e l l  transform ation.
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CHAPTER 1: CML AND THE PHILADELPHIA CHROMOSOME

1.1 CLINICAL AND HAEMATOLOGICAL FEATURES

1.1.1 Definitions of CML

The term chronic myeloid leukaemia (CML) describes a group o f d isea se s 

ch aracterised  by autonomous p ro life ra tio n  o f myeloid c e l l s  in  the bone 

marrow and other s i t e s .  The most common type o f CML, a lso  ca lle d  

chronic granulocytic leukaemia (CGL), i s  ch aracterised  by progressive 

splenomegaly, leu k ocytosis, anaemia and marrow h y p e rce llu la r ity . The 

myeloid c e l l s  and some B c e l l s  in the m ajority o f these p a tien ts  have a 

sp e c if ic  cytogenetic abnormality, the Philadelphia (Ph) chromosome (see 

below). Between 3 and 10% of CML p atien ts are a ty p ica l. Some o f these 

p atien ts have c l in ic a l  and haematological featu res th at resemble Ph- 

p a sit iv e  CML but th e ir  leukaemic c e l l s  lack  the Ph chromosome; these 

p atien ts have Ph-negative CML. A second subgroup o f  p atien ts has a 

d isease  th at su p e r f ic ia lly  resembles CML but shows increased numbers o f 

immature monocytes in  the peripheral blood and a lso  lacks the Ph 

chromosome. These p atien ts are u sually  c la s s i f ie d  as chronic 

myelomonocytic leukaemia (a category included in the French-American- 

B r itish  c la s s i f ic a t io n  o f the m yelodysplastic syndromes). A th ird  group 

i s  those with juven ile  CML. This d isease  occurs in young children and 

i s  ch aracterised  by leu kocytosis, lymphadenopathy, rash es, a normal 

leukaemia c e l l  karyotype and a poor response to therapy. L a stly , there 

are p atien ts with splenomegaly, la rge  numbers o f mature neutrophils in 

the peripheral blood, a ra ise d  neutrophil a lk alin e  phosphatase and a

22



normal karyotype. These p atien ts probably have chronic neutrophilic 

leukaemia (reviewed in Shepherd e t  a l ,  1987).

1.1.2 Clinical features

C la ss ic a lly  CML has two or three c l in ic a l  stages or phases. The d isease  

in ev itab ly  evolves sooner or la t e r  from a re la t iv e ly  benign 'chronic' 

phase to  an 'acu te ' or b la s t ic  transform ation; commonly there i s  an 

interm ediate phase o f 'acce le ra tio n ' which then proceeds to f u l l  b la s t ic  

transform ation.

1 .1 .2 .1  Chronic phase

The duration o f the chronic phase may vary from one year to twenty or 

more years in  d iffe re n t p a tie n ts . The i n i t i a l  presenting symptoms are 

often non specific . There may be lo s s  o f energy, shortness o f breath, or 

weight lo s s .  Some p atien ts may be completely asymptomatic and are 

diagnosed only a f te r  a routine blood count. Conventionally, however, 

uncontrolled expansion o f the granulocyte mass lead s to  enlargement o f 

the spleen and 90% o f p atien ts when diagnosed have a degree o f 

splenomegaly th at may range from being barely palpable to being so large  

th at i t  occupies most o f the an terio r abdomen. The l iv e r  a lso  i s  often 

enlarged in newly diagnosed p a tie n ts . Lymphadenopathy i s  uncommon but 

bru ising or purpura may be detected.
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1 . 1 . 2 . 2  A ccelerated  phase

In perhaps 75% of cases the chronic phase is superseded by a phase of 

altered biological behaviour of the disease that still does not fulfil 

the criteria for blastic transformation. This accelerated phase is 

difficult to define precisely. The new features may for example be 

splenomegaly with resistance to cytotoxic drugs, unexplained fever or 

lymphadenopathy. However at this stage the peripheral blood and bone 

marrow may not show any concordant increase in immature cells.

1.1.2.3 Blastic phase

The onset of the blastic phase may be sudden or gradual. The disease 

becomes more aggressive and is said to have transformed. In 20% of 

cases transformation may be precipitous and is referred to as blast 

crisis. Initial symptoms may include fevers, sweating, bone pain and 

haemorrhage at various sites and are generally similar to those of the 

acute leukaemias. Some patients may show symptoms which are primarily 

due to anaemia and some may have a rapidly increasing blast cell count 

with infiltration of the lungs and central nervous system.
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1.1.3 HAEMATOLOGY

1.1.3.1 Chronic phase

At presentation the white-cell count of a patient typically ranges from 

20 to >500 x 10^/1. The haemoglobin concentration is often slightly 

reduced with a mean of 9.7 g/dl (Spiers et al, 1976) and the platelet 

count is usually slightly elevated with a mean of x10^/l. The 

differential count shows a complete spectrum of granulocytic forms with 

prominent peaks in myelocytes and neutrophils and relatively fewer 

metamyelocytes. Blast cells may make up as many as 12% of the 

differential and their proportion increases in parallel with the 

increase in white-cell count. The level of neutrophil alkaline 

phosphatase is usually low or absent.

1.1.3.2 Accelerated phase

The haematological changes that characterise the accelerated phase are 

variable. There may be increasing leukocytosis, thrombocytosis
a n

(>1x10 Vl), thrombocytopenia, or basophilia. There may also be an 

increase in marrow fibrosis which may come to resemble primary 

myelofibrosis.
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1.1.3.3 Blastic phase

The blastic phase is diagnosed with the appearance of more than 30% of 

blasts or blasts plus promyelocytes in the peripheral blood or bone 

marrow, accompanied or rapidly followed by a depletion of normal 

elements (Karanas and Silver, 1968). The blasts in approximately 20% of 

cases have membrane markers characteristic of lymphoblasts (mainly of 

the B-cell type); approximately 75% have membrane markers characteristic 

of myeloblasts. In about 5% of cases blast cells with both lymphoid and 

myeloid features are seen in the same patient.

1.2 THE PHILADELPHIA CHROMOSOME

1.2.1 Discovery

The story of the Philadelphia chromosome began in 1960 when Nowell and 

Hungerford described a small acrocentric chromosome in the peripheral 

blood of two male CML patients (Nowell and Hungerford, 1960). Due to 

technical limitations at the time the authors were unable to say whether 

this marker was a G-group chromosome or a small Y chromosome. Later 

that year the same authors (1960) described a similar abnormality in 5 

more CML patients, some of whom were female. This result and the 

findings of Baikie et al (1960) excluded the possibility that this 

marker was a small Y chromosome and consigned it to the G group of 

autosomes. This small acrocentric G group chromosome was subsequently 

named the ’first* Philadelphia chromosome (Pĥ ) after the city from
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which it was first described. An international group that met to 

standardise chromosome nomenclature in 1971 decided that the Ph' 

chromosome should be defined as a deleted chromosome 22 (22q-) (Paris
A

Conference, 1971). Later the superscript number 1 in the Ph was 

dropped and the Philadelphia chromosome was abbreviated to Ph (Sandberg,

1985)

1.2.2 Further characterisation of the Ph chromosome

The methods for staining chromosomes available in the 1960s made it 

impossible to distinguish between the two pairs of G group autosomal 

chromosomes, 21 and 22. At that time uniform staining of chromosomes 

only allowed the human karyotype to be arranged in a sequence based on 

chromosome length and the position of the centromere. The introduction 

of techniques such as quinacrine (Q) and Giemsa (G) banding which 

produced unique transverse banding patterns on individual chromosomes 

made it possible for the Ph chromosome to be identified more precisely 

(Caspersson et al 1970a, Sumner et al 1971, Seabright et al 1971) .

Caspersson et al (1970b) and O’Riordan et al (1971) used the technique 

of Q-banding to define the Ph chromosome as a chromosome 22q-, 

resulting from a possible deletion or translocation. In 1973 Rowley, 

using both G and Q banding, demonstrated that the chromosomal material 

missing from 22 had been translocated onto the distal end of the long 

arm of chromosome 9 (Fig 1). This Ph translocation [t(9;22),(q34;q11)] 

was presumed to be reciprocal and therefore balanced. However, although 

the translocation of chromosomal material from chromosome 22 to
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chromosome 9 was microscopically visible by standard cytogenetic 

techniques, the translocation from 9 to 22 was not. Thus the reciprocal 

nature of the translocation uas only confirmed a decade later with the 

use of molecular biological techniques (Bartram et al, 1983).

1.2.3 The molecular basis of the Ph chromosome

During the 1970s molecular biologists identified transforming genes in 

retroviral genomes which they called viral oncogenes or v-oncs (reviewed 

by Bishop, 1983). Initially it was thought that these retroviral genes 

may be responsible for some human cancers when introduced into normal 

cellular DNA. The picture became more complex when it was determined 

that these viral genes were derived from homologous genes present in 

normal eukaryotic DNA. These genes were called proto-oncogenes or 

cellular oncogenes (c-oncs), and although the precise function of these 

genes was not known, data suggested that they played a role in the 

regulation of growth and differentiation of the cell. The idea was thus 

proposed that these genes could cause cancers if expressed 

inappropriately.

In 1982 Heisterkamp et al using somatic cell hybrids mapped the human 

homologue of the transforming sequence of the Abelson murine leukaemia 

virus, ABL, to chromosome 9q34. In the same year Swan et al (1982) and 

Dalla-Favera et al (1982) mapped the human homologue of the transforming 

sequence of the simian sarcoma virus, SIS, to chromosome 22q12-3. Since 

both these oncogenes were localised in the region of break that produce 

the Ph translocation and since each chromosomal band may contain several

2 9



hundred genes, it uas important to determine whether ABL or SIS (or 

neither) uas specifically involved in the translocation.

de Klein et al (1982) showed that the cellular proto-oncogene, ABL, was 

mapped to the 22q- (Ph) chromosome. They used mouse-human fused cells 

containing selected human chromosomes, somatic cell hybrids. Some such 

cell lines contained the Ph chromosome and others contained the 9q+.

They demonstrated by Southern blotting the presence of ABL in the Ph 

containing hybrid cells. A year later Bartram et al (1983) in the same 

laboratory used the in situ hybridisation technique to demonstrate 

hybridisation of ABL to the Ph chromosome in one CML patient and Groffen 

et al (1983) localised SIS to the 9q+ in CML. These results provided 

convincing molecular evidence that the Ph translocation was indeed 

reciprocal.

Although both 5IS and ABL were reciprocally exchanged in the Ph 

translocation, it was still unclear if either of these proto-oncogenes 

played any role in CML. At first the cytogenetic evidence seemed to 

favour SIS as the more important gene because analysis of variant 

translocations often showed 9q3L not to be involved. Presumably 

therefore a gene normally located on chromosome 22 uas likely to be 

involved in CML. However, conflicting evidence came from molecular 

analysis of complex variant Ph translocations. Bartram et al (1983) 

showed that in complex translocations involving chromosomes 9, 22 and 

another chromosome, ABL was always translocated to the Ph chromosome 

whereas the movement of SIS uas variable. This finding verified the 

observation by Rowley et al (1982) that it was the translocation of ABL
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and not of SIS that was important in the pathogenesis of CML. Thus it 

became necessary to define precisely the ABL gene and the molecular 

events leading to formation of the Ph chromosome.

The cloning of the ABL gene by several groups showed that it spanned 

approximately 230 kb and contained two alternative 5' exons (lb and la) 

associated with a set of ten common exons (Fig 2), to yield two major 

RNA transcripts of 6 and 7 kb (Heisterkamp et al 1983, Shtivelman et al 

1985, Shtivelman et al, 1986).

Heisterkamp et al (19B3) and Bartram et al (1983) analysed events 

related to the translocation ABL onto chromosome 22 in considerable 

detail. They showed in one patient that the breakpoint on chromosome 9 

occurred 1^ kb upstream of the first common exon of the ABL gene. 

Subsequent data suggested that the breakpoints on chromosome 9 were 

variable and ranged from k kb (Leibowitz et al 1985) to >100 kb 

upstream of the first known exon (1b) of the ABL gene (Grosveld et al

1985). However, the situation on chromosome 22 was quite different. 

Graffen and callegues showed that the breakpoints on chromosome 22 were 

clustered within a limited region of approximately 5.B kb (Heisterkamp 

et al 19B3, Groffen et al, 198A-). This region, called the breakpoint 

cluster region (BCR or M-BCR), includes 5 exons and forms part of a 

larger gene which spans at least 70 kb (Hariharan et al, 19B7, 

Heisterkamp et al, 19B5, Lifshitz et al, 1987a, Lifshitz et al, 1987b, 

Mes-Masson et al, 1986) (Fig 3). Analysis of these breakpoints showed 

that they mainly occur within intronic sequences between exons 2 and 3 

(b2 and b3) or 3 and k (b3 and bk) of M-BCR (Heisterkamp, 1985). (For a
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Fig 2 Schematic representation of the ABL proto-oncogene
The ABL locus is represented by the horizontal line, with
broken and solid lines indicating the regions of the gene
uncloned and cloned respectively. The positions of the
variable exons 1b and 1a and exon 2 (usually known as
the first common exon), as well as the location of
the exon containing the phosphotyrosine acceptor site (tyr) are
indicated. Arrows beneath the schematic diagram point to the positions
of ABL breakpoints in 5 CML patients; the position of the breakpoint
in the CML cell line, K562 is indicated above the schematic diagram
by an arrow (modified from Groffen and Heisterkamp, 1987).
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cluster region (M-BCR). (modified from Groffen and Heisterkamp, 1987)



m o re  d e t a i l e d  e x p o s i t i o n  o f  t h e  BCR n o m e n c la t u r e  u s e d  i n  t h i s  t h e s i s ,  

s e e  s e c t i o n  1 . 7 1 ) .

S t u d i e s  f o c u s i n g  o n  t r a n s c r i p t i o n  o f  ABL s h o w e d  t h a t  t h e  c e l l s  f r o m  Ph  

p o s i t i v e  CML p a t i e n t s  e x p r e s s e d  a  n o v e l  B k b  mRNA a n d  o c c a s i o n a l l y  a  9  

k b  mRNA i n  a d d i t i o n  t o  t h e  n o r m a l  6  a n d  7  k b  t r a n s c r i p t s  ( C a n n a n i  a t  a l ,  

1 9 8 A ,  G a le  a n d  C a n n a n i ,  1 9 8 A ,  t d e s t i n ,  1 9 8 2 ) .  T h e  n a t u r e  o f  t h i s  m e s s a g e  

w as e l u c i d a t e d  b y  S h t iv e lm a n  e t  a l  ( 1 9 B 5 )  who d e s c r i b e d  a  f u s e d  

t r a n s c r i p t  o f  ABL a n d  BCR i n  C M L . T h i s  i m p l i e d  t h a t  t h e  Ph 

t r a n s l o c a t i o n  r e s u l t e d  i n  t h e  c r e a t i o n  o f  a  new  c h i m e r i c  g e n e  c o n s i s t i n g  

o f  s e q u e n c e s  f r o m  BCR u p s t r e a m  o f  t h e  b r e a k p o i n t  o n  2 2 q 1 1  l i n k e d  t o  

t r a n s l o c a t e d  ABL s e q u e n c e s  ( F i g  A ) .  T h e  s t r i k i n g  u n i f o r m i t y  s e e n  i n  

d i f f e r e n t  p a t i e n t s  a t  t h e  mRNA l e v e l  i n  s p i t e  o f  m a j o r  s i z e  d i f f e r e n c e s  

b e tw e e n  t h e  d i f f e r e n t  B C R -A B L f u s i o n  g e n e s  i s  p r e s u m a b ly  a c h ie v e d  b y  

p o s t - t r a n s c r i p t i o n a l  m o d i f i c a t i o n .

P r o t e i n  s t u d i e s  h a v e  sh o w n  t h a t  b o t h  t h e  BCR a n d  ABL g e n e s  a r e  e x p r e s s e d  

i n  n o r m a l  c e l l s  a l t h o u g h  t h e  p r e c i s e  f u n c t i o n  o f  t h e  g e n e  p r o d u c t s  i s  

n o t  k n o w n . BCR p r o t e i n s  o f  1 9 0  k d  a n d  1 6 0  k d  a n d  tw o  ABL p r o t e i n s  

( w h ic h  d i f f e r  a t  t h e i r  a m i n o - t e r m i n i )  w e r e  i d e n t i f i e d  ( B e n - n e r i a h  e t  a l  

1 9 8 6 ,  G r o s v e ld  e t  a l ,  1 9 8 6 ,  K a n o p k a  e t  a l ,  1 9 8 A ,  1 9 8 5 a ,  1 9 B 5 b ) .  I n  

c e l l s  f r o m  p a t i e n t s  w i t h  CML K o n o p k a  e t  a l  ( 1 9 B 4 )  s h o w e d  t h a t  t h e  

c h i m e r i c  8  k b  B C R /A B L  mRNA i s  e x p r e s s e d  a s  a  c h i m e r i c  p r o t e i n  o f  M u t 2 1 0  

k d .  T h i s  p r o t e i n  c o n t a i n s  a l l  t h e  p e p t i d e  s e q u e n c e s  p r e s e n t  i n  t h e  

n o r m a l 1 ^ 5  k d  ABL p r o t e i n  a n d  e i t h e r  9 2 7  o r  9 0 2  a m in o a c id  r e s i d u e s  o f  

BCR ( d e p e n d in g  a n  t h e  i n c l u s i o n  o r  e x c l u s i o n  o f  e x o n  3 ) .  I n  c o n t r a s t  

t o  t h e  n o r m a l  ABL t r a n s c r i p t ,  t h e  2 1 0  k d  B C R /A B L p r o t e i n  h a s  t y r o s i n e
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Fig 4 Sch em atic  representation  of the Philadelphia translocation  
at the genom ic level.

The BCR and ABL genes are represented with the boxes indicating exons 
and the introns shown as lines. The M-BCR and m-BCR regions of the 
BCR gene are indicated. The representative positions for the breakpoints 
in CML and Ph-positive ALL are shown as vertical broken lines.
Two breakpoints occur in CML between exon b2 and b3, and between exons 
b3 and b4. These two breakpoints give rise to two chimeric BCR-ABL genes, 
one containing an extra M-BCR exon (CML-2). The breakpoints within 
intron 1 (m-BCR) in Ph-positive ALL give rise to a chimeric 
BCR-ABL gene containing only exon 1 (e1) of the BCR gene.
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k in a s e  a c t i v i t y  r e a d i l y  d e t e c t a b l e  i n  v i t r o  (K o n o p k a  e t  a l ,  1 9 8 4 ,  

K l o e t z e r  a t  a l ,  1 9 8 5 ,  K o n o p k a  e t  a l ,  1 9 8 5 ) .

1 .3  DISTRIBUTION OF THE Ph CHROMOSOME IN DIFFERENT CELL LINEAGES

N o w e l l  a n d  H u n g e r f o r d  f i r s t  o b s e r v e d  t h e  Ph c h ro m o s o m e  i n  d i v i d i n g  

m y e l o i d  c e l l s  o b t a i n e d  f r o m  t h e  p e r i p h e r a l  b lo o d  o f  a  p a t i e n t  w i t h  CML 

( N o w e l l  a n d  H u n g e r f o r d  1 9 6 0 a )  ( s e e  a b o v e ) .  I n  1 9 6 3  Id a n g -P e n g  e t  a l  

d e m o n s t r a t e d  t h e  p r e s e n c e  o f  t h e  Ph c h ro m o s o m e  i n  1 0 0 %  o f  t h e  m e ta p h a s e s  

i n  t h e  b o n e  m a rro w  o f  3  p a t i e n t s .  E v id e n c e  f o r  t h e  p r e s e n c e  o f  t h e  Ph 

c h ro m o s o m e  i n  o t h e r  c e l l  l i n e a g e s  s o o n  f o l l o w e d .  C l e i n  a n d  F le m a n s

( 1 9 6 6 )  d e m o n s t r a t e d  t h e  p r e s e n c e  o f  i r o n - c o n t a i n i n g  g r a n u l e s  a n d  t h e  Ph 

c h ro m o s o m e  i n  t h e  sam e c e l l s  o f  a  p a t i e n t  i n  b l a s t  c r i s i s ,  t h u s  

e s t a b l i s h i n g  t h e  p r e s e n c e  o f  t h e  Ph c h ro m o s o m e  i n  c e l l s  o f  t h e  e r y t h r o i d  

l i n e a g e .  S u b s e q u e n t ly  R a s t r i c k  e t  a l  ( 1 9 6 9 ) ,  u s e d  r a d i o i s o t o p e s  o f  i r o n

cn cc
( ^ F e  a n d  F e )  a n d  d e m o n s t r a t e d  l a b e l l i n g  o f  h a e m o g lo b in  i n  P h - p o s i t i v e  

r e d - c e l l  p r e c u r s o r s .  T h e  in v o lv e m e n t  o f  m e g a k a r y o c y t e s  w as  s t r o n g l y  

s u g g e s t e d  b y  t h e  o b s e r v a t i o n  o f  2 ,  4  a n d  8  Ph c h ro m o s o m e s  i n  4 n ,  8 n  a n d  

1 6 n  m i t o t i c  c e l l s ,  s i n c e  s u c h  p o l y p l o i d  c e l l s  w e r e  a s s u m e d  t o  r e p r e s e n t  

t h e  m e g a k a r y o c y t ic  s e r i e s  (W h an g  e t  a l ,  1 9 6 3 ) .  B y a p p l y i n g  c u l t u r e  

c o n d i t i o n s  f a v o u r a b l e  t o  m a c ro p h a g e  g r o w t h ,  G o ld e  e t  a l  ( 1 9 7 7 )  

d e m o n s t r a t e d  t h e  p r e s e n c e  o f  t h e  Ph c h ro m o s o m e s  i n  m o n o n u c le a r  c e l l s ,

80%  o f  w h ic h  w e r e  i d e n t i f i a b l e  a s  m a c r o p h a g e s .

T h e  p r e s e n c e  o f  t h e  Ph c h ro m o s o m e  i n  t h e s e  c e l l  l i n e a g e s  s u g g e s t e d  t h a t  

i t  a r o s e  i n  a  p l u r i p o t e n t i a l  s t e m - c e l l .  F ia l k o w  e t  a l  ( 1 9 6 7 )  s t u d i e d  

t h e  o r i g i n  o f  g r a n u l o c y t e s  a n d  r e d - c e l l s  u s in g  t h e  s e x - l i n k e d
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p o ly m o r p h ic  is o e n z y m e  g lu c o s e  6  p h o s p h a te  d e h y d r o g e n a s e  ( G 6 P D ) , o n e  

l o c u s  o f  w h ic h  i s  s u b j e c t  t o  X i n a c t i v a t i o n  i n  hum an  f e m a le s  s u c h  t h a t  

o n l y  o n e  X c h ro m o s o m e  r e m a in s  g e n e t i c a l l y  a c t i v e .  I n  t h r e e  f e m a le s  w i t h  

CML w ho w e r e  h e t e r o z y g o u s  a t  t h e  G6PD l o c u s ,  b o t h  is o e n z y m e s  A a n d  B 

w e r e  f o u n d  i n  t h e i r  c u l t u r e d  f i b r o b l a s t s .  T h e i r  r e d  c e l l s  a n d  

g r a n u l o c y t e s  h o w e v e r  o n l y  e x p r e s s e d  o n e  is o e n z y m e .  T h i s  f i n d i n g  w a s  

e v id e n c e  c o m p a t ib l e  w i t h  a  d is e a s e  o f  a  c l o n a l  n a t u r e  w i t h  a  common s te m  

c e l l  f o r  r e d  c e l l s  a n d  g r a n u l o c y t e s .  T h e  Ph s t a t u s  o f  t h e  ly m p h o id  

l i n e a g e  h a s  a l s o  b e e n  o f  g r e a t  i n t e r e s t .  R o s e n t h a l  e t  a l  ( 1 9 7 7 )  

o b s e r v e d  t h a t  t h e  m o r p h o lo g y  o f  b l a s t s  i n  21 o u t  o f  6 7  p a t i e n t s  i n  

b l a s t i c  t r a n s f o r m a t i o n  w a s  ly m p h o id  i n  o r i g i n .  A b o u t  33%  o f  a c u t e  

l y m p h o b l a s t i c  le u k a e m ia s  h a d  t h e  Ph ch ro m o s o m e  ( P e t e r s o n ,  B l o o m f i e l d  a n d  

B r u n n in g ,  1 9 7 6 ) ;  t h e y  s u g g e s t e d  ly m p h o c y t e s  c o u l d  p o s s i b l y  h a v e  a r i s e n  

f r o m  t h e  sam e a b e r r a n t  s te m  c e l l .  F ia l k o w  e t  a l  ( 1 9 7 B )  a g a in  s t u d i e d  

t h e  G6PD is o e n z y m e  e x p r e s s io n  t o  d e t e r m in e  w h e t h e r  ly m p h o c y te s  

o r i g i n a t e d  f r o m  t h e  sam e le u k a e m ic  p r o g e n i t o r  a s  t h e  le u k a e m ic  m y e l o i d  

c e l l s .  T h e y  c o n c lu d e d  t h a t  o n e  p o p u l a t i o n  o f  T  c e l l s  d i d  n o t  a r i s e  f r o m  

t h e  le u k a e m ic  c lo n e  ( t h i s  p o p u l a t i o n  h a d  b o t h  i s o e n z y m e s ) ,  w h e r e a s  

a n o t h e r  p o p u l a t i o n  o f  ly m p h o c y t e s  w i t h  B c e l l  c h a r a c t e r i s t i c s ,  s h o w e d  

o n e  is o e n z y m e  t y p e ,  s u g g e s t i n g  t h a t  t h e y  a r o s e  f r o m  t h e  CML s te m  c e l l .  

T h e r e  h a v e  a l s o  b e e n  d e t a i l e d  a n a ly s e s  o f  T - c e l l  i n v o lv e m e n t  i n  c h r o n i c  

p h a s e  CML ( B a r r  a n d  W a t t ,  1 9 7 8 ,  K e a r n e y  e t  a l ,  1 9 B 2 ,  F a u s e r  e t  a l ,  1 9 8 2  

F a u s e r  e t  a l ,  1 9 8 5 ,  B a r t r a m  e t  a l ,  1 9 8 7 ) .  Some o f  t h e  p a t i e n t s  s t u d i e d  

h a d  CML f o r  t e n  o r  m o re  y e a r s  a n d  d i r e c t  a n a ly s e s  o f  T - c e l l s  s h o w e d  n o  

e v id e n c e  o f  a  Ph c h ro m o s o m e . H o w e v e r ,  i n  tw o  s t u d i e s ,  T - c e l l  

p r o g e n i t o r s  w e r e  r e p o r t e d  t o  g i v e  r i s e  t o  P h - p o s i t i v e  m a t u r e  T - c e l l s  

( F a u s e r  e t ,  1 9 8 2 ,  F a u s e r  e t  a l ,  1 9 8 5 ) .
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Studies of in vitro skin cultures have demonstrated no Ph chromosome in

th is  t i s s u e ,  in d icatin g  that th is  d isease  process does not involve other 

somatic c e l l s  (Tough e t  a l ,  1961). I t  seems therefore th at CML involves 

a stem c e l l  common to the myeloid and the B and T lymphocyte s e r ie s .

1.4 CYTOGENETIC EVOLUTION IN STANDARD Ph-POSITIVE CML

In the m ajority o f CML p atien ts  the Ph tran slocation  i s  the only 

cytogenetic abnormality during the chronic phase o f the d isea se .

However progression o f the d isease  i s  heralded or accompanied by 

add itional chromosome abnorm alities in approximately 80% o f p a tie n ts . 

Early in v e stig a to rs , using unbanded chromosome preparations, believed 

th at the chromosomal changes th at occurred in addition to the Ph 

chromosome were non-random. These observations were la te r  corroborated 

by stu d ies using banding techniques. In 1976 Mitelman e t  a l  introduced 

the concept o f the ’m ajor1 and ’minor’ routes o f cytogenetic evolution 

taken by CML in b la s t ic  transform ation. The ’m ajor’ pathway referred  to 

acq u isition  o f an extra Ph chromosome, an extra  chromosome 8, and (or) 

the occurrence o f an isochromosome 17 [ i (17q)] .  These major add ition al 

chromosomal changes occur with sim ila r  frequencies. The gain o f 

chromosome 19, on the other hand seems to occur la te r  in  karyotypic 

evolution and most often in combination with an extra  chromosome 8 or a 

Ph. Furthermore whereas the the finding o f i(17q) in combination with 

an extra  chromosome 8 i s  qu ite  common, the combinations i(17q) with +19, 

i(17q) and +8 with +19, and i(17q) and +Ph with +19 are very rare 

(Fig 5 ).
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Fig 5 C o m m o n  pathways for cytogenetic evolution in C M L

This flow diagram indicates the 'major' and 'minor' pathways of 
cytogenetic evolution taken by CM L in blast crisis. 'Major' routes 
are: the acquisition of an extra Ph chromosome, chromosome 8, 
chromosome 19 and an isochromosome of 17q. 'Minor* routes are 
are all other cytogenetic changes. This chart emphasises a dynamic 
cytogenetic picture where new clones emerge from a cytogenetically 
unstable neoplastic cell population. Those cells with proliferative 
advantage gradually outgrow the others as the disease becomes more 
malignant, (modified from Heim and Mitelman, 1987)
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Secondary chromosomal aberrations have now been described in more than a 

thousand p a tie n ts , and ty p ic a l pattern s o f karyotypic evolution have 

been reviewed by several groups. The prognostic value o f detecting 

add ition al chromosome changes in  la te r  stages o f the d isease  i s  

important when i t  comes to  diagnosing accelerated  phase CML or impending 

b la s t  c r i s i s .  Thus the appearance o f secondary chromosome aberrations 

i s  an ominous sign  th at u sually  precedes c l in ic a l  b la s t  c r i s i s  by 2-6 

months. At tim es, the c lon al evolution may be detectable  in 

extramedullary t is su e s  before i t  can be diagnosed in the bone marrow 

(Mitelman, 1975). However, the occurrence o f add ition al cytogenetic 

aberrations i s  not an e s se n t ia l  feature o f b la s t  c r i s i s  development and 

about 20% o f  a l l  CML p atien ts  have the Ph chromosome as the so le  

cytogenetic abnormality throughout th e ir  d isease  (F ir s t  In ternational 

Workshop on Chromosomes in Leukaemia, 1978).

The c l in ic a l  s ign ifican ce  o f these add itional chromosomal changes in 

re la tio n  to b la s t ic  transform ation i s  s t i l l  co n tro v ersia l. C onflicting 

re su lts  have been reported with regard to the prognostic importance o f 

add ition al aberration s. In some s e r ie s ,  the su rv iv a l times o f the 

patien ts with and without add ition al aberrations have been s im ila r ; in 

other stu d ie s  patien ts with the Ph chromosome as the only abnormality 

survived longer than those who developed secondary changes (Alimena e t  

a l,1982 , Cervantes e t  a l ,  1986, Singh e t  a l ,  1986).

The precise  nature o f the secondary aberrations may a lso  be o f 

haem atological and prognostic importance, although again opinions 

d i f fe r .  A suggested a sso c ia tio n  between i(17q) and thrombocytopenia
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remains to  be confirmed (Fleishman e t  a l ,  19B1). Likewise the claim 

th at p a tien ts  with i(17q) have an e sp e c ia lly  poor prognosis has not been 

sub stan tiated  (Alimena e t  a l ,  1987). However, the a sso c ia tio n  between 

i(17q) and b aso p h ilia , f i r s t  suggested by Prigogina e t  a l  in 1978, has 

now been confirmed in other stu d ie s  (Swolin e t  a l ,  1985, Alimena e t  a l ,

1982). Recently attempts have been made to co rre la te  the chromosome 

abnorm alities in  b la s t  c r i s i s  with the morphological, immunological and 

cytochemical featu res o f the emerging b la s t s .  The number o f cases 

in v estigated  thoroughly i s  s t i l l  sm all, but the r e su lt s  o f three recent 

stu d ies in d icate  that the pattern  o f add itional abnorm alities co rre la te s  

with the predominant lineage involved in the transform ation (O’ Malley 

and Garson, 1985, Yao, 1985, P arreira e t  a l ,  1986). I t  seems th at in 

general the ty p ica l chromosome aberrations +8, i(1 7 q ), +19 and +Ph are 

found in b la s t  c r is e s  with myeloid d iffe re n tia t io n . The +8, i(1 7 q ) , and 

+19 however are le s s  common in the lymphoid b la s t  c r i s e s .

1 .5 Ph-NEGATIVE CML

Approximately 5% o f CML p atien ts have a form o f leukaemia th at resembles 

Ph-positive CML more or le s s  c lo se ly  but have a normal karyotype in 

th e ir  leukaemic c e l l s .  These p atien ts are c la s s i f ie d  as having Ph- 

negative CML. The p recise  haem atological c la s s i f ic a t io n  o f p atien ts 

with Ph-negative d isease  i s  s t i l l  con tro v ersia l. Some in v estig a to rs  

believe th at these p atien ts should be c la s s i f ie d  more correctly  as 

having m yelodysplastic syndrome. Pugh e t  a l  (1985), fo r  example, 

studied 25 p atien ts and c la s s i f i e d  a l l  but one as m yeloproliferative 

conditions other than CML or as m yelodysplastic syndromes. In the same

L>"
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vein, Travis et al (1986) suggested that Ph-negative CML was a mixture 

□f other disease types, thereby making it a ’non-entity1 (Travis et al,

1985). However other studies have contradicted these findings. Results 

of clinical and haematological study of Ph-negative CML, carried out as 

part of the Medical Research Council’s second therapeutic trial 

involving 547 patients, showed that of 35 cases (8%) entered as Ph- 

negative CML, 18 (4%) cases had leucocyte differential counts 

indistinguishable from Ph-positive CML. The remaining cases were 

reclassified as atypical CML (10 cases) or chronic myelomonocytic 

leukaemia (7 cases).’ Therefore it seems clear that a proportion of 

patients with Ph-negative CML have a disease that is, by clinical and 

haematological criteria, indistinguishable from Ph-positive CML. 

Molecular studies in some of these patients show the same changes as in 

the Ph-positive disease - namely the translocation of ABL to a 

morphologically normal chromosome 22, formation of a chimeric BCR/ABL 

gene, expression of the 8 or B.5 kb mRNA and translation of the 210 kd 

protein (Morris et al, 1986, Ganesan et al, 1986, Dreazen et al, 1987, 

Kurzrock et al, 1987, Wiedemann et al, 1988)

1.6 VARIANT Ph TRANSLOCATIONS

In the same year that the t(9;22) was identified, Hayata, Kakati and 

Sandberg (1973) reported the first case where material from the Ph 

chromosome had been translocated to a chromosome other than 9. They 

described a CML patient with a Ph chromosome and a normal chromosome 9 

but with an additional terminal band on chromosome 2.
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Since 1973 over three hundred such cases have been described. Based on
the documentation of nearly 4000 Ph positive cases the overall frequency 

of variant translocations is 4.3% (De Braekeleer, 19B6). These variant 

translocations were classified as ’simple' when the material last from 

chromosome 22 was translocated to another chromosome other than 9, and 

as ’complex' if three or more chromosomes (including 22) were involved 

in the translocation. Sometimes during these complex chromosomal 

exchanges a piece of chromosomal material was translocated to the 

deleted 22, thus obscuring the identification of the typical Ph 

chromosome. The resulting chromosome is sometimes called a 'masked' Ph 

chromosome (Tanzer et al, 1977) .

The advent of reverse banding or R-banding (a staining technique that 

gives a banding pattern that is the opposite or reverse of the G-banding 

pattern) in conjunction with high resolution chromosomes (more extended 

chromosomes revealing more bands) and in situ hybridisation techniques 

has made it passible to define the variant Ph translocations more 

precisely. Simple variants were shown always to involve G-band negative 

terminal chromosome regions which were often difficult to visualise 

(Heim et al,1985, Maserati et al, 19B6). Investigation of simple 

variants has shown involvement of chromosome 9 in each case (Oshimura et 

al 1982, Pasquali et al, 1979), thereby reclassifying simple variants as 

complex translocations. In situ hybridisation analysis has 

demonstrated that all variant Ph translocations involve a translocation 

of ABL to the Ph chromosome as in the standard Ph translocation (Bartram 

et al 19B3, 1985a, Hagemeijer et al 1984, 1985). De Klein et al (1984) 

showed that variant Ph translocations also have rearrangement of BCR.
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These findings demonstrate that variant Ph translocations have the same 

molecular lesions as the standard Ph translocation.

The significance of the involvement of chromosomes other than 9 and 22 

in CML has been extensively reviewed. Although one report pointed to 

the possibility that the blastic phase may be somewhat shorter in 

patients with variant translocations, the general consensus is that the 

disease seems to have features that do not usually differ from cases 

with a standard Ph (Patter et al, 1981, Sandberg et al, 1980, De 

Braekeleer et al, 1987).

All chromosomes apart from the Y chromosome have been implicated in 

these variant translocations. The observation that practically every 

chromosome could be involved in these translocations seemed to suggest 

that their role in the pathogenesis of CML was not significant.

Further, Heim et al (1985) found no obvious correlation between the 

breakpoints of all these chromosomes and fragile sites, oncogene 

locations or consistently occurring breakpoints in different 

malignancies. This conclusion was challenged in three separate studies 

The authors of these studies showed that although most chromosomes were 

involved in variant translocations, particular chromosomal bands were 

involved mare frequently than expected and many of these bands 

correlated with the positions of known oncogenes, fragile sites and non 

random sites of rearrangement in other malignancies (De Braekeleer, 

19B7, Huret et al, 1986, Maserati et al, 1986) (Fig 6). However, 

although a correlation between breakpoints and oncogene sites has been 

proposed, additional studies allowing a more precise localisation of
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Fig 6 Human chromosome map depicting the positions of oncogenes, 
fragile sites, breakpoints in human neoplasia and breakpoints 
in variant translocations of CML

On the righthand side of chromosomes: the breakpoints in human neoplasia are 
represented by an arrowhead ( ),
breakpoints in variant translocations are represented by an arrow ( )
On the lefthand side of chromosomes: fragile sites are represented by asterisks ( ), 
oncogenes are represented by lines.
The origin of the Human proto-oncogenes is listed below:
FGR Gardner-Rasheed feline sarcoma, SRC Rous chicken sarcoma,
L MYC Human lung carcinoma, N RAS Human neuroblastoma,
SKI SKV avian virus tdB77, ARG Abelson-related gene,
N MYC Human neuroblasoma, RAF 3611 Murine sarcoma,
FMS McDonough feline sarcoma, PIM Murine T-cell lymphoma,
K RAS Kirsten murine sarcoma, ROS Avian sarcoma,
MYB Avian myeloblastosis, ERB B Avian erythroblastosis,
MET Human osteosarcoma, MOS Moloney murine sarcoma,
MYC MC29 avian myelocytomatosis, ABL Abelson murine leukemia,
H RAS Harvey murine sarcoma, INT 2 Mouse mammary tumour,
ETS Avian E26 leukemia, K RAS 2 Kirsten murine sarcoma,
FES Snyder-Theilen feline sarcoma, ERB A Avian erythroblastosis,
NEU Rat neuroglioblastoma, YES Avian Yamaguchi (Y73),
SRC 1 Rous chicken sarcoma, SIS Simian sarcoma 
(modified from Heim and Mitelman, 1987).
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breakpoints as well as molecular investiga tion  o f the relevan t 

oncogenes, are necessary.

1.7 Ph-POSITIl/E ACUTE LEUKAEMIA

1.71 Introduction

I t  has been known for some years th a t the Ph chromosome was not 

re s tr ic te d  to  CML but was present in  about 20% of cases with adu lt acute 

lymphoblastic leukaemia (ALL), 2-3% of cases with childhood acute 

lymphoblastic leukaemia and 1-2% of cases with acute myeloid leukaemia 

(AML) (Heim and Mitelman, 1987). The c lin ic a l  s im ila r it ie s  between the 

acute leukaemias and the b la s t  c r i s is  of CML led  some in v estig a to rs  to 

propose th a t the Ph-positive acute leukaemias were nothing other than 

the b la s t ic  transform ation of CML with a s i le n t  or undiagnosed chronic 

phase (Catovsky, 1979). However many fea tu res o f the Ph-positive acute 

leukaemias argue against th is  in te rp re ta tio n . F ir s t ly  the onset o f the 

acute leukaemia i s  often rap id . Secondly there  i s  usually  persistence  

of same Ph-negative metaphases throughout the course o f the d isease. 

Thirdly there  i s  usually  a tru e  complete remission in  response to  

treatm ent with the disappearance of a l l  the Ph-positive metaphases 

(Sandberg e t  a l ,  1980). All these fea tu res c o n tra s t with the ty p ica l 

findings in  CML in  transform ation. Furthermore, although the Ph 

chromosomes of ALL and CML are ind istingu ishab le  a t  the cytogenetic 

lev e l severa l in v estig a to rs  have recen tly  reported molecular d ifferences 

between CML and Ph-positive AML and ALL (De Klein 1986, Hermans e t  a l 

1987, Clark e t  a l ,  1987, Chan e t  a l ,  1987, Kurzrock e t  a l ,  1987).
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1.72 Ph-positive acute lymphoblastic leukaemia (ALL)

These leukaemias have been typed according to  the French-American- 

B ritish  (FAB) c la s s if ic a tio n  as L1 or L2. The large  m ajority of cases 

have an tigen ic  markers corresponding to  early  precursor B-lymphocytes. 

These c e l ls  exh ib it immunoglobulin heavy chain rearrangement, express 

term inal deoxynucleotidyl tran sfe rase  (Tdt) and the membrane markers CD 

19 (B*0 and CD 10 (common ALL antigen (Rozendaal e t  a l ,  1981, Louwagie 

e t  a l ,  1985). hJithin the population of ALL p a tien ts  the finding of a Ph 

chromosome c o n stitu te s  a poor prognostic fa c to r . Remission i s  usually  

obtained but relapse occurs early  re su ltin g  in  a sho rt duration of l i f e  

with median su rv ival of only 10-12 months (Bloomfield e t  a l ,  19B6).

50% of p a tien ts  with Ph-positive ALL have add itional chromosome 

abnorm alities. These aberrations occur mainly as aneuploidy and to  a 

le s se r  ex ten t as s tru c tu ra l chromosomal rearrangements. Monosomy of 

chromosome 7 is  re la tiv e ly  common and tran sloca tions involving both 

chromosome 9s have been reported (Sandberg e t  a l ,  1985). 15% of Ph-

positive  ALLs have varian t Ph tran s lo ca tio n s . These varian ts  occur with 

g rea te r frequency in  Ph-pasitive ALL than in Ph-positive CML, the l a t t e r  

having an incidence of approximately 5% (Ribeiro e t  a l  1987). Complex 

varian ts  involving chromosomes 14q32 in  p a rtic u la r  have been reported 

(Takeuchi e t  a l ,  1981, De Klein e t  a l ,  1986).

Molecular analysis o f the Ph tran slocation  showed th a t  about 50% of 

p a tien ts  have a breakpoint w ithin M-BCR (Erikson e t  a l ,  1986, De Klein 

e t  a l ,  1986). In these cases an 8 or 8.5 kb chimeric mRNA is
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transcribed  and a chimeric P210 protein  i s  tra n s la te d . The o ther 50% of 

cases did not have a break within M-BCR and fa ile d  to  express an 0 kb 

mRNA. De Klein e t  a l (1986) showed th a t ABL is  consisten tly  

tran slocated  to  the Ph chromosome and 3 ’ BCR sequences are sometimes 

dele ted . Although no P210 was found in  the leukaemic c e l ls  of these 

p a tie n ts , a novel ABL re la te d  pro tein  o f 190 or 185 kd was detected 

(Chan e t  a l ,  19B7, Clark e t  a l  19B7, Kurzrock e t  a l ,  1987). Hermans e t  

a l (19B7) reported th a t ,  in  these p a tie n ts , chromosomal breaks occur 5 ’ 

of M-BCR but w ithin the f i r s t  in tron  of the BCR gene (Fig 3 ). They 

suggested th a t in  th is  way a new fusion gene was created which 

transcribed  a 7 kb BCR/ABL mRNA (Fig k ) . Most o f the breakpoints w ithin 

the f i r s t  in tron  of the BCR gene have been shown to  be c lu ste red  in  a 

10.B kb region (Chen e t  a l ,  19BB). However recen tly  Chen e t  a l  (1989) 

reported two cases of Ph-positive ALL with breakpoints in  a 5 kb segment 

of the f i r s t  in tro n , 16 kb upstream of the previously described c lu s te r .

1 .7 .3  Ph-positive acute myeloid leukaemia (AML)

Two-thirds of Ph-pasitive AML p a tien ts  have c e l ls  with Ml fea tu res 

according to  the FAB c la s s if ic a t io n . The remaining one-th ird  o f cases 

are mostly M2, le ss  commonly M4 and ra re ly  M5. As in  ALL, the presence 

of the Ph chromosome in  an AML p a tien t c o n s titu te s  a poor prognostic 

fac to r (Bloomfield e t  a l ,  1978, Maddox e t  a l ,  1981). Although the 

number o f cases studied i s  small compared with ALL, varian t 

tran sloca tions have been reported (Kurzrock e t  a l ,  1987, Price e t  a l ,  

1988).
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Feu molecular analyses have been reported so fa r  in Ph-positive AML. 

Kurzrock e t  a l (19B7) have shoun th a t in  a p a tien t u ith  u ith  no 

breakpoint in M-BCR the leukaemic c e l ls  expressed a p190 BCR-ABL 

p ro te in . Erikson e t  a l  (1986) reported rearrangement o f M-BCR in  

another p a tie n t.

1.8 NEW DEFINITIONS ARE REQUIRED

1.8.1 Neu nomenclature

As a re s u lt  of molecular investiga tions of the Ph tran sloca tion  carried  

out by d if fe re n t groups some confusion has resu lted  over nomenclature. 

When the breakpoints on chromosome 22q11 uere f i r s t  analysed in  CML, the 

c lu s te rin g  of these breaks in  a p a rtic u la r  region of DNA led to  the term 

Breakpoint C luster Region (BCR) (Groffen e t  a l ,  198A). This region of 

DNA uas then found to  be p a rt of a gene uhich contains a t  le a s t  20 

exons and uhich uas then ca lled  the BCR gene by some in v es tig a to rs .

Often the term BCR uas used to  re fe r  to  both the region, uhere the 

m ajority o f breakpoints in  CML occur, and also  to  the gene i t s e l f .  One 

group suggested th a t the gene should be ca lled  PHL and the term BCR 

should re fe r  ju s t  to  the 5.8 kb region u ith in  the gene (Greaves e t  a l ,

1987). Houever a f te r  the observation of a second breakpoint c lu s te r  

region 5* of BCR but u ith in  the f i r s t  in tron  of the 1PHL1 gene in  some 

p a tien ts  u ith  acute leukaemia, i t  uas recognised th a t a neu nomenclature 

uas needed to  define both these areas c le a rly . Recently a prov isional 

nomenclature uas proposed by an informal group of in v es tig a to rs . They 

suggested th a t the 5.8 kb region previously designated BCR be termed M-
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BCR (major breakpoint c lu s te r  region) and th a t  the c lu s te rin g  of 

breakpoints within the f i r s t  in tran  of the BCR gene be known as m-BCR 

(minor-breakpoint c lu s te r  region) (Gale and Goldman, 19BB).

53



CHAPTER 2: MATERIALS AND METHODS

2.1 PATIENTS AND CONTROLS

Cytogenetic, in s i t u  hybrid isation  and molecular stu d ie s  were carried  

out on three groups o f CML p atien ts and two Ph-positive acute leukaemia 

p a tie n ts . Each o f these groups displayed featu res which posed 

in te re stin g  questions relevant to  leukaemia and to the genesis o f cancer 

in general.

2.1.1 Ph-negative CML

A selected  group o f e ight Ph-negative CML p atien ts was stu d ied . The 

m ajority o f these p a tien ts  had been re ferred  to us fo r in vestigation  

from haematology departments in the United Kingdom. These p a tie n ts , 

in i t i a l ly  studied lo c a l ly ,  had c l in ic a l  and haem atological p ictu res 

resembling c la s s ic a l  CML but th e ir  leukaemic c e l l s  lacked a Ph 

chromosome. Samples o f peripheral blood and/or bone marrow were sent to 

us fo r  confirmation o f cytogenetic find ings and further molecular 

in v estig a tio n .

2.1.2 Variant Ph-positive CML

Four CML p atien ts with varian t tran slo catio n s were id e n tif ie d , three 

’ complex1 and one 1 sim ple' .  The 1 sim ple' varian t was studied by 

cytogenetics and in s i t u  hybrid isation  to find  out whether chromosome
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9q34 and hence the ABL oncogene was involved in  the tran slo catio n . The 

sequence o f chromosome rearrangements in a p atien t with a ’ complex' 

tran slocation  involving 5 d iffe re n t chromosomes where the tran slocation  

pattern a f te r  R-banding ambiguous was in v estiga ted . The 'complex’ 

tran slo catio n s in the two other p atien ts involved breakpoints in the 

region o f the MYB and FMS oncogenes. A possib le  tran slocation  o f these 

oncogenes was looked fo r  by in s i tu  h ybrid isation .

2.1.3 Blast crisis CML

Four CML p atien ts in  b la s t  c r i s i s  o f myeloid lin eage were studied by 

cytogenetic and molecular means in  order to id en tify  sp e c if ic  changes 

unique to b la s t ic  transform ation.

2.1.k Acute leukaemia

Two Ph-positive acute leukaemia p atien ts with unique featu res were 

in vestigated  by cytogenetic, in  s i tu  hybridisation  and molecular means. 

One p atien t had acute lymphoblastic leukemia; a t  presentation  he showed 

both myeloid and lymphoid c e l l  surface markers and both Ph-positive and 

negative metaphases in the bone marrow. The other p atien t had acute 

myeloid leukaemia with a complex karyotype including a 'masked' Ph 

chromosome.
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2 . 1 . 5  C o n tro ls

Control samples o f peripheral blood and bone marrow were obtained from 

normal in d iv id uals (members o f s t a f f  and/ bone marrow tran sp lan t donors) 

and p atien ts routinely  treated  a t  our c lin ic  with chronic phase CML and 

a standard Ph chromosome. P ositive  (Ph-positive CML) or negative 

(normal) contro ls were used in each experiment.

2.2 CELLS

2.2.1 Handling of peripheral blood and bone marrow

Samples o f bone marrow (1-2 mis) were co llected  into  s t e r i le  ’ u n iv ersa l' 

b o ttle s  containing 4 mis o f cu lture medium, con sistin g  o f 1 ml f e t a l  

c a l f  serum in RPMI 16*f0 medium (Gibco), and 200 u n its o f p reservative- 

free  heparin (PFH) (Paines & Byrne). Peripheral blood was usually  

co llected  in s t e r i le  u n iversals containing 200 u n its o f heparin without 

medium. These samples were delivered to the laboratory as soon as 

p o ssib le  a f te r  co llec tio n  and preferab ly  processed an the same day. 

However i f  necessary and e sp e c ia lly  when the specimens were co llected  a t  

some d istance from the laboratory , the peripheral blood (PB) and bone 

marrow (BM) c e l l s  was stored overnight a t  4°C and processed the 

fallow ing day. S te r i le  technique was employed throughout the procedures 

o f handling and culturing c e l l s .
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2.2.2 Cryopreservation and reconstitution of cells

Peripheral blood from newly diagnosed CML p atien ts were routinely  

cryapreserved in  our laboratory . Peripheral blood and bone marrow was 

a lso  cryopreserved from a number o f CML p atien ts in  b la s t ic  

transform ation. The techniques o f c e l l  c o lle c tio n , storage and 

recon stitu tion  o f frozen c e l l s  were f i r s t  described by H ill e t  a l

(1973). Leukaemic blood c e l l s  from newly diagnosed patien ts were 

co llected  by means o f a continuous flow b lood -ce ll separator (Cobe 2997) 

and bone marrow c e l l s  were co llected  by a sp ira tio n  from the i l i a c  c re s ts  

with the p atien t under general an aesth esia . 10% dimethylsulphoxide 

(DMSQ) was used as a cryoprotective agent and nucleated c e l l s  were 

routinely frozen together with the contaminating erythrocytes in 2 ml 

polypropylene ampoules (S te r i l in )  a t  a controlled  ra te  o f 1 -1 .5°C/min. 

C ells were stored  a t  -196°C in liq u id  nitrogen containers (Planer L td ). 

Frozen c e l l s  were reconstitu ted  by d ilu tin g  one ampoule o f c e l l s  in 20 

mis Hanks' balanced s a l t  so lu tion  (Gibco) to prevent agglutination  o f 

leucocytes, before the separation  o f mononuclear c e l l s .

2.2.3 Separation of mononuclear cells

Mononuclear c e l l s  from these BM and PB samples were usually  separated on 

a density gradient using Lymphoprep (Nyegaard). Samples with very high 

w hite-cell counts (> 200 x10^/l) were d iluted  with s t e r i le  Hanks' 

balanced s a l t  solu tion  (Gibco) and one part o f c e l l  suspension was added 

to one p art o f Lymphoprep so lu tio n . The c e l l s  were care fu lly  layered

57



(in  dropwise fashion) onto an equal volume o f Lymphoprep and centrifuged 

a t  2000 rpm fo r  30 mins. After cen trifugation  immature myeloid and 

other mononuclear c e l l s  lay  in  a well defined, white band a t  the 

in terface  between the serum and the Lymphoprep. This mononuclear 

frac tio n  was removed using a 1□ ml syringe with an attached q u i l l  and 

the volume made up to  20 mis with Hanks’ so lu tion  in a s t e r i le  

u n iv ersa l. These c e l l s  were washed twice by centrifuging the c e l l s  a t 

2000 rpm fo r  5 mins and f in a lly  resuspended in  up to  5 mis o f Hanks’ 

so lu tion  a t  a c e l l  concentration o f approximately 10x10®/ml.

2.2.L Cell-counting procedures

After separation  o f the mononuclear frac tio n  and before cu ltu rin g , the 

c e l l s  were counted manually using an improved Neubauer counting 

chamber. 10 ul o f cell-su spension  was mixed with 90 1 o f a 1% a c e tic

solu tion  and gently introduced in to  a counting chamber (under a 

c o v e rs lip ) . The counting was done under a microscope using a xA-0 

ob jective  le n s . The number o f c e l l s  were counted within the cen tral 

grid  which was the equivalent o f 0.1 micron. Taking the d ilu tio n  

fac to r  in to  account i t  was p o ssib le  to work out the concentration o f 

c e l l s  in the f in a l  c e l l  suspension.
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2 .2 .5 .1  Preparation o f  con d ition ed  media

Far optimum culture conditions i t  was often necessary to supplement our 

culture medium with conditioned media derived from three main sources:

(1) A ctivation o f T-lymphocytes by a llaan tigen s 

Mononuclear c e l l s  from a t  le a s t  2 indiv iduals were combined and 

suspended a t  a concentration 1x10^/ml in culture medium and cultured fo r 

7 days a t  37°C. The cell-su spen sion  mas centrifuged a t  5000 rpm fo r  5 

mins and the supernatant used as conditioned medium.

(2) Antigen activation  o f T-lymphocytes with -mercaptoethanol 

This conditioned medium uas obtained by incubating mixed mononuclear 

c e l l s  with -mercaptaethanol a t  a f in a l  concentration o f 10“ M̂ fo r  7 

days a t  37°C. The c e l l  suspension uas centrifuged a t  5000 rpm fo r  5 mins 

and the supernatant uas used as conditioned medium.

(3) Conditioned medium derived from bladder-carcinoma c e l l- l in e  5637 

The supernatant from c e l l- l in e  5637 (Foch e t  a l ,  197B, Gabrilov e t  a l ,

1986), uhich appears to optim ally support the p ro life ra tio n  o f myeloid 

c e l l  progenitors (CFU-GM) (Myers e t  a l  , 198*0, uas used as a 

conditioned medium in our cu ltu re s .

Conditioned medium uas used a t  a concentration o f 10% volume by volume 

(v /v ) .

2.2.5 Cell-culture procedures
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2.2.5.2 Setting up of cultures

Our cu lture medium consisted  o f RPMI 164-0 with added Hepes b u ffer 

(Gibco) suplemented with 20% fe t a l - c a l f  serum, 10 ug/ml p e n ic il l in  and 

10 ug/ml streptomycin (Gibco), and 10 ug/ml un its L-glutamine (Gibco). 

The mononuclear c e l l s  were cultured a t  a concentration o f 1x10^/ml in 25
n

cm  ̂ t issu e -cu ltu re  f la sk s  (Falcon) containing 7 mis o f culture-medium 

and 10% conditioned medium. The cu ltures were incubated (with the 

fla sk -cap s s l ig h t ly  loosened) fo r a period o f 24—96 hours in  an 

incubator (Leec) with 5% CO2 in a ir  a t  37°C.

2.3 CYTOGENETICS

2 . 3 . 1 .  Standard cy to g en etic s

2 .3 .1 .1  C e ll h arvestin g  procedures

Cultures were harvested a t  24- hour in te rv a ls  over a period o f 96 hours. 

However, occasionally  low c e l l  numbers from PB and BM samples meant th at 

a l e s s  than optimal concentration o f c e l l s  was used. The b est time fo r 

harvesting these cu ltures was assessed  by c lo se ly  observing the ra te  and 

type o f growth under an inverted microscope.

Colcemid (Gibco) was added to the cu ltures a t a concentration o f 10 

ug/ml 4-5 to 60 mins before they were harvested. Thereafter the c e l l  

suspension was tran sferred  to 10 ml conical centrifuge tubes (S te r i l in )  

and centrifuged a t  1000 rpm fo r 5 mins. Most o f the supernatant was
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removed leaving behind approximately 1 ml in which the the c e l l- p e l le t  

was resuspended. 5 mis o f 0.075 M hypotonic potassium chloride (KC1) 

was added dropwise to  th is  c e l l  suspension which was then incubated in a 

37°C waterbath fo r 20 mins. C ells  were then centrifuged a t  1000 rpm fo r  

5 mins and most o f the supernatant removed. The resuspended c e l l s  were 

then fixed  in  a fre sh ly  made 3:1 methanol to a c e tic  acid  so lu tio n . 

Optimal fix a tio n  o f c e l l s  was achieved by adding f ix  so lu tion  very 

slowly w hilst constantly shaking the tube. The fixed  c e l l s  were usually  

l e f t  fo r  30 mins a t  room temperature (RT) and then washed sev era l times 

(3-4) in f ix  so lu tio n . The c e l l  p e lle t  was f in a l ly  resuspended in f ix  

so lu tion  (approximately 1 ml) so th at the c e l l  suspension appeared 

cloudy.

2 .3 .1 .2  Preparation o f  s l id e s

Pre-cleaned 76x26 mm tw in-frosted (Chance Propper) microscope s l id e s  

which had been soaked overnight (or longer) in  absolute ethanol were 

used to  make metaphase preparations. The s l id e s  were removed from the 

ethanol and wiped dry using clean paper tow els.

Metaphase spreads were made as fo llow s: The c e l l  suspension was taken

up in a g la s s  pasteur p ip ette  (B ilbate) and held approximately 15 cm 

above a s l id e  held h o rizo n ta lly . The c e l l  suspension was dropped onto 

the s l id e  (one drop a t  e ith er end) and then l e f t  in a v e r t ic a l  position  

to dry in a i r .  One or two s l id e s  were then immediately stain ed  using a 

10% Giemsa (Gurr) s ta in  made up in phosphate bu ffer pH 6.8 (Sigma) for

8-10 mins. These te s t  s l id e s  were scanned to a sse ss  the qu a lity  and
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quantity o f m itoses obtained using a XAO lens and a X100 o i l  immersion 

le n s . I f  m itoses were present but the chromosomes were overlapping, the 

c e l l s  were washed in f ix a t iv e  u n til the b est preparations were achieved. 

However i f  the m itotic  index and spread o f chromosomes was acceptable 

then between 10 and 15 s l id e  preparations were made. These s l id e s  were 

then lab e lled  and c le a r ly  l e f t  to dehydrate in a 37°C dry incubator 

(Gallenkamp) fo r  approximately 7 days before banding.

2 . 3 . 1 . 3  Chromosome banding

All metaphases were routinely banded according to the Trypsin-Giemsa 

method f i r s t  described by Seabright e t  a l  (1971) and modified as 

described below.

S lid e s  o f metaphase spreads were placed in a coplin  ja r  containing a 2x 

standard sa lin e  c it r a te  (SSC) so lu tion  (see appendix) a t  60°C fo r  U5 

mins. The s l id e s  were then rinsed in d i s t i l l e d  water. A t e s t  s l id e  was 

then exposed to a 0.5% v/v concentration o f trypsin  (Difco) a t  4°C fo r 

15 se c s .  This s l id e  was then quickly rinsed in  phosphate buffer and 

sta in ed  in 10% Giemsa s ta in  fo r  10 mins. After rin sin g  the s l id e  in 

d i s t i l l e d  water the s l id e  was a ir  d ried . The q u a lity  o f banding was 

a sse ssed  by looking a t  metaphases with a X100 len s on immersion o i l  and 

the try p sin isa tio n  time was adjusted accordingly. S lid e s  from d iffe re n t 

p a tien ts  made a t  d iffe ren t times varied quite extensively  in the 

try p sin isa tio n  time required to give optimal chromosome banding.

However s l id e s  from the same p atien t spread on the same day required the 

same time o f try p sin isa tio n .
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2 .3 .2 C ytogenetics o f  synchronised cu ltu res

2 .3 .2 .1  P r in c ip les

A technique fo r  synchronising our cu ltures was a lso  employed. This 

technique, when su c ce ssfu l, improved the qu a lity  o f the m itotic 

chromosomes (many prometaphase m itoses were observed) and the c la r i ty  o f 

chromosome banding. Analysis o f leukaemic c e l l s  has often been lim ited 

by the low m itotic  index and the fuzzy and contracted nature o f 

chromosomes obtained using conventional techniques (Sandberg e t  a l ,

1961). The m itotic  y ie ld  and chromosome morphology have been improved 

by exposing c e l l s  to c e l l  cycle blocking agents such as methotrexate 

(MTX) (Hagemeijer e t  a l ,  1979, Yunis, 1981), bromodeoxyuridine (BrdU) 

and fluorodeoxyuridine (FdU) (analogues o f thymidine) (Viegas-Pequignot 

and D u trillau x ,1978, bJeber and Garson, 1983). These agents block c e l l  

d iv ision  a t  the Gkj/S boundary o f the c e l l  cycle . Optimal blacking 

required exposure times o f approximately 20 hours. A cohort o f c e l l s  

can be re leased  from the block by adding thymidine; they then progress 

beyond Ĝj through the c e l l  cycle and can be arrested  in m itosis

5-7 hours la te r  (Fig 7 ).

2 . 3 . 2 . 2  C ulture procedures

After 2k hours (BM) and k8 hours (PB) o f mononuclear c e l l  culture 

bromodeoxyuridine (BrdU) (Sigma) was added a t  a f in a l  concentration o f 

200 g/ml fo r approximately 15-17 hours (overn ight). The c e l l s  were
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Fig 7 The mammalian cell cycle
The G1 and G2 (first and second gap) periods and the S (synthesis) 
period are the interphase period during which DNA and other macromolecules 
are synthesised. The whole cycle lasts approximately 15 hours.

The M  (mitosis) phase lasts for about an hour and is the period in which 
the cell divides. Mitosis is conventionally divided into four substages: 
prophase (P), metaphase (M), anaphase (A), and telophase (T).

Synchronisation of cells is achieved by blocking cells at the G1/S border with 
BrdU. An accumulated cohort of cells is released from the block by addition 
of thymidine and they then progress through G2 into cell division.
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then washed twice in Hanks' solution and reincubated with culture medium
containing 0 .3  g/ml o f thymidine (Sigma) for a fu rther 6-7 hours.

5 ug/ml o f colcemid (Gibco) was added to the cu ltu res fo r  30 mins and 

these were harvested according to  standard techniques (see above).

2 .3 .2 .3  Chromosome banding

S lid e s  o f metaphase preparations (see above) were stain ed  with Giemsa 

a f te r  sta in in g  in Hoechst 3325B according to a modified method described 

by Perry and liJolf (1974). S lid e s  were stained fo r  15 mins in  Hoechst 

3325B made up a t  a concentration 10 ug/ml with 2X (SSC). The s l id e s  

were then rinsed  in d i s t i l l e d  water, mounted in  2X SSC and exposed fo r 

up to  2 hours under a HBO 200 mercury vapour UV lamp (Z eiss) a t  a 

distance o f approximately 30 cm. After rin sin g  in  d i s t i l l e d  water once 

again , the s l id e s  were stain ed  in  10% Giemsa fo r  10 mins. This method 

resu lted  in G (Giemsa), R (Reverse o f Giemsa banding) and C (centromeric 

heterochromatin stained) banded c e l l s .  The percentage o f d iffe ren t 

banded metaphases depended on the duration o f cu lture  a f te r  addition  o f 

BrdU.

2.3 .3  Chromosome analysis

2.3 .3.1 Microscopy and photography procedures

S lid e s  o f banded chromosome preparations were scanned on a Z eiss 

photomicroscape with a Hitachi CCT\J camera and video monitor.
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Metaphase spreads were lo c a lise d  using a XA-0 len s and were analysed 

using a X10D o i l  immersion len s with the aid  o f  the video monitor. 

D etailed an a ly sis  was done to  confirm and record the karyotype by 

photographing these metaphase spreads and cuttin g  and sortin g  individual 

chromosomes according to ICSN (1985) c r i t e r ia .

Metaphases were photographed using Pan F black and white film  (I lfo rd ) 

and developed in  a Paterson System k Universal tank and re e l apparatus 

using high con trast developing so lu tion  ( I l fo r d ) .  The exposed film  was 

wound onto a re e l by touch (in  the darkroom) and placed in the l ig h t ­

proof tank. The developer was d ilu ted  1 :3 with water and used a t  20°C. 

The film  was developed fo r a period o f 2.5 mins and the tank was 

inverted every 30 se c s . The developing process was stopped in a 1% 

ace tic  acid  so lu tion  fo r the period o f 1 min and the film  fixed  by Amfix 

(May and Baker, d ilu ted  1 :3 with d i s t i l l e d  water) fo r  a t  le a s t  3 mins. 

Once fixed , the film  was washed under running water fo r  30 mins, with 

the f in a l  r in se  containing a few drops o f I l f o t o l  wetting agent 

( I l fo r d ) ,  and then hung up to dry. Black and white p rin ts  were made on 

Agfa-Gevaert Rapitone paper (P1-P*0 by using a Durst enlarger with an E1 

Nikkor lens and an automatic Agfa-Gevaert p rin t processor.

2 .3 .3 .2  Evaluation o f  cytogenetic an a ly sis

All metaphases were analysed according to the gu idelines la id  down by 

the In ternational Society o f Cytogenetic Nomenclature (ISCN) in 1985.

The necessary number o f analysed metaphases required fo r a sa t is fa c to ry  

evaluation o f the c e l l  karyotype depended la rg e ly  on the findings o f
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each indiv idual case ; fo r routine purposes a d e ta iled  an a ly sis  o f 

approximately 15 metaphases mas generally adequate to exclude or confirm 

a simple abnormality o f chromosome morphology or chromosome number, but 

the presence o f a number o f c e l l s  with more than one chromosomal 

con stitu tion  n ecessita ted  examination o f further c e l l s  in order to 

confirm or exclude th e ir  c lon al nature.

The F ir s t  In ternational Workshop in Leukaemia (197B) decided th at the 

minimum c r i t e r ia  fo r  id e n tific a tio n  o f a clone o f  c e l l s  were 2 c e l l s  

with the id e n tic a l chromosome rearrangement or id e n tic a l chromosome 

gain , or three c e l l s  with an id e n tic a l chromosome lo s s .  However, the 

technical lim ita tio n s in procedures involved in  the spreading o f 

chromosomes (re su ltin g  in random chromosome lo s s  and superim position o f 

one chromosome on another) often n ecessitated  the an a ly sis  o f more c e l l s  

in order to  reduce the r isk  o f e rro r .

2 .3 .3 .3  Cytogenetic nomenclature

The symbols o f cytogenetic nomenclature used in  th is  th e sis  are 

i l lu s t r a te d  in  Table 1 . S tru ctu ra l a lte ra tio n s  o f  chromosomes were 

defined by the short system o f nomenclature except in Chapter 6 where 

complex chromosomal rearrangments required a more de ta iled  d e fin it io n .

As adopted by the Chicago conference (1966) s in g le  and three l e t t e r  

designations were used to sp ec ify  chromosomes ab erration s. For example 

a deletion  o f a chromosome i s  indicated by the symbol del and a 

tran slocation  involving a chromosome was designated by the symbol t .  

Immediately fallow ing the symbol iden tify ing the type o f rearrangement,
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Table 1 Symbols for cytogenetic nomenclature

A  - G 

1 - 22 

X,Y 

( + )

( - ) 

i

ma r

P

q
t

chromosome groups

autosome numbers (Denver system)

sex chromosomes

addition of chromosome

deletion of chromosome

isochromosome

marker chromosome

short arm of chromosome

long arm of chromosome

translocation

der derivative chromosome

ins insertion

ter

parentheses ( ) 

semicolon (;)

terminal or end 
pter = end of short arm 
qter = end of long arm

break (no reunion as in terminal deletion)

break and join

from - to

used to surround structurally altered 
chromosomes

separates structural rearrangements involving 
two or more chromosomes.
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the number o f  the chromosome involved in the change was sp e c ifie d  within 

parentheses. I f  two chromosomes were a ltered  then a semicolon ( ; )  was 

used to separate  th e ir  design ation s. I f  one o f  the chromosomes involved 

in the rearrangement was a sex-chromosome then i t  was l i s t e d  f i r s t ;  

otherwise the chromosome having the lowest chromosome number was always 

sp e c ifie d  f i r s t .  The breakpoints were indicated  in parentheses 

immediately follow ing the designation o f the type o f rearrangement and 

the chromosomes involved. In rearrangements a ffe c tin g  two or more 

chromosomes the breakpoints were sp ec ifie d  in the same order as the 

chromosomes involved were sp e c if ie d , and a semicolon was used to 

separate the breakpoints. For example t(9 ;2 2 ) (q3^-;q11) defined a 

tran slo catio n  between the long arms (q) o f chromosomes 9 and 22 with 

breakpoints a t  bands 9q3*f and 22q11 re sp e c tiv e ly . When we described a 

chromosomal tran slocation  in  d e ta il  we used the add itional symbols: a 

double colon ( : : )  to in d icate  a ’ break and jo in in g ’ event, an arrow ( ) 

meaning 'from -to ’ and the end o f a chromosome arm was designated e ith er 

by a band number or by the symbol ’ t e r ’ which was preceded by the 

chromosome number and the p artic u la r  chromosome arm involved. The 

descrip tion  o f the chromosome tran slocation  s ta r te d  with the end o f the 

short arm and proceeded through to the end o f the long arm, with the 

bands id e n tifie d  in the order in which they occurred in the rearranged 

chromosome. For example t (9 ;22) (9pter 9q3*f::22q11 22qter;

22pter 22q11::9q3^ 9qter) in d icates th at breakage and reunion occurred 

a t  band 9q34 and 22q11. The segments d i s t a l  to  these bands were 

exchanged between the chromosomes.
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In recording the chromosome con stitu tion  o f c e l l s  analysed from a 

p a tien t, we recorded the number o f c e l l s  analysed, followed by the 

number o f  chromosomes and sex chromosomes found in each c e l l  and f in a lly  

followed by the sp e c if ic  changes th at occurred. For example 4 6 ,XY, 

t(9 ;2 2 ) (q34;q11) represented a tran slocation  between chromosome 9 and 

22 in a male metaphase with a to ta l  number o f 46 chromosomes. 4 7 ,XY, +8 

represen ts a male metaphase with a to ta l  o f 47 chromosomes where the 

extra  chromosome was chromosome 8. In complex karyotypes involving both 

gains and la s s e s  o f chromosomes chromosome gains was always sp ec ifie d  

before chromosome deletion . For example 4 6 ,XX, +5, +8, -6 , -9 indicated 

the gain o f chromosome 5 and 8 and the lo s s  o f chromosomes 6 and 9. I f  

c e l l s  o f more than one chromosomal con stitu tion  were present then the 

number o f  karyotypes with each pattern  out o f the to ta l  number o f 

metaphases analysed was in d icated .

2.4 DNA PROBES ACQUIRED

The DNA probes used in our experiments were kindly provided by a number 

o f co llab orato rs or were acquired from commercial sources. These probes 

were sen t in the form o f DNA fragments, DNA in serted  into  plasmid 

vectors or b a c te r ia l stab  cu ltu re s. In a l l  instances (except probes 

in serted  into  Phage ) the use o f these probes en ta iled  making 

preparations o f supercoiled DNA from b acteria  and eventually cu ttin g  out 

the probe in se r t  from the plasmid vector. The probes I  employed are 

described below:
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2 .4 .1 ABL

The ABL probe was a 1 .5  kb mouse cDNA P stI fragment (kindly provided by 

Drs. George Daley and David Baltim ore). I t  corresponded to an in tern a l 

fragment o f ABL containing almost the en tire  second exon (the so -ca lled  

f i r s t  common exon) and v ir tu a lly  a l l  o f  the kinase domain. In order to 

make more probe th is  DNA sequence was lig a te d  in to  plasmid vector pAT 

153.

2 .4 .2  BCR probes (Fig B)

2 .4 .2 .1  5* BCR

This 5' BCR probe was a human cDNA Bam HI fragment, 1 .4  kb in length 

(kindly provided by Dr Owen U it te ) . This was an in tern al fragment of 

the BCR gene mapping 889 bp 5' (proximal) to the K562 breakpoint. This 

BCR gene fragment was lig a te d  in to  plasmid vector pAT 153.

2 .4 .2 .2  BCR ’ f u l l  length ’

This uas a 4 kb Eco RI cDNA probe (kindly provided by Dr. E li Canaani) 

in serted  into  the pUC plasmid vector. This probe corresponded to 

approximately 90% o f the BCR gene. This DNA fragment lacked about 300 

base p a irs  (bp) a t  the 5 ’ coding region and 5 ’ untranslated region and 

a lso  lacked exon 5 o f M-BCR (according to the nomenclature o f 

Heisterkamp e t  a l ,  1985)
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Fig 8 Schematic representation of cloned BCR DN A probes

(A) shows the positions of the cloned genomic probes which map to M-BCR: 
BCR-G (0.6 kb), 5' M-BCR (2 kb), Phl/bcr-3 (4 kb).

(B) shows the positions of the cloned cDNA probes, one of which maps 5' to 
M-BCR (1.4 kb) and the other is a 'full length' probe (4.5 kb) which lacks 
300 bp at the 5' coding region and the 5' untranslated region and also lacks 
exon 5 of M-BCR.
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Fig 8
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73



2 . 4 . 2 . 3  B C R - G

This was a 0 .6  kb Eco R l/P st I  genomic fragment in serted  into  the pGem 

I  plasmid v ec to r . I t  corresponded to the in tron ic  region between exons 

3 and 4 o f BCR.

2 .4 .3  SIS

This SIS probe was a 2 .7  kb human cDNA Bst E li fragment in serted  into 

the plasmid vector pAT 153. This DNA fragment corresponded to the l a s t  

exon o f the open reading frame o f the SIS gene (Josephs e t  a l ,  1984).

2 .4 .4  Probes fo r  sequences d i s t a l  to  ABL (on chromosome 9q34)

Two probes (L1424 and PI11) mapping d i s t a l  to the ABL gene (by c la s s ic a l  

linkage an a ly sis) on chromosome 9q34 were obtained from C ollaborative 

Research Incorporated (Boston, USA). These probes corresponded to 

regions o f the genome th at were polymorphic (according to Southern 

b lo ttin g  c r i t e r i a ) .  L1424 (o f unknown s iz e )  with the in se r t  ends o f 

Hae I I I  and Alu I  was cloned into  a Phage vector ( Charon 4A).

PI11 (o f unknown s iz e  ) with in se r t  ends o f Eco RI was cloned into  a 

Phage vector ( Charon 21 A).

2 .4 .5  CX

This was an B kb human genomic EcoRI fragment subcloned into the plasmid 

vector pUC 122 (kindly provided by Dr. Terry R ab b itts) .
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2.4.6 v-myb

This was a 2kb v ir a l  cDNA Kpn I/Xba I  fragment cloned into the plasmid 

vector Puc 18.

2 .4 .7  v-fms

This was a 3 kb cDNA Eco RI/Bgl I I  fragment containing most o f the 

v-fms gene (described by Hanfe e t  a l ,  1984).

2 .4 .8  MYC

This mas a human 1 .5  kb Sac I  genomic fragment cloned into M13 and 

corresponding to exon 2 o f the MYC gene (R abb itts, 1985).

2 .4 .9  p53

This i s  an 1 .76 kb p53 cDNA clone PR4-2 th at includes a l l  the known 

exons o f the p53 gene (Lamb and Crawford, 1986).

2.5 HANDLING DF DNA

2.5.1 Extraction o f  high molecular weight DNA from peripheral blood

DNA extracted from the mononuclear c e l l  frac tio n  o f 1D mis o f peripheral 

blood (as described above) was usually  more than adequate fa r  the 

molecular an aly ses. These c e l l s  were placed in a 50 mis conical tube
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(S te r i l in )  and the sample made up to 50 mis with phosphate buffered 

sa lin e  (PBS). After resuspending, the c e l l s  were centrifuged a t  2000 

rpm fo r 10 mins a t  room temperature. This washing was repeated twice 

and f in a lly  the supernatant was poured o f f  leaving the c e l l  p e l le t .  The 

c e l l  p e lle t  was broken up by gently shaking the tube, bearing in mind 

th at in order to obtain high molecular weight DNA mechanical shearing o f 

DNA should be avoided. The c e l l s  were then resuspended in 10 mis o f 

g la s s  d i s t i l l e d  water (GDbJ) and l e f t  to stand a t  RT for 5 mins. The 

c e l l  suspension was then centrifuged a t  1500 rpm fo r 10 mins. The 

supernatant was discarded and the p e lle t  resuspended (by gently 

inverting the tube) in up to 5 mis o f ly s i s  buffer (see appendix). The

volume o f ly s i s  bu ffer added depended on the to ta l  number o f c e l l s

present. 2 .5  mis was used fo r l e s s  than 10 c e l l s  and

5 mis fo r between 10 and 10 c e l l s .  The so lu tion  was mixed and c e l l s

lysed by p ip ettin g  up and down vigorously with a wide-bare p ip e tte . At 

th is  stage  a moderately viscous c e l l  suspension was obtained. Then 

100 ul o f 20% sodium dodecyl sulphate (SDS) per ml o f ly s i s  bu ffer was 

added to the c e l l  suspension. The solu tion  became more viscous as the 

DNA was re leased  from the nuclei and i t  was mixed vigorously using a 

wide-bare p ip e tte . The c e l l  suspension was incubated a t  37°C fo r 

10 mins. The mixture was then tran sferred  to a polypropylene tube 

(S te r i l in )  and phenol-chloroform extraction  o f proteins was carried  out. 

This was done by adding one volume o f phenol and one volume o f 

chloroform and mixing vigorously u n til the so lu tion  resembled a milky 

emulsion. This mixture was centrifuged a t  2000 rpm fo r 20 mins and the 

upper aqueous phase containing the DNA was removed into  another 

polypropylene tube. The step  o f phenol-chloroform extraction  was
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repeated once and then the c e l l  p e lle t  was resuspended in one volume o f 

chloroform. This mixture was a lso  centrifuged a t  2000 rpm fa r  20 mins 

and the aqueous phase removed into  another polypropylene tube. Two 

volumes o f cold (-20°C) absolute ethanol mas added and mixed gently by 

inversion . A DNA p rec ip ita te  were formed, fish ed  out using a hooked 

pasteur p ip ette  and tran sferred  to  a s il ic o n ise d  eppendorf tube 

(1 .9  mis) containing 70% ethanol. The DNA p re c ip ita te  was co llected  

a f te r  cen trifugation  fo r 5 mins, and the ethanol removed with a pasteur 

p ip ette  (and by vacuum pump suction  i f  necessary). Approximately 100 u l 

o f T ris  disodium ethylene diamine te traace ta te  (TE) (pH B) mas added to 

the DNA p re c ip ita te  and l e f t  overnight a t  RT to allow the DNA to 

d isso lve  completely. The follow ing day the concentration o f the 

solu tion  was measured by reading the absorbance on a spectrophotometer 

a t  260 nm a f te r  an appropriate d ilu tio n . A DNA so lu tion  o f 50 ug/ml has 

an absorbance o f 1 a t  260 nm.

2 .5 .2  L igation  o f  DNA probes in to  plasmid vectors

The cloning o f the DNA sequences in some cases required the lig a t io n  o f 

these probes in to  plasmid v ecto rs. This was done as fa llow s: 20 ng o f 

lin earised  plasmid vector, a th ree-fo ld  molar excess o f probe DNA,

10 mM rATP (ribo-adenosine triphosph ate), 100 mM DTT (d ith io th r e ito l) ,

1 ul o f 10x lig a t io n  buffer (see appendix), and 1 ul o f T4DNA lig a se  

(Boehringer) made up to 20 ul with GDU, were mixed together and 

incubated overnight a t  15°C. These incubation conditions gave a r a t io  

o f DNA o f approximately k containing vector only sequences fo r every one 

containing vector plus in se r t  sequences.
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2.5.3 Preparation of DH1 (E coli) competent cells

The DH1 c e l l s  were streaked out onto an L-broth agar (1.5%) (see 

appendix) p la te  from a frozen stock and incubated overnight a t  37°C. A 

s in g le  colony was picked the follow ing day and used to inoculate a 5 ml 

culture in LB (Luria-Bertani) broth (see appendix). This was grown a t  

37°C fo r 2 hours t i l l  the DD a t  550 nm was 0 .3 . Then a 1 in 20 d ilu tion  

subculture was made into a 100 mis o f 1-broth and grown fo r a further 2 

hours a t  37°C (optimal 0Dggg=0.AB).

The culture was ch illed  fo r  5 mins on ice  and spun in a Sorvall 

centrifuge in 30 mis Corex (Du Pont Instruments) tubes a t  6000 rpm fo r 5 

mins. The supernatant was discarded and the c e l l s  resuspended in 2/5 

the volume o f transform ation buffer (Tfb1) (see appendix). The c e l l s  

were l e f t  on ice  fo r 5 mins and spun down a t  6000 rpm fo r 5 mins. 

Thereafter the c e l l s  were again resuspended in 1/25 volume o f Tbf1 and 

l e f t  on ice  fo r 15 mins. Aliquots o f su itab le  volumes (u sually  200 Ul) 

were placed in microfuge tubes and stored a t  -70°C.

2 .5 .A Transformation o f  DH1 c e l l s

An aliq u o t o f DH1 competent c e l l s  was thawed a t  RT and then l e f t  on ice  

fo r  10 mins. DNA (up to 2/5 the volume o f c e l l s  and no more than 

100 ng/200 ul c e l l s )  was added and l e f t  on ice  fo r  up to 45 mins. The 

c e l l s  were then heat shocked fo r 90 secs a t  42°C and returned to ice  for
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a further 1-2 mins. 2-3 volumes o f SOB medium (see appendix) was added 

and incubated a t  37°C fo r  45 mins with gentle shaking. This mixture was 

then p lated  onto an L-broth agar p late  containing the appropriate 

a n tib io tic  and incubated overnight a t  37°C.

2 .5 .5  Preparation o f  su p erco iled  DNA from b a cter ia

The same protocol mas followed for making sm all preparations (minipreps) 

as fo r making large  preparations (maxipreps) o f DNA from supercoiled 

b a c te r ia . N aturally la rge r  volumes were used in  the maxipreps and 

so lu tion s used were scaled  up 200-fold. THe only d ifferen ce in  the 

protocol o f maxipreps was th at the f in a l  step s involved p u r ifica tio n  o f 

DNA by banding on a caesium chloride (CsCl) grad ien t. Generally 

minipreps o f supercoiled DNA were made f i r s t  in order to t e s t  the 

qu ality  o f the DNA as well as to see i f  the correct DNA was extracted , 

and then only did we continue onto a large  sca le  preparation .

A miniprep o f supercoiled b acte ria  was made as fa llow s:

A sin g le  colony was picked from the inoculated p la te , placed in  a 

s t e r i le  un iversal containing 2 mis o f L-broth and a n t ib io t ic s ,  and 

placed in a o rb ita l shaking incubator (Gallenkamp) overnight. The next 

morning th is  turbid culture was placed in an eppendorf tube and spun 

down fa r  5 mins in a microfuge (MSE).

This c e l l  p e lle t  i s  resuspended in 500 u l T ris sodium chloride EDTA (T5E 

X1) and spun down as before. The c e l l  p e lle t  i s  resuspended in  a 

lysozyme glucose T ris EDTA (GTE) solu tion  (the lysozyme was added to the
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GTE so lu tion  ju s t  before use) and l e f t  a t  RT fo r  10 mins. Alkaline SDS 

(200 u l) was added and mixed gently u n til the so lu tion  became c le a r  and 

then l e f t  on ice  fo r 10 mins. 5 M o f 1% potassium acetate  (KOAc) uas 

added next, mixed by inversion and l e f t  on ice  fo r  15 mins. This 

so lu tion  was then spun down as before and the p e lle t  resuspended in 

300 u l o f isopropanol. This was then vortexed fo r a feu seconds and 

then spun down a fte r  the supernatant was discarded the p e lle t  was 

resuspended in RNase a t  a concentration o f 2 g/ml so lu tion  and 

incubated a t 37°C for 20 mins. Phenol/chloroform extraction  o f proteins 

(as mentioned above) was repeated and eventually the p e lle ted  nucleic 

acid s were d isso lved in 160 ul GDU and mixed w ell. A 13% so lu tion  o f 

polyethylene glycol (PEG) and 200 ul o f 2 M sodium chloride (NaCI) uas 

added and the solu tion  l e f t  on ice  fo r  1 hour. This uas spun doun in a 

microfuge, uashed in 70% ethanol and then d isso lved  in TE (30 u l ) .  DNA 

uas f in a l ly  p recip ita ted  in  0 .3  M sodium acetate  (NaOAc) and 2 volumes 

o f ethanol a t  -20°C fo r 2 hours.

For a maxiprep o f DIMA the protocol above uas folloued (uith  scaled  up 

volumes) but the f in a l  step s involved p u rifica tio n  o f b a c te r ia l DNA on a 

CsCl grad ien t. This procedure uas as fo llo u s : The DNA p re c ip ita te  uas

resuspended in 12.75 mis o f TE, to uhich uas added RNase a t  a f in a l  

concentration o f 100 g/ml and incubated fo r 15 mins a t  37°C. Then 

about h a lf  a m icrospatula end o f proteinase K uas added and incubated 

for a further 15 mins. CsCl (15 g) uas added, d isso lved  and tran sferred  

to a TUB65 13 tube (S o rv a ll) , and then f in a lly  0.25 ml o f ethidium 

bromide (EtBr) (10 mg/ml) uas added. This uas then centrifuged 

overnight a t  k5 000 rpm. The fo llou in g day the band containing plasmid
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DNA (below the band containing host DNA) was removed with a syringe and 

the help o f a hand-held U\J lamp. The EtBr was extracted  3-4 times with 

CsCl satu rated  isopropanol, d ialysed  again st TSE fo r 1-2 hours a t  RT and 

the DNA ethanol p recip ita ted  (as above).

The concentration o f DNA from a miniprep was estim ated on an EtBr 

agarose p la te . This was done by spotting DNA standards o f known 

concentration (see appendix) next to a 1 ul spot o f our sample DNA and 

comparing the in ten sity  o f fluorescence under a UV transillum inator (UV 

Product In c .) .  The y ie ld  o f DNA from a maxiprep, however was enough to 

estim ate the concentration using a spectrophotometer (C ecil Instruments) 

(see above). Average y ie ld s o f DNA fo r a miniprep and a maxiprep were 

approximately 5 g and 1 mg re sp ectiv e ly .

To a sse ss  the purity  o f the plasmid preparation i t  was necessary to 

d ige st the DNA with re s tr ic t io n  endonuclease and eventually to cut out 

the in se r t .

2 .6  PREPARATION OF DNA PROBES IN LAMBDA PHAGE VECTORS

2.6.1 I so la tin g  s in g le  plaques

The re s tr ic t io n  fragment length polymorphic (RFLP) probes in serted  into 

phage vectors were received from C ollaborative Research Incorporated
ftin the form o f phage ly s a te s .  The phage ly sa te s  contained between 10° - 

10^ plaque forming un its (pfu)/m l. Two d ilu tio n s o f 1:10^ and 1:10^ 

were made with SM buffer (10mM Tris-HCl, pH 8 .0 , 2 mM MgCl^). 100 1 o f
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dilu ted  phage was added to an overnight culture o f E c o l i  (LE392) grown 

in LB medium shaking a t  37°C. The phage and E c o l i  were then incubated 

fo r 15 mins a t  37°C and mixed with 3 mis o f LB s o f t  agar (see 

appendix), kept a t  55°C, and poured onto an LB p la te , sw irling the p la te  

to evenly spread the mixture. The LB p la te s  were made previously by 

pouring LB hard agar (see appendix) onto 90 mm p e tr i  d ishes (S te r i l in )  

and stored in re fr ig e ra to r  a t  4°C. This was incubated overnight a t  37°C 

and the next day white plaques were v is ib le  on the surface  o f the LB 

agar p la te s .

2 .6 .2  Phage p la te  ly s a te s

100 1 o f SM buffer was placed into a s t e r i le  eppendorf tube. A s t e r i le

short pasteur p ip ette  attached to a rubber bulb was used to suck up a 

well iso la te d  plaque from the p la te s  incubated overnight. Mild suction 

was applied so that the plaque together with the underlying s o f t  agar 

was drawn into the p ip e tte . This was done because phage can d iffu se  

considerable d istances through the top agar lay er . The agar and plaque 

was expelled into the SM buffer and allowed to stand a t  RT for a t  le a s t  

15 mins to allow the phage to d iffu se  out o f the agar. These phage 

stack s were stared  a t  *f°C or used immediately to make p late  ly sa te s .

2 .6 .3  P la te  ly s a te s

The plaque was added to 100 1 o f E. c o li  LE392 grown overnight in LBM

which contained LB medium suplemented with 0.2% maltose and 1 mM and 10 

mM magnesium sulphate (MgSO^). A tube o f 100 u l o f E c o li  culture was
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a lso  prepared containing no phage as a con tro l. The mixtures were 

incubated fo r 15 mins a t  37°C, added to 3 mis o f LBM agarose (55°C) and 

poured onto LBM p la te s . The s o f t  agar was allowed to s e t  and then the 

inverted p la te s  containing phage was incubated a t  37°C fo r approximately 

9 hours. When nearly confluent and ly s i s  had occurred the p la te s  were 

ch illed  fo r  a t  le a s t  1 hour a t  4°C.

2 . 6 .  ̂ H arvesting phage

5 mis o f SM buffer was added to the surface o f each p la te  and ch ille d  

overnight a t  4°C. The b u ffer was th ereafter sucked up with a pasteur 

p ipette  and co llected  into  a s t e r i le  tube. This so lu tion  was 

centrifuged a t  2500 rpm to remove the c e l l  d eb ris . Chloroform was added 

to the supernatant and then placed in a capped, s t e r i le  eppendorf ready 

fa r  p u r ifica tio n  o f phage. To obtain enough phage DNA ( 1 ug) to cut 

out the in se r t  the volumes o f the p late  ly sa te  preparations were scaled  

up th ree-fo ld  and large  140 mm p e tr i  dishes (S te r i l in )  were used. The 

supernatants from approximately 5 large  phage ly sa te  p la te s  were pooled 

for DNA ex traction .

2 .6 .5  Phage DNA preparation

The supernatant from p late  ly sa te s  was d ilu ted  by adding one h a lf  the 

volume o f 10 M Tris-HCl (pH B ). A Biorad Econo disposable column was 

packed with 4 mis o f DEAE-cellulose DE52 (see appendix). The ly sa te  

solu tion  was poured onto the column and the liq u id  that flowed through 

the column was discarded. 5 mis o f chase buffer (see appendix) was
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added and the liq u id  th at flawed through the column was d iscarded. 1 ml 

o f e lu tion  bu ffer (see appendix) was added to the column and the flow 

through volume was once again discarded. 0.6 ml o f  e lu tion  b u ffer was 

then added to the column and the flow through volume now containing 

phage was co llected  in a s t e r i le  1 .5  ml eppendorf tube. 10 u l o f 

0.1 mg/ml proteinase K and 25 ul o f 10% SDS was added to the 0 .6  ml 

e lu tion  buffer 100 u l o f 3 M KOAc was then added which formed a 

precip itate .T h e solu tion  was mixed and heated to a t  le a s t  65°C fo r  

25 mins and cooled on ice  fo r a t  le a s t  20 mins. The so lu tion  was then 

centrifuged a t  12 000 rpm a t  RT for 10 mins and the supernatant was 

poured into a s t e r i le  eppendorf containing 20 u l o f herring-sperm DNA.

1 volume o f isopropanol was added, mixed well and cooled to -20°C fa r  an 

hour or more. This so lu tion  was th ereafter centrifuged a t  12 000 rpm 

fo r 30 mins and the supernatant was poured away. The remaining p e lle t  

o f DNA was a ir  dried and then resuspended in 20-50 ul o f TE (pH 8 ).

The y ie ld  o f DNA was a ssessed  by running 1/20 o f the to ta l  volume on a 

mini-agarose ge l together with several phage DNA standards o f known 

concentration. Thereafter the probe in se r t  was excised  from the phage 

vector by a method described below.

2 .7  ANALYSIS OF DNA

2.7.1 R estriction  endonuclease d igestion

The re str ic t io n  endonuclease d igestion  o f approximately 1 ug o f  DNA from 

a plasmid miniprep was usually  enough to be v isu a lise d  on a g e l .  The
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qu ality  and s iz e  o f the in se r t  could then be v e r if ie d . However, the 

endpoint o f re s tr ic t io n  d ig e sts  on a maxiprep was to  cut out the in se r t  

so much la rg e r  amounts o f DNA (50-100 ug) were used.

For Southern b lo t an a ly sis  a ty p ica l DNA digestion  mixture contained 

10 ug o f DNA, an appropriate buffer (see appendix) and r e s tr ic t io n  

endonucleases (Boehringer). R estriction  endonucleases work b est a t 

sp e c if ic  s a l t  concentrations. The volume o f the d igestion  mixture was 

calcu lated  so th at i t  would eventually a l l  go into  one well 

(approximately 40 u l) on an agarose g e l .  R estriction  enzymes were 

normally stored in 50% g lycero l; i f  the glycerol concentration in a 

reaction  exceeded 5% many enzymes were in h ib ited , so the amount o f 

enzyme in a 40 u l reaction  was lim ited to le s s  than 4 u l .

The composition o f an endonuclease d igestion  mixture was:

Components Volume (u l)

DNA 4-10

buffer (10X) 4

enzyme (10 u /u l) 2-3

GDld made up to a f in a l  volume o f 40 u l

The DNA, GDU and buffer were mixed together (on ice ) in an eppendorf 

tube by gently flick in g  the tube. The re s tr ic t io n  enzyme was added l a s t  

a f te r  removal from the -20°C freezer (Foster) fo r as short a time as
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p o ssib le  due to i t s  la b i le  nature. The reaction  mixture was then mixed 

gently , spun down fo r 1 sec in a micrafuge and then incubated fo r  1 hour 

a t  37°C.

2 .7 .2  DNA s iz e  markers

In order to determine the s iz e  o f DNA fragments a f te r  r e s tr ic t io n  enzyme 

d igestion  o f plasmid DNA or a f te r  Southern b lo t an a ly sis  each ge l 

included molecular weight standards. The standards used depended on the 

s iz e  range o f fragment expected. The phage molecular weight marker 

was used which had been cut by Hind I I I  (see appendix). 0.5-1 u l o f 

marker was loaded in one lane on a g e l.

2 .7 .3 . Horizontal non-denaturing g e ls

DNA fragments la rge r  than about 100 bp were generally  analysed on 

horizontal agarose g e ls .  A 0.8% agarose ge l was used fo r an a ly sis  o f 

high molecular weight DNAs and a 1.4% agarose ge l fo r an a ly sis  o f small 

fragments (below 5 kb).

Agarose (1 .4  g fo r a 1 .4% ge l) was melted in a 1 00 mis o f ge l bu ffer in 

a 250 ml conical f la sk  in a microwave oven (Creda). The agarose was 

allowed to cool to  about 60°C and 5 1 o f EtBr (10 mg/ml) was added.

Yellow tape was stuck a l l  the way around the edge o f a g la s s  ge l p la te , 

fo lding i t  in underneath so th at i t  made a w ater-tight s e a l .  A ge l comb 

was placed about 2 cm from one end o f the gel p la te  using bulldog c lip s  

and the ge l was then poured onto the p late  and allowed to s e t .
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Thereafter the ge l comb was care fu lly  removed making sure that the s lo t s  

were not damaged. The yellow tape was removed and the ge l and p la te  was 

placed in a ge l tank. The gel tank (RPMS workshop) was f i l l e d  with ge l 

bu ffer containing 50 1 o f EtBr up to the surface o f the g e l, making

sure th at there was good e le c t r ic a l  contact a t  both ends. Each sample, 

containing 10% v/v o f bromophenol loading dye, was loaded care fu lly  into  

a w ell. At le a s t  one o f the w ells contained a DMA s iz e  marker 

(re s tr ic t io n  enzyme digested  DNA o f known fragment s i z e s ) . The ge l was 

then ready fo r e lectro p h oresis . Genomic DNA was u sually  run a t  50 V for 

about 1 hour and DNA fragments (below 5 kb) a t  150 \J fo r  1-2 hours.

After e lectroph oresis the ge l was l i f t e d  out o f the tank and the DNA 

v isu a lise d  under a U\I tran sillu m in ator. A ru ler was placed alongside 

the ge l and a polaraid  photograph was taken.

2 .7 .4  P u rificatio n  o f  in se r t  DNA from vector DNA

In sert was p u rified  according to the method o f Williams and Mason

(1985): 20-50 g o f DNA was d igested  with appropriate re s tr ic t io n  

enzymes. The d igestion  o f the DNA was checked by running an a liquot 

(0 .5  ug) an a ge l by e lectro p h o resis . The DNA was judged to be digested 

when the fragments were well separated . The r e s t  o f the DNA was run on 

a polyacrylamide ge l (3 mm th ick) in 0.5x T ris borate EDTA (TBE) buffer 

(see appendix) loading 10 g o f DNA per lane. After e lectroph oresis the 

ge l was placed onto a th in -layer chromatography p la te . The ge l was 

illum inated with a U\J l ig h t  (254 nm) in a dark room. The DNA fragment 

was then s lic e d  out o f the ge l using a clean razor b lade. The gel s l ic e  

was placed in a length o f d ia ly s is  tubing (5 mm longer than the gel
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s l ic e )  containing approximately 200 u l o f 0.5x TBE and sealed  a t  both 

ends with a p la s t ic  c l ip .  The d ia ly s is  bag (BDH) was placed an an 

e lectroph oresis tank bed so th at the ge l s l ic e  was a t  one end o f the bag 

a t  r igh t angles to the current flow. E lectrophoresis took place a t  100 v 

fo r 2 hours. The current was then reversed to detach any DNA th at had 

become bound to the d ia ly s is  tubing. The buffer containing the eluted 

DNA fragment was removed and ethanol p rec ip ita ted . The concentration 

and purity  o f the DNA fragment were determined by running an a liq u o t on 

an agarose ge l with a DNA marker o f known molecular weight.

2 .7 .5  Assessment o f  genomic DNA d igestion

After each re s tr ic t io n  endonuclease d igestion  0.5 g o f DNA was run on a 

0.8% agarose m ini-gel to a sse ss  whether the DNA has been cut to 

completion. Digestion o f DNA was regarded as sa t is fa c to r y  i f  a smear 

o f DNA fragments was seen ranging in s iz e  from approximately 

30-30 000 bp. Each re s tr ic t io n  enzyme generated i t s  own p articu la r  

pattern o f smear, depending on the frequency o f the p artic u la r  cleavage 

s i t e s  in the genome. Some r e s tr ic t io n  d ige sts  generated d iscre te  bands 

re su ltin g  from con sisten t cuttin g within repeat sequences.

2.8 SOUTHERN BLOTS

2.8.1 Treatment o f  g e ls

The gel was placed in a p la s t ic  tray  (Raymond Lamb) and enough 0.25 M 

hydrochloric acid  (HC1) was added to completely cover the g e l. The tray
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was placed on a horizon tal shaker fo r 15-20 mins. This depurinated the 

DNA and f a c i l i ta te d  the tra n s fe r  of large DNA fragments. HC1 was 

removed and replaced with a n eu tra lis in g  so lu tion  (see appendix) and 

allowed to  shake gently fo r a 30 mins. This step  was repeated once and 

then the gel was ready fa r  tra n s fe r .

2.Q.2 Transfer o f DNA to  membrane f i l t e r s

Hybond-N (Amersham) f i l t e r  was carefu lly  cut to  the size  of the g e l.

The gel tra n s fe r  apparatus was s e t  up as follows: Two layers of Whatman

3 mm paper, sa tu rated  in 20X SSC, was placed across the so lid  base, 

dipping in to  the reservo ir (containing 20X SSC) a t  e ith e r  end.

The neu tra lised  gel was placed face down on the 3 mm paper and any a i r  

bubbles removed by ro llin g  a 10 ml p ipe tte  over the gel surface. The 

dry Hybond paper was placed on top of the gel and two pieces o f Whatman 

3 mm paper soaked in  3X SSC was placed on top o f the f i l t e r .  Paper 

towels cu t to the size  of the gel was then stacked an the Whatman paper 

about 10 cm high. A glass p la te  (the same size  as the gel) was placed 

an the paper towels and weighed down with a 0.5 kg mass. The DNA was 

l e f t  to tra n s fe r  overnight. The next day the weight, the glass and the 

paper towels were removed. The lefthand bottom corner of the gel and 

f i l t e r  were cut o ff  so as to  id en tify  the o rien ta tio n  of the f i l t e r  

la te r  on. The f i l t e r  was then gently removed onto a large piece of 3 mm 

(Whatman) paper and dried in  an oven a t 80°C fo r 2 hours.
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2.8.3 Radiolabelling of DNA probes

2.8.3.1 Nick tran s la tio n

This method of lab e llin g  probes was mainly used in  Southern b lo ttin g  

procedures and also in i t i a l l y  when the in  s i tu  hybrid isation  technique 

was being s e t  up.

This procedure made use o f two E. c o li enzymes DNase 1 (Boehringer) and 

DNA polymerase 1 (Boehringer). The DNase 1 created single stranded nicks 

in the double stranded DNA and the DNA polymerase 1 (which has both 5' 

and 3' exonuclease a c tiv ity )  in i t ia te d  the replacement of newly 

synthesised strands of DNA a t  the nicks. The reaction  mixture was added 

as follow s: 1-10 ul ( 100 ng) of DNA, k  u l of nucleotide buffer 

so lu tion , and 1 1 ^P-dCTP a t  a concentration of 3000 Ci/mM (Amersham)

were gently mixed together in  an eppendorf tube and spun down fo r 1 sec 

in a microfuge. 2 u l of enzyme solu tion  was added and made up to  a 

f in a l volume of 20 1 of GDU. After gently mixing and spinning down, 

the reaction  mixture was incubated a t  15°C fo r 1-2 hours.

2.B.3.2 O ligolabelling

This method was mainly used in  the in s i tu  hybrid isation  technique.

This procedure made use of the hybrid isation  of sh o rt, random sequences 

of o ligonucleotides to homologous sequences of denatured DNA. The 

oligonucleotides acted as primers fo r the synthesis of rad io labe lled
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complementary strands by the Klenow fragment of DNA polymerase 1 

(Boehringer) in  the presence of a nucleotide mix.

25-50 ng of DNA was made up to  15 1 with GDLJ and denatured by ba iling

fa r  5 mins and then rap id ly  coaling an ic e . 10 1 of reagent mix

(containing primer so lu tion  ) and ^P-dCTP /  ^ ^ 1  c i)  were gently

mixed together and spun down rapidly  (fo r 1 sec) in  a microfuge. 2 u l 

of Klenow enzyme was added, gently mixed and incubated a t  37°C fo r 2 

hours or overnight a t  RT.

2.B .3.3 Retrieval of rad io labe lled  DNA

The steps involving the re tr ie v a l  of labe lled  DNA were the same fo r both 

o ligo labelled  probes and fo r n ick -tran sla ted  probes.

At the end of the incubation period 100 u l of TE/0.1% SD5 buffer was 

added to stop the reac tion . A G50 sephadex (AnalaR) column was made in 

a pasteur p ip e tte  and eq u ilib ra ted  with bu ffe r. The reaction  mixture 

was then loaded onto the column and rinsed through with 200 u l of 

b u ffer. Thereafter 15 frac tio n s  of 200 ul a liquo ts were co llec ted  in to  

eppendorf tubes and th e ir  rad io a c tiv ity  counted on a mini s c in t i l la t io n  

counter (M ini-instrum ents). I f  the reaction  was successful then the DNA 

with incorporated lab e l was co llec ted  in frac tio n s  4-7 and the 

unincorporated DNA was co llec ted  in  frac tio n s 9-12. The percentage of 

rad io labe lled  DNA was calcu lated  as the s c in t i l la t io n  counts of the 

f i r s t  peak divided by the to ta l  number of s c in t i l la t io n  counts and th is  

value m ultip lied  by 100. The sp ec ific  a c tiv i ty  (calculated  from th is
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q n
figure) was id ea lly  between 10° and 1Cr cpm/ug. The incorporated DNA 

present in  the f i r s t  peak frac tio n  was then ethanol p rec ip ita ted  

overnight a t  -20°C and ready fo r use the next day.

2 .8 .4  H ybridisation o f Southern b lo ts

The purpose of th is  procedure was to  produce a hybrid between the 

rad ioactive ly  labe lled  probe and the f i l t e r  bound DNA. This procedure 

was divided in to  four stages: prehybrid isation , hyb rid isa tion , washing 

and autoradiography.

2 .8 .4  1 Prehybridisation

The baked Hybond-DNA bound f i l t e r  was placed in  a p la s tic  bag containing 

25 ml of p rehybrid isation  mix consisting  of 5X standard sa lin e  phosphate 

EDTA (SSPE), 50% formamide, 0.1% Denhardt’s so lu tion  and 0.2% SDS, and 

sealed . The bag was then submerged in  a shaking waterbath (Tecam) fo r 2 

hours (or more) a t  42°C.

2 .8 .4 .2  Hybridisation

One corner of the bag was cut open and the prehybrid isation  so lu tion  

discarded. The rad io labe lled  probe (see above) was denatured by ba iling  

for 5 mins and rap id ly  cooling on ice  fo r 10 mins and added to  10 mis of 

hybrid isation  mix which contained the same constituen ts as the 

prehybrid isation  mix but a lso  included 1 g of dextran su lphate . This 

mixture was then introduced in to  the bag and resealed , making sure th a t
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no a ir  bubbles were p resen t. The contents of the bag were mixed 

thoroughly to  d is tr ib u te  the probe evenly over the f i l t e r  and incubated 

a t 65°C overnight in  a shaking materbath.

2 .8 .4 .3  Washing procedure

The aim of the mashing procedure mas to  remove a l l  unbound and non- 

sp e c if ic a lly  bound probe from the f i l t e r .  The f i l t e r  mas placed a 

p la s tic  container containing 200 mis of 1X SSC, 0.2% SDS and placed in  a 

shaking mater bath a t 65°C fo r 15 mins. The so lu tion  mas discarded and 

the mashing repeated once more. This mas follomed by a high stringency 

(lorn s a l t )  mash in  mhich the f i l t e r  mas mashed fo r 15-30 mins in  0 .1X 

SSC, 0.2% SDS a t  65°C.

2 .B.k . 4 Autoradiography

The f i l t e r  mas removed from the tra y , allomed to  dry fo r 15-20 mins and 

then mrapped in  Saran p la s t ic .  The b lo t mas lab e lled  appropria te ly  mith 

rad ioactive  ink on s ticky  lab e ls  and stuck domn in  a l ig h t  proof 

c a sse tte . A sheet of XAR-5 Kodak film  mas placed over the b lo t in  the 

darkroom, the casse tte  shut and placed in  the -80°C freezer fo r several 

days. The length of time required to  obtain a good signal depended on 

the to ta l  amount of DNA used and the sp ec ific  a c tiv ity  of the probe.
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2 .8 .4 .5  S tr ip p in g  f i l t e r s

I f  a given f i l t e r  was needed fo r  rehybrid isatian  with another probe, the 

b lo t was dehybridised and stripped  o f the previous probe. The probe was 

removed by incubating the f i l t e r  in 0 .4  M sodium hydroxide (NaOH) for 

30 mins a t  45°C. The NaOH was discarded and the f i l t e r  mashed a t  RT for 

15 mins in n eu tra lisin g  so lu tio n . The f i l t e r  mas then ready to be 

reprobed. This method o f dehybridisation o f probe mas qu ite e ffe c tiv e  

although the subsequent hybrid isation s generally  had higher backgrounds.

2.9 IN SITU HYBRIDISATION TO METAPHASE CHROMOSOMES

2.9.1 Preparation of metaphases

S lid es  o f metaphase preparations mere made e sse n t ia lly  as mentioned 

above although sp e c ia l care mas taken to have mell spread metaphases 

(non-overlapping chromosomes). This mas achieved by mashing the c e l l  

suspension (more than 5 tim es) in fresh  f ix  so lu tion  (see section  

2 .4 .1 .1 ) .  The microscope s l id e s  mere prepared to give a b ette r  

retention o f cy to lo g ica l preparations. They mere prepared as follom s: 

S lid es  mere soaked overnight in a 1% sulphuric acid  (H2SD/f) so lu tion  

and rinsed thoroughly the next day in GDU. The s l id e s  mere then placed 

in absolute ethanol fo r 3-4 hours and, a f te r  miping mith clean paper 

t i s s u e , mere ready to use.
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2.9.2 Labelling of DNA probes for in situ hybridisation

A n c

DNA probes were o lig o lab e lle d  with “ I  (Amersham) as mentioned above. 

The volume o f ta rg e t  DNA used in the in s i tu  hybrid isation  technique was 

sm all compared to Southern b lo ttin g  so probes were usually  lab e lled  the 

day before and the incorporated DNA p recip ita ted  overnight. The next 

day the DNA p re c ip ita te  was gently resuspended in deionised formamide.

2.9.3 Prehybridisation procedures

2 .9 .3 .1  RNase treatment

Moist chambers were prepared by soaking three lay ers o f t i s s u e ,  lined in 

black boxes with t ig h tly  f i t t in g  l id s  (Raymond Lamb) in 2X SSC and 

placing these in 37°C waterbath. Meanwhile a so lu tion  o f RNase in 

2X SSC was made a t  a concentration o f 100 g/ml. G lass cov erslip s 

previously soaked in absolute ethanol were removed and l e f t  in a 

v e r t ic a l  position  to dry. 200 1 o f RNase solu tion  was placed on each

s lid e  and a coverslip  placed over i t  gen tly . The s l id e s  were then 

incubated in the moist chambers fa r  1 hour. Thereafter the cov erslip s 

were removed by soaking in 2X SSC for a few minutes and then washed 

twice in 2X SSC.

The s l id e s  were then dehydrated as fo llow s: S lid e s  were mounted into  a

tray  which f i t t e d  neatly into 5 boxes containing 10%, 50%, 75%, 95%, and 

100% o f ethanol. The slide-con tain in g tray  was gently lowered into  the
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ethanols fo r 2 mins each s ta r t in g  from the most d ilu te  solu tion  (10%) to 

the most concentrated so lu tion  (100%). The s l id e s  ( s t i l l  within tray) 

were then l e f t  to a ir  dry and placed in d esiccator u n til needed.

2 .9 .3 .2  Denaturation o f chromosomal DNA and probe DNA

A box containing 250 mis o f 70% deionised farmamide, 5mM EDTA in  2X SSC 

was warmed to 65°C in a waterbath. The tray  o f s l id e s  was placed in the 

formamide solu tion  fa r  4 mins. The s l id e s  were removed immediately, 

washed in 2X SSC and dehydrated (as above) and placed in a desiccator 

(Raymond Lamb).

The probe was added a t  a f in a l  concentration o f 0 .4  ng/ul to a so lu tion  

o f 50% hybridisation  mix and 50% deionised formamide and denatured by 

b a ilin g  fo r 10 mins and then rap id ly  cooling on ic e .

2.9.4 Hybridisation

Moist chambers were then prepared th is  time soaking paper t is su e  in 5X 

SSC a t  42°C.

30 1 o f denatured probe was spread (one drop a t  each end) onto each

s lid e  o f denatured chromosomal DNA and a coverslip  gently placed over 

i t .  The s l id e s  were placed in moist chambers o f 5X SSC a t 42°C 

overnight to hybridise.
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2 .9 .5 Procedures post hybridisation

2 .9 .5 .1  Removal o f cov erslip s

I t  was important to remove the co v erslip s post hybrid isation  in a 

p a rticu la r  way so as to prevent the l i f t in g  o f c e l l s  from the s l id e .

The removal o f cov erslip s was achieved as fo llow s: S lid e s  were placed

in d iv idually  in to  a coplin ja r  containing 5X SSC. The coplin ja r  was 

placed in a waterbath a t  37°C and the cov erslip s were allowed to d r i f t  

o f f  the s l id e s .  No force was applied to remove the c o v e rslip s .

2 .9 .5 .2  Washing conditions

The s l id e s  were then put through a se r ie s  o f washes to  remove excess 

unhybridised and n on sp ecifically  bound probe m olecules. The washing 

conditions depended on the type o f probe used in the hybrid isation  

reaction . I f  fo r example a probe was used which contained re p e tit iv e  

sequences present in other regions o f the genome, then a p a rtic u la r ly  

high stringency wash was used (0 .1 X SSC, 0.1% SDS a t  65°C).

After the cov erslip s were removed then the s l id e s  were replaced in the 

tray . The washing procedure fo r probes with unique nucleotide 

sequences was as fo llow s: The tray  o f s l id e s  was placed in a box

containing 250 mis o f 2X SSC for 1hour. A minimum o f ag ita tio n  was used 

and the washing o f s l id e s  throughout was a gentle process. The so lu tion  

was changed a fte r  30 mins. Two boxes containing 0.5X SSC a t 60°C were 

prepared meanwhile. The s l id e s  were removed from the 2X SSC and placed
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in the 0.2X SSC solu tion  fo r a further 30 mins (15 mins in each box). 

F in ally  the s l id e s  were washed in a solu tion  containing 0 .1 X SSC a t  RT. 

The washing conditions fo r probe sequences containing re p e titiv e  

sequences was as fo llow s: S lid e s  were washed in  an SSC strength ranging

from X0.5 to X0.1 a t  65°C fo r 1 hour and the so lu tio n s changed every 

15 mins. The s l id e s  were f in a lly  washed in 0 .1 X SSC fo r a further 

30 mins with the so lu tion s changed a fte r  15 mins. After the s l id e s  were 

washed, they were dehydrated through a s e r ie s  o f alcohols (as described 

above) and stored in a d e sicca to r .

2.9.6 Autoradiography

Unlike the autoradiographic procedure involved in Southern b lo ttin g , 

the photographic film  in the in s i tu  hybrid isation  technique was 

replaced by a nuclear emulsion and the whole autoradiographic process 

was carried  out on the microscope s lid e  containing metaphases hybridised 

with sp e c if ic  probe sequences.

The hybridised s l id e s  were coated in I lfo rd  nuclear emulsion (LA) in the 

darkroom (without the use o f s a fe l ig h t s ) .  The process o f emulsion 

dipping was carried  out as fa llow s: All necessary items were placed in

accessib le  po sitio n s so th at they could be handled in complete darkness. 

LA nuclear emulsion contained within an opaque b o ttle  and in ge l form a t  

RT was liq u e fied  in a 55°C waterbath (Grant) fo r approximately 

15 mins. The emulsion was s t ir r e d  continuously using a g la s s  rod to 

ensure complete l iq u if ic a t io n . Then i t  was d ilu ted  1 :1 with GDU also  

heated to 55°C in a coplin ja r  and again s t ir r e d  with a g la s s  rod so
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th at the emulsion was thoroughly mixed. The emulsion mas l e f t  fo r a 

minute or so to allow bubbles th at might have formed to d isp erse . Each 

s lid e  was dipped into the emulsion and l e f t  to  dry standing v e r t ic a lly  

again st a clean surface in a la rge  l ig h t- t ig h t  box. The emulsion 

usually  formed an even u ltra -th in  coating over the s l id e .  A fter 2 hours 

the s l id e s  were removed into  s l id e  trays and placed in sm all l ig h t  t ig h t 

boxes containing desiccant ( s i l i c a  g e l ) .  The boxes were covered with a 

layer o f f o i l  and then placed in a re fr ig e ra to r  a t  4°C (away from any 

other rad ioactive  m aterial) fo r a period o f k-7 days.

2 . 9 . 7  D eveloping o f  s lid e s

The s l id e s  were usually  divided among several boxes so that the correct 

time o f exposure could be a sse ssed . Four days a f te r  s lid e  incubation 

one box was removed from the re fr ig e ra to r  and l e f t  to  eq u ilib ra te  a t  RT 

for 30 mins. Boxes containing developing so lu tion s were prepared and 

l e f t  in the cold room to reach 15°C. The developer (Kodak D19) was made 

up in GDlil, from the powder, as d irected . The stop so lu tion  was a 1% 

ace tic  acid  so lu tion  made up in GDliJ. The fix in g  so lu tion  (I lfo rd  Hypam) 

was d ilu ted  1 with GDLJ with the recommended hardener added a t  a 

d ilu tion  o f 1 :2Q. S lid es  were developed fo r 5 mins (ag ita tin g  s l id e s  

every 30 s e c s ) ,  the developing reaction  stopped in 1% ace tic  acid  fo r 1 

min, and then fixed  fo r a further 5 mins (a g ita tin g  s l id e s  every 1 min). 

The s l id e s  were washed under gently running water fo r 20-30 mins.
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2.9.B S ta in in g  o f  s lid e s

S lid e s  were stained using the modified protocol o f Le Beau e t  a l  (1983) 

( i f  cu ltures were unsynchronised) and the modified protocol o f Perry and 

Wolf (1974) ( i f  cu ltures were synchronised with BrdU). I n i t ia l ly ,  

however, 1 or 2 s lid e s  were stain ed  immediately to a s se ss  the general 

lev e l o f background and the sp e c if ic  grain s iz e .  I f  the background was 

qu ite high (an average more than 5 grains per metaphase was 

unacceptable), then the s l id e s  were washed for a further period and the 

r e s t  o f the s l id e s  developed the same day. I f  the grain  s iz e  was sm all 

and could ju s t  about be v isu a lise d  the r e s t  o f the s l id e s  were u sually  

l e f t  fo r  a few more days before they were developed.

Whether the metaphases were synchronised or unsynchronised these t e s t  

s l id e s  were usually  stained in a Wright’ s  s ta in  (EM Science) for

5-B mins. The Wright’ s s ta in  was made up as fo llow s: A g la s s  b o ttle  was 

se t  aside  only fo r mixing the s ta in . 500 mis o f methanol (anhydrous, 

acetone free ) was poured into  a g la s s  b o tt le , and the liq u id  was s t ir r e d  

by means o f a magnetic s t i r r e r  (Gallenkamp). 1.25 g o f Wright s ta in  was

added to the methanol slowly while constantly s t i r r in g .  The so lu tion  was 

s t ir re d  fo r a period o f 2 hours. The sta in  was then f i l te r e d  through 

Whatman number 1 f i l t e r  paper o f double thickness and the f i l t e r  paper 

changed every second fu n n e l- fu ll. The b o ttle  containing s ta in  was 

capped t ig h tly  and stored in the dark a t  RT for a period o f 14 days.

A working solu tion  o f Wright’ s s ta in  d iluted  with phosphate buffer 

(□.□6 M) was made up fo r u se . The phosphate b u ffer consisted  o f 0.06 M
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potassium dihydrogen phosphate (Kh^PO^) and 0.06 M disadium hydrogen 

phosphate (Na2HP0^ ) .

Banding o f unsynchronised chromosomes a f te r  hybrid isation  was carried  

out as fo llow s: 3 mis o f phosphate buffer was placed into a d isposable  

p la s t ic  centrifuge tube and 1 ml o f s ta in  was added to the b u ffe r . The 

so lu tion  was p ipetted  up and down a few times and poured onto a s l id e .  

The s l id e  was stain ed  for 10 mins and rinsed with GDld. The s l id e  was 

then dried in a i r .  The s lid e  was then destained in 95% ethanol fo r 

90 se c s , in 95% ethanol containing 0.25%, 0.5% or 0.1% 10 M hydrochloric 

acid (HC1) fo r 35 se c s , and f in a lly  in 100% methanol for 90 se c s .

During the destain ing process the s l id e s  were ag ita ted  continuously by 

dipping the s l id e s  in and out o f the so lu tio n s. The s l id e s  was dried 

thoroughly between so lu tio n s. The s l id e s  were then restained as 

described above. At th is  stage  the chromosomes should s t i l l  appear 

uniformly stained  but some banding should appear a f te r  destain ing and 

re sta in in g  a second time. Sometimes a fa in t  background sta in in g  due to 

the photographic emulsion was v is ib le  a f te r  th is  procedure. A quick 

rin se  in 95% ethanol followed by re sta in in g  the s l id e s  often helped th is  

problem. This procedure was repeated fo r the r e s t  o f  the s l id e s  and 

procedure resu lted  in fa in t  G-banding or C-banding.

Banding o f synchronised chromosomes a f te r  hybrid isation  was as fo llow s: 

The s l id e s  were treated  e sse n t ia lly  as for conventional banding o f 

synchronised cu ltures (see section  2 .3 .3 ) but with s l ig h t  m odifications. 

S lid es were mounted in GDLJ and sealed  with a rubber solu tion  so th at the 

Hoechst 3325B stained c e l l s  remained moist during exposure to UV l ig h t .
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S lid e s  were exposed to 5-6 hours o f UV l ig h t .  Thereafter the rubber 

so lu tion  uas c are fu lly  removed and the cover s l ip s  removed by soaking in 

GDU fa r  10-15 mins. The s l id e s  were rinsed in GDbJ once more and then 

stained with 10% Giemsa so lu tion  fo r  10 mins.

In general the qu ality  o f chromosome banding post hybrid isation  was 

poorer than the banding obtained using conventional cytogenetic 

techniques. However the banding (post hybridisation) o f metaphases 

derived from synchronised cu ltures was b etter than fo r th at obtained 

with the Wright’ s  s ta in . Often chromosomes were d i f f i c u l t  to id en tify  

and karyotyping required a combination o f cytogenetic s k i l l s  acquired 

with experience.

2 .9 . 9  A nalysis o f  in  s i t u  h y b rid isa tio n  data

2 .9 .9 .1  Gene lo c a lisa t io n

Hybridised preparations were analysed by adding the to ta l  number o f 

g ra in s, on a l l  chromosomes in m ultiple m itotic spreads. The banding 

pattern o f the metaphase spreads were b est v isu a lise d  when a green 

in terference f i l t e r  (Z eiss) was used. However the grain s were best 

v isu a lise d  without th is  f i l t e r .  The grain  location s were scored in 

30-100 metaphases containing a complete s e t  o f chromosomes which were 

id e n tif ia b le . Grains were scored only i f  they were located  on the 

chromosome or touching a t  le a s t  one chromatid. Generally la b e llin g  

resu lted  in one grain on a chromosome or sometimes one grain  on each 

chromatid and rare ly  m ultiple grains a t  one lo catio n . S p ec ific  grain

102



hybrid isation  was usually  found on one chromosome homolague in any one 

metaphase and seldom on both homologues. The le v e l o f nonspecific 

background was re la t iv e ly  low and ranged from 2-k grain s per metaphase. 

Assigned probe lo c a lisa t io n s  were based on obvious s i t e s  o f la b e llin g  

throughout the karyotype. Histograms o f grains p lo tted  aga in st 

chromosomes showed a c le a r  c lu sterin g  in one or two regions o f o f the 

karyotype.

2 .9 .9 .2  Calculation o f s t a t i s t i c a l  s ign ifican ce  o f probe lo c a lisa t io n

The sig n ifican ce  o f c lu sterin g  o f grain s was found by ca lcu la tin g  

deviation from the ’ expected1 number o f grain h ybrid isation s to
n

chromosomes using the Chi squared ( s t a t i s t i c a l  t e s t .  The number o f 

grain s expected to l i e  on each chromosome, i f  grain s were d istrib u ted  

evenly over a l l  23 chromosome p a ir s ,  was calcu lated  allowing fo r the 

fa c t  th at chromosomes vary in th e ir  s iz e  and DNA content. This was done 

using the data on re la t iv e  lengths o f chromosomes given by Mendelsohn e t 

a l  (1973). Each o f these expected numbers o f grain s was then compared•p
to those observed by a t e s t  with one degree o f freedom.

2 .9 .9 .3  S e n sit iv ity  o f the in s i tu  hybridisation  technique fo r

detecting m ultiple copies o f genes

The s e n s it iv ity  o f the in s i tu  hybrid isation  technique fo r detecting 

m ultiple copies o f genes was a sse ssed . The re su lts  s ta te d  here in b r ie f  

are based on three independent se r ie s  o f experiments. The increase in 

the number o f grain s concomitant with the increase the number o f copies
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of the gene was calculated. A strain of the cell line HL6Q with a k to 

0 fold amplfication of the MYC oncogene was studied. The grain 

localisation of MYC in the metaphase chromosomes from HL60 was compared 

with that for normal lymphocytes. The number of grains hybridising to 

the MYC oncogene in HL60 was approximately twice that seen for MYC 

localisation in normal lymphocytes. This suggested that an increase in 

grain count was seen only when there was an approximately A—fold 

increase in copy number. The in situ hybridisation technique was 

therefore not sensitive enough to pick up duplication or triplication of 

genes.

104



CHAPTER 3 : Ph-NEGATIVE, M-BCR-POSITIVE CML: RELATIONSHIP TP Ph-POSITIVE
H-BCR-POSITIVE DISEASE

3.1 LITERATURE

In a study of 50 Ph-positive CML patients Spiers et al (1977) concluded 

that the presence of a Ph chromosome could have been inferred from the 

specific clinical and haematological features in each case. These 50 

patients had a median age at diagnosis around 45 years, a median 

survival of three to four years, and splenomegaly. The peripheral blood 

picture showed a leucocytosis with marked basophilia with the presence 

of granulocytes at all stages of maturation. The bone marrow showed a 

marked hypercellularity with hyperplasia of the granulocytic and 

megakaryocytic lineages.

In contrast features of patients with CML lacking a Ph chromosome are 

heterogeneous (Kardinal et al, 1976). Some cases resemble Ph-positive 

disease while others showed striking differences. These differences 

include a shorter clinical course, older age at diagnosis (median around 

65 years) and lower initial white cell and platelet counts. There may 

also be an excess of monocytes, a virtual absence of basophils and the 

presence of dysplastic features from the myelocytes to the more mature 

stages. The classification of these patients has been controversial and 

some authors have disputed the existence of Ph-negative CML as an 

entity. For example Pugh et al (1985) and Travis et al (1986) suggested 

that the majority of patients classified as Ph-negative CML had been 

misdiagnosed and were instead examples of chronic myelomonocytic 

leukaemia, myelodysplastic syndromes or myeloproliferative disorders.
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Although the majority of Ph-negative CML patients have a normal 

karyotype, some Ph-negative CML patients have visible rearrangements of 

chromosome 9q3A. With the growing awareness that 9q34 was often 

involved in Ph-positive CML, Lawler (1982) suggested that a group of Ph- 

negative CML patients might exist who shared essentially the same 

pathogenetic mechanism(s) as the Ph-positive leukaemia.

Whereas the molecular features of Ph-positive CML have been well 

documented the molecular study of Ph-negative CML has been undertaken by 

few groups. An early report by Bartram et al (1985a) seemed to show 

that Ph-negative CML had a different molecular basis from Ph-positive 

CML. They identified a Ph-negative CML patient whose leukaemic cells 

exhibited rearrangement of M-BCR without juxtaposition of ABL sequences. 

However more recent molecular genetic evidence supports the hypothesis 

of Lawler (1982). Bartram et al (1985b) studied a patient with a 

translocation between chromosomes 9 and 12 without apparent involvement 

of chromosome 22. They demonstrated a rearrangement within M-BCR and a 

translocation of both BCR and ABL sequences, presumably as a chimeric 

BCR/ABL gene, onto the derivative chromosome 12. Kurzrock et al (1986) 

reported M-BCR rearrangement and expression of the P21D BCR-ABL chimeric 

protein in one patient with a translocation between chromosome 9 and 11 

but a normal chromosome 22.

In investigations of Ph-negative CML cases with normal karyotypes, 

Bartram (1985), Bartram et al (1986), Bartram and Carbonell (1986), 

Morris et al (1986), Ganesan et al (1986) found that a total of 13 of 

the 28 patients studied had rearrangement of M-BCR as in Ph-positive
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CML. Morris et al (1986) and Dreazen et al (1987) studied a total of 12 

Ph-negative patients (with normal karyotypes) and M-BCR rearrangement. 

Localisation of the ABL in four cases by in situ hybridisation showed 

that the ABL oncogene had moved from its normal position an chromosome 9 

to chromosome 22.

The formation of the BCR/ABL chimeric gene is thought to play a central 

role in Ph-positive CML. However it is still unclear to what extent 

other factors influence the clinical phenotype. The molecular studies 

of patients whose disease resembled CML but who did not have a Ph 

chromosome might shed mare light on this question. I therefore studied 

B patients classified as CML who lacked the Ph chromosome mainly by 

cytogenetics and in situ hybridisation. Five patients had clinical and 

haematological features indistinguishable from Ph-positive CML while 3 

patients had some atypical features.

3 .2  CLINICAL AND HAEMATOLOGICAL FEATURES

The clinical and haematological findings of one Ph-positive CML patient 

and eight Ph-negative CML patients are shown in Table 2. The features 

of the eight Ph-negative CML patients resembled the Ph-positive CML 

patient to a greater or lesser extent. Their leucocyte counts varied 

from 22.9 to 506 X 10^/1 at diagnosis. In each case the bone marrow was 

hypercellular and showed gross granulocytic hyperplasia with maturation 

and no excess of blasts. The neutrophil alkaline phosphatase was low in 

7 of the 8 patients studied at diagnosis. The morphology in patients 1, 

2, 3, 5, and 7 was indistinguishable from that characteristic of Ph-
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Peripheral blood at diagnosis
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positive CML, although minor dysplastic features mere present in the 

granulocyte series of patient 2, including hypogranulation of 

granulocytic precursors with a decrease in secondary granulation and a 

persistence of cytoplasmic basophilia. Patients 4, 6, and B had some 

features not typical of Ph-positive CML. These patients had absent or 

very low numbers of myelocytes and metamyelocytes. Patient 4 mas treated 

by allogeneic bone marrow transplantation and died 6 months later. 

Patients 4, 5 and 7 were described further in Chapter 4 and are 

indicated in Table 2 by asterisks.

3.3 CYTOGENETICS

3.3.1 Ph-positive CML p atien t

30 G-banded metaphases from the bone marrow of one patient with typical 

Ph-positive CML were analysed. All the metaphases had a Ph 

translocation, 46,XY, Ph, t(9;22) (q34;q11) with no other chromosomal 

abnormalities (Fig 9).

3 .3 .2  Patient 1

40 G-banded metaphases were analysed from peripheral blood cultures 

(without PHA) at 48 and 72 hours. 3B metaphases had a normal karyotype 

(46,XY) and 2 metaphases had a 22q- with no apparent change in 

chromosome 9 (46,XY, 22q-) (Fig 10)
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Fig 9 Karyotype of a G-banded metaphase from a Ph-positive CML 
patient showing translocation between chromosomes 
9q34 and 22q11, t(9;22)(q34;q11).

This reciprocal translocation results in the formation of chromosomes 
9q+ and 22q-
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F i g  1 0  K a r y o t y p e  o f  a  G - b a n d e d  m e t a p h a s e  f r o m  p a t i e n t  1 

s h o w i n g  a  d e l e t i o n  o f  c h r o m o s o m e  2 2  ( 2 2 q - ) ,  

b u t  w i t h  t w o  n o r m a l  c h r o m o s o m e s  9 .
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3.3.3 Patient 2

30 G-banded metaphases derived from bone marrow cultured for 4B hours 

were analysed. All metaphases showed normal chromosomes 9 and 22 but 

had a terminal deletion of chromosome 16 at band q22, 46,XY 

del(16)(pter q22:) (fig 11).

3.3.4 Patient 3

35 G-banded metaphases were analysed. 25 metaphases were derived from 

peripheral blood cultures at 72 hours and 10 metaphases were derived 

from bone marrow cultures at 48 hours. All 35 metaphases analysed had a 

normal male karyotype, 46,XY.

3.3.5 Patient 4

25 G-banded metaphases were analysed from fresh and cryopreserved 

samples of peripheral blood cultured for 48 hours. All metaphases had a 

normal female karyotype, 46,XX.

3.3.6 Patient 5

20 G-banded metaphases were analysed from unstimulated bone marrow 

cultured for 48 hours. All the metaphases had a normal male karyotype, 

46,XY (Fig 12).
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Fig 11 Karyotype of a G-banded metaphase from patient 2 showing 
normal chromosomes 9 and 22, but a terminal deletion 
of the q arm of chromosome 16 (16q-).
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Karyotype of a G-banded metaphase from Ph-negative CML 
patient 5 showing normal chromosomes.



3.3.7 Patient 6

15 G-banded metaphases mere analysed from unstimulated bane marram 

cultured far 24 hours. All metaphases had a normal male karyotype, 

46,XY.

3.3.8 Patient 7

20 G-banded metaphases mere analysed from bone marram cultured far 24 

and 48 hours. All metaphases had a normal male karyotype, 46,XY.

3.3.8 Patient 8

20 G-banded metaphases mere analysed from bone marrom cells cultures for 

24 hours. All the metaphases had a normal male karyotype, 46,XY.

3.4 SOUTHERN BLOT ANALYSIS

Genomic rearrangements of M-BCR mere analysed by Southern blotting mith 

the cooperation of Drs P Martiat and L M Gao. High molecular meight DNA 

extracted from the leukaemic cells of patients mas digested mith the 

restriction endonucleases Bam HI, Eco RI, Hind III, Bgl II and Xba I and 

probed mith the 0.6 kb genomic M-BCR probe (BCR-G) and the 4 kb genomic 

BCR probe (Phl/bcr-3) (Fig 8). We detected rearrangements in the Ph- 

positive CML patient and in 7 of the B Ph-negative patients studied (Fig 

13).
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23
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1 2 3 4 1 2 3 4

Lane 1 Ph-positive ALL

Lane 2 Patient

Lane 3 Ph-positive CML

Lane 4 Normal control

Fig 13 Southern blot analysis of DNA from Ph-negative CML patient 5 
showing genomic rearrangement of M-BCR

High molecular weight DNA was restriction endonuclease digested 
with Bam HI and Bgl II and probed with the 0.6 kb M-BCR probe, BCR-G.
The DNA from patient 5 (lane 2), like the Ph-positive control (lane 3), 
shows a band in the germline configuration of M-BCR and another band 
in the rearranged configuration using both restriction endonucleases.
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3.5 IN SITU HYBRIDISATION

3.5.1 Analysis of in situ hybridisation data

Metaphase spreads were analysed for grain localisation. The number of 

grains localising to chromosomes 9 and 22 are indicated below. The long 

arm of chromosome 22 represents approximately 1 .3% and the long arm of 

chromosome 9 approximately k% of the haploid genome (Mendelsohn et al, 

1977). The deviation from the expected number of ’background1 

hybridisations was calculated on the assumption of random distribution 

of grains proportional to the length of the chromosome arms. The 

significance of differences between the observed and expected 

hybridisation pattern is indicated below.

3.5.2 ABL localisation

A 1.5 kb human cDNA Pst I fragment was used as a probe for the in situ 

localisation of the ABL oncogene (for details see Chapter 2).

3.5.2.1 Ph-pasitive CML patient

In AO metaphases analysed from a Ph-pasitive CML patient with a total of 

79 grains, 12 (15%) grains hybridised to the normal chromosome 9 and B 

(10.1%) grains hybridised to the Ph chromosome (Fig 14, Table 3). The 

clustering of grains on chromosome 9 and the Ph chromosome was 

significant (p = 0.0003 and p = 0.0001 respectively).
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Fig 14 Loca lisa tion of the ABL proto-oncogene to chromosome
22q- (Ph) in a metaphase from  Ph-pos itive  CML patien t.
The black grain on the chromosome 22q- (indicated by an arrow) 
represents localisation of the ABL probe to complementary 
ABL proto-oncogene sequences in situ. The normal chromosome 22 
is also indicated.
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3.5.2.2 Patient 1

In 40 metaphases analysed with a to ta l  number o f 123 grains 20 (16.2%) 

grain s mapped to chromosome 9 and 18 (14.6%) grain s mapped to chromosome 

22 (Fig 15, Table 4 ) .  The c lu ste rin g  o f grains on both chromosome 9 and 

the chromosome 22 mas s ig n if ic a n t  (p < 0.0001).

3.5.2.3 Patient 2

In 50 metaphases analysed 24 with a to ta l  number o f 136 grain s, 18 

(13.2%) grains mapped to chromosome 9, 2 (1.2%) grain s mapped to 

chromosome 22 and 15 (11.0%) mapped to chromosome 1q24 (Fig 16, Table

5 ). The c lu sterin g  o f grains on chromosome 9 and chromosome 1 was 

s ig n ific a n t  (p = 0.0005 and p = 0.03 re sp e c tiv e ly ).

3.5.2.4 Patient 3

In 45 metaphases analysed with a to ta l  number o f 118 grain s 20, (16.9%) 

grains mapped to chromosome 9 and 21 (17.8%) grain s mapped to chromosome 

22. The c lu sterin g  o f grains on chromosome 9 and chromosome 22 mas 

s ig n ific a n t  (p < 0.0002).

3.5.2.5 Patient 4

In 50 metaphases analysed with a to ta l  number 143 g ra in s, 16 (11.9%) 

mapped to chromosome 9 and 17 grain s (11.8%) mapped to chromosome 22.
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Table 4 Localisation of the ABL proto-oncogene in metaphases from Ph-negative CML COQ.
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Fig 15 Loca lisa tion of the ABL proto-oncogene to a cy togene tica lly  
normal chrom osom e 22 in a metaphase from  Ph-negative  
CML patien t 1.
The black grain on chromosome 22q11, indicated by an arrow, represents 
localisation of ABL proto-oncogene in situ.
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F i g  1 6  L o c a l i s a t i o n  o f  t h e  A B L  p r o t o - o n c o g e n e  t o  c h r o m o s o m e  1 q 2 2 - 2 4  

in  a  m e t a p h a s e  f r o m  a  P h - n e g a t i v e  C M L  p a t i e n t  2  w i t h  a  d e l e t i o n  

o f  c h r o m o s o m e  1 6 q .

The black grain on chromosome 1 q, indicated by an arrow, represents 
localisation of the ABL proto-oncogene in situ.
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The c lu sterin g  o f grains on both chromosome 9 and 22 uas s ig n if ic a n t  

(p = 0.001 and p < 0.0002 re sp e c tiv e ly ).

3.5.2.6 Patient 5

In 48 metaphases analysed with a to ta l  number o f 115 g ra in s, 20 (17.3%) 

grains mapped to chromosome 9 and 16 (13.9%) grain s mapped to chromosome 

22 (Fig 17, Table 6 ) . The c lu sterin g  o f grains an both chromosome 9 and 

22 uas s ig n if ic a n t  (p < 0.0001 and p < 0.0002 re sp e c tiv e ly ).

3.5.2.7 Patient 6

In 50 metaphases analysed uith  a to ta l  number o f 111 grain s 13 (11.7%) 

grains and 16 (14.4%) grain s mapped to chromosome 22. The c lu sterin g  

o f grain s on chromosome 9 and 22 uas s ig n ific a n t  (p < 0.0024 and 0.0026 

re sp e c tiv e ly ).

3.5.2.B Patient 7

In 50 metaphases analysed uith  a to ta l  number o f 125 grain s 15 (12%) 

grains mapped to chromosome 9 and 14 (11.2%) grain s mapped to chromosome 

22. The c lu sterin g  o f grain s on chromosome 9 and 22 uas s ig n if ic a n t  

(p < 0.0009 and 0.0001 re sp e c tiv e ly ).
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F i g  1 7  L o c a l i s a t i o n  o f  t h e  A B L  p r o t o - o n c o g e n e  t o  c h r o m o s o m e

2 2  in  a  k a r y o t y p e d  m e t a p h a s e  f r o m  P h - n e g a t i v e  C M L  p a t i e n t  5 .

The black grain on chromosome 22, indicated by an arrow, represents 
the localisation of ABL proto-oncogene sequences in situ.
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3.5.2.9 Patient 8

In 50 metaphases analysed with a to ta l  number o f 116 grain s 12 (10.3%) 

grains mapped to chromosome 9 and 2 (1.7%) grains mapped to chromosome 

22. The c lu sterin g  o f grain s on chromosome 9 was s ig n if ic a n t  (p < 0.009) 

but no s ig n if ic a n t  c lu sterin g  o f grain s on chromosome 22 mas 

demonstrated.

3.5.3 BCR LOCALISATION

The 4 kb ’ f u l l  len gth ’ cDNA Eco RI fragment was used as a probe fo r the 

in s i tu  lo c a lisa t io n  o f the BCR gene (Fig B).

3.5.3.1 Ph-positive CML patient

In 50 metaphases analysed with a to ta l  o f 11B gra in s, 16 (13.5%) grains 

hybridised to the normal chromosome 22, 12 (10.1%) grain s hybridised to 

the Ph chromosome and 10 (8.4%) grain s hybridised to chromosome 9q+

(Fig 1B, Table 7 ) . The c lu sterin g  o f grains on chromosome 22, 

chromosome 9q+ and the Ph Idas s ig n if ic a n t  (p < 0.0002, p < 0.0002 and 

p = 0.024 resp ectively )

3.5.3.2 Patient 5

In 100 metaphases analysed uith  a to ta l  o f 97 g ra in s, 17 (17.8%) grains 

hybridised to chromosome 22. The c lu sterin g  of grain s on chromsome 22
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Fig 18 Localisation of the BCR gene to both the chromosomes 9q+ 
and 22q- (Ph) in a metaphase from Ph-positive CML patient.
The black grains on the chromosomes 9q+ and Ph, indicated by arrows, 
represent hybridisation of the BCR probe both to the BCR gene sequences on 
chromosomes 22q- and those translocated to the 9q+.
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was significant (p < 0.0003). hJe did net find any clustering of grains 

on the distal portion of chromosome 9 or any other chromosome.

3 .5 .3 .3  P a tien t 7

In 65 metaphases analysed with a total number of 101 grains 3 (2.9%) 

grains hybridised to chromosome 9 and 11 (10.8%) grains hybridised to 

chromosome 22 (Fig 19, Table 8). The clustering of grains to 

chromosome 22 mas significant (p < 0.0001).

3.5 .4  SIS LOCALISATION

A 2.7 kb human cDNA Bst Eli fragment was used as a probe for the in situ 

localisation of the SIS oncogene. A summary of the results of SIS 

localisation is shown in table 8.

3.5.4.1 Ph-positive CML p a tie n t

In 40 metaphases analysed with a total number of 87 grains, 10 (11.4%) 

grains hybridised to the normal chromosome 22 and 9 (10.3%) grains 

hybridised to chromosome 9q+ (Fig 20, Table 9). The clustering of 

grains on chromosome 22 and chromosome 9q+ was significant (p < 0.0001 

and p < 0.002 respectively).
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K

Fig 19 Localisation of the BCR gene to chromosome 22 in a metaphase 
from Ph-negative CML patient 7.
The black grain on chromosome 22, indicated by an arrow, represents 
localisation of BCR probe to the BCR gene in its normal position on chromosome 
22q11.
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Fig 20 Localisation of the SIS proto-oncogene to chromosome 
9q+ in a metaphase from Ph-positive CML patient.
The black grain on the terminal end of chromosome 9q+, indicated by 
an arrow, represents the localisation of SIS proto-oncogene 
sequences in situ.
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3.5.4.2 Patient 1

In 40 metaphases analysed with a total number of 81 grains 2 (2.4%) 

grains mapped to chromosome 9 and 10 (12.3%) grains mapped to chromosome 

22. The clustering of grains to chromosome 22 was significant 

(p < □.□□49).

3.5.4.3 Patient 3

In 5D metaphases analysed with a total number of 122 grains 1 (0.8%) 

grains mapped to chromosome 9 and 16 (13.1%) grains mapped to chromosome 

22. The clustering of grains to chromosome 22 was significant

(p < □.0001).

3.5.4.4 Patient 4

In 43 metaphases analysed with a total number of 102 grains 2 (1.9%) 

grains mapped to chromosome 9 and 11 (10.7%) grains mapped to chromosome 

22 (Fig 21, Table 10). The clustering of grains on chromosome 22 was 

significant (p < 0.0001).

3.6 mRNA ANALYSIS

Having detected BCR rearrangement in 7 of the 8 patients Dr Orna Dreazen 

looked for expression of the chimeric BCR/ABL mRNA. The presence of a 

chimeric BCR/ABL mRNA was determined by hybridisation of mRNA from 

patients 1, 3, and 6 to radiolabelled RNA probes representing the two
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Fig 21 Localisation of the SIS proto-oncogene to chromosome
22q13 in a metaphase from Ph-negative CML patient 4.
The black grain on chromosome 22q13, indicated by an arrow, 
represents localisation of SIS proto-oncogene sequences to its normal 
position in situ.
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alternative BCR/ABL splice junctions typical in CML (Shtivelman et al,

1986). The probes complementary to the two BCR/ABL junctions, 

designated b2a2 and b3a2, were used to 'protect' palyadenylated RNA from 

digestion with RNase. The RNA from approximately 50-70% of individuals 

with Ph-positive CML protects probes far the b2a2 junction and the RNA 

from 30-50 % of Ph-positive CMLs protects the b3a2 junction. The probes 

for the b2a2 junction consisted of a A-50 b probe in which 172 b are 

contributed by BCR exons 2 and 3 and 278b of ABL sequences contributed 

by ABL exon 2. The b3a2 junction was composed of 30 b of BCR sequences 

from exon 2 and 250 b of ABL sequences. RNA from individuals in whom 

the BCR break occurs between exons '3' and 'A-' can potentially protect 

both the b2a2 and the b3a2 junctions by a mechanism of alternativer*
splicing (Fig 22). All three patients had evidence the BCR/ABL 

transcript. In patient 1 only the b3a2 junction was protected, 

indicating a break between exons '2' and '3'. In patient 3 alternative 

splicing resulted in protection of both the b2a2 and the b3a2 junction 

probes, which was consistent with a break between exons '3' and 'A-'. In 

patient 6 the b2a2 junction was protected which was also consistent with 

a break between exon '3' and 'A-'.

3.7 SUMMARY

A summary of all the cytogenetic, in situ hybridisation and molecular 

findings is shown in Table 11.



Poly A+ mRNA

Normal CML

BCR ABL BCR-ABL

RNA probe
BCR-ABL +32P

I

Autoradiography after hybridisation and digestion.

— ABL
—

— BCR —

280 bp 
250 bp

30 bp

BCR-ABL

F ig  2 2  P r in c ip le s  o f  th e  R N A  p r o te c t io n  a s s a y

R N A  p ro b e s  c o m p le m e n ta ry  to  th e  B C R /A B L  c h im e r ic  m e s s a g e  

a re  h y b rid is e d  w ith  p o ly  A +  R N A  e x tra c te d  fro m  th e  le u k a e m ic  

c e lls  o f p a tie n ts . T h e r e a fte r  th e  to ta l R N A  is s u b je c te d  to  

R N a s e  d ig e s tio n . T h e  d s  R N A  re m a in s  in tac t a n d  is d is p la y e d  o n  a  

p o ly a c ry la m id e  g e l. In  n o rm a ls  o n ly  fra g m e n t s iz e s  c o rre s p o n d in g  

to  th e  n o rm a l A B L  a n d  B C R  g e n e s  w ill b e  p ro te c te d . In P h -p o s itiv e  

C M L  la rg e r fra g m e n ts  c o rre s p o n d in g  to th e  B C R /A B L  c h im e r ic  m R N A  

a s  w e ll a s  th e  n o rm a l A B L  a n d  B C R  m R N A s  w ill b e  p ro te c te d .
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Table 11 Summary of molecular features in one Ph-positive and eight Ph-negative CML patients
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3.B DISCUSSION

Reports of molecular studies in Ph-negative CML have covered a 

cytogenetically heterogeneous population. Some of these patients had 

apparently normal chromosomes while others had abnormalities of 

chromosomes 9 or 22 without formation of the common derivative 

chromosome 9pter 9q3A::22q11 22qter (Bartram et al,198A, Kurzrock et al, 

1986, Morris et al, 19B6, Bartram and Carbonell, 19B6, Ganesan et al,

1986). None of the eight patients studied by G banding had a classical 

t(9;22). One patient had a minority of metaphases which with a 22q- 

without a corresponding chromosome 9q+ and one patient had a deletion of 

the terminal end of chromosome 16. Both these patients had 

haematological features indistinguishable from Ph-positive CML. The 7 

remaining patients all had apparently normal chromosomes.

Results of Southern analysis showed that the M-BCR was rearranged in 7 

of the 8 Ph-negative patients studied. All the patients who resembled 

Ph-positive CML had rearrangement of M-BCR. However of the three 

patients who showed atypical features patients k and 6 showed M-BCR 

rearrangement and patient 8 did not.

In situ hybridisation studies can be summarised as follows:

In 6 patients with rearrangement of M-BCR one allele of the ABL oncogene 

was translocated from chromosome 9 to chromosome 22, as in Ph positive 

CML. In M-BCR positive patient 2, the ABL oncogene had been 

translocated to the q arm of chromosome 1. In the one patient lacking
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M-BCR rearrangement the ABL oncogene remained in its normal position on 

chromosome 9J Using the long BCR probe in M-BCR positive patients I 

found no evidence of reciprocal translocation, i.e. the 31 portion of 

BCR remained in its normal position on chromosome 22. I also localised 

the SIS oncogene in three M-BCR positive patients found it in its normal 

position on chromosome 22.

The mRNA from three patients was studied and all had evidence of a 

BCR/ABL transcript. This result suggests the formation and 

transcription of the BCR/ABL chimeric gene an the apparently normal 

chromosome 22. The localisation of SIS and BCR to chromosome 22 

suggests that Ph-negative CML can result from interstitial insertion of 

a small ABL-containing DMA sequence from the tip of chromosome 9 into 

BCR on chromosome 22. Hecht et al (19B5) reported the first case of the 

genesis of the Ph chromosome by interstitial deletion of chromosomal 

material from chromosome 22 and insertion of this deleted material into 

another chromosome. The translocation in this patient showed no 

involvement of chromosome 9. With hindsight this 'simple1 translocation 

was probably 'complex', involving chromosome 9 at a submicroscopic 

level. Interstitial insertion events in CML are being reported with 

increasing frequency (Hagemeijer et al,1985, Morris et al 1988). This 

almost certainly reflects the improvement of cytogenetic technology in 

conjunction with the use of high resolution banding and in situ 

hybridisation.

The significance of the minority clone of cells with 22q- in patient 1 

is not known. There have been reports of CML patients who were Ph-
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negative a t presentation  and who a fte r  varying periods o f  time acquired  

a Ph tra n slo ca tio n  (L isker e t  a l ,  1982). One in terp re ta tio n  o f  th is  

fin d in g  i s  based on the m u ltistep  theory o f  pathenogenesis, according to  

which a primary ’n e o p la s t ic ’ mutation occurs in  a p lu rip oten t stem c e l l  

and i s  follow ed a t  a la te r  stage  by a cq u is itio n  o f  the Ph chromosome.

In p a tien t 1 however the c y to g e n e tic a lly  normal c e l l s  appeared to  have 

the same gen etic  change as in  P h -p ositive  CML and the c e l l s  contain ing  

22q- did not have a c la s s ic a l  chromosome 9q+. Southern a n a ly s is  o f  M- 

BCR in  th is  p a tien t detected  ju s t  one rearranged band and th erefore  the  

22q- contain ing c e l l s  do not represent a second breakpoint w ith in  M-BCR. 

I t  i s  probable th a t th ese  c e l l s  represent a c lo n a l evo lu tion  o f  the  

o r ig in a l Ph-negative ’leukaem ic’ population .

Abnormalities in vo lv in g  the band q22 o f  chromosome 16 have been reported  

in  acute myeloid leukaemia p a tien ts  with abnormal eo sin o p h ils  (Arthur 

and B loom field , 19B3, Le Beau e t  a l ,  1983, Larson e t  a l ,  1986). The 

m etallo th ion ein  (MT) gene c lu s te r  has a lso  been mapped to  chromosome 

16q22 (Harper and Saunders, 1981, Le Beau e t  a l ,  1984b). Le Beau e t  a l  

(1985a) stud ied  an acute myelomonocytic leukaemia p a tien t with a 

rearrangement o f  chromosome 16q22 and suggested th a t MT genes or th e ir  

regulatory regions may fu nction  as an ’a c t iv a t in g ’ sequence for  an as 

yet u n id en tified  c e l lu la r  gene. There are sev era l mechanisms by which 

MT genes may be involved in  the pathogenesis o f  leukaemia a ffe c t in g  the 

myeloid s e r ie s .  For example mature eo sin o p h ils  and n eutrop hils have a 

high zinc content in  th e ir  granules (Barnes and Sato, 1980). MT 

fu nctions in  the in tr a c e llu la r  binding and storage o f  z in c  and may 

th erefore have an important ro le  in  granulocyte and monocyte
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d if fe r e n t ia t io n . The d y sp la stic  fea tu res in  the granulocytic  s e r ie s  o f  

p a tien t 2 with a d e le tio n  o f  chromosome 16q22 mere hypogranulation o f  

granulocytic  precursors with an in crease  in  secondary granulation and 

p ersis ten ce  o f  cytoplasm ic b a so p h ilia . Therefore a genomic a lte r a tio n  

o f  the MT genes in  th is  p a tien t may be respon sib le  fo r  th ese  d y sp la stic  

fe a tu r e s .

The fin d in g  o f  ABL on chromosome 1q in  a p a tien t with an apparently  

normal chromosome 1 and M-BCR rearrangement su ggests two p o ss ib le  

sequences o f  ev en ts . ABL sequences may have juxtaposed with unknown 

gene sequences an chromosome 1q ta  make a d if fe r e n t  chim eric gene a lso  

with enhanced ty rosin e  kinase a c t iv i t y .  The a lte r n a tiv e  explanation ( i f  

we accept th a t M-BCR rearrangement i s  not an independent phenomenon) i s  

th a t a complex chromosomal rearrangement occurred which involved  

chromosomes 1 , 9 , and 22. This rearrangement may have involved  

i n i t i a l l y  the ju x ta p o sitio n  o f  ABL with BCR and then subsequent 

tra n slo ca tio n s placed the chim eric BCR/ABL gene on chromosome 1q. Proof 

o f the la t t e r  hypothesis would have been to  lo c a l is e  5'BCR sequences in  

the metaphases o f  our p a t ien t. The lack  o f  stored  m aterial and the 

early  death o f  our p a tien t made t h is  study im p ossib le . However Bartram 

e t  a l (1985b) demonstrated th a t the BCR/ABL chim eric gene had been 

relocated  to  chromosome 12 in  a Ph-negative CML p a tien t and Hagemeijer 

e t  a l (1984) demonstrated th a t as a r e s u lt  o f complex chromosomal 

rearrangements, the BCR/ABL chim eric gene can be re loca ted  to  another 

chromosomal s i t e .  Recently Morris e t  a l  (198B) reported the 

involvement o f  an apparently normal chromosome 1 in  a sim ple variant 

tra n slo ca tio n  using in  s i tu  h y b r id isa tio n . The s ig n if ic a n c e  o f  the
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involvem ent o f  chromosome 1q in  CML i s  unknown. Abnormalities o f  

chromosome 1 occur frequently  in  human tumours (Brito-Babapulle and 

Atkin, 1981). Kruh e t  a l  (1986) demonstrated the presence o f  ABL-like 

sequences on chromosome 1q2L so tra n slo ca tio n  o f  ABL may have been 

f a c i l i t a t e d  through recombination o f  homologous sequences.

In the one M-BCR rearrangem ent-negative p a tien t wham I  stud ied  ABL 

remained in  i t s  normal p o s itio n  on chromosome 9 . This fin d in g  probably 

r e f le c t s  the fa c t  th a t Ph-negative CML p a tien ts  (they may be 60%) e x is t  

in  whom the key g en etic  change does not involve the formation o f  a 

BCR/ABL chim eric gene.

The fin d in g  o f  M-BCR rearrangement and movement o f  ABL to  chromosome 22 

in  two p a tien ts  with a ty p ica l fea tu res seems to  con trad ict the reports  

o f Morris e t  a l  (19B6), Wiedemann e t  a l  (1988) and Ohyashiki e t  a l

(1988). They fa i le d  to  d e tec t BCR rearrangement in  cases c la s s i f i e d  as 

a ty p ica l CML. Their r e s u lt  suggested th a t the m olecular events 

a ssoc ia ted  with M-BCR rearrangement d ir e c t ly  determined the morphology, 

the types o f  c e l l s  and the r e la t iv e  proportions in  which they appeared 

in  the peripheral blood. Our c o n flic t in g  r e su lts  may r e f le c t  a b ia s in  

s e le c t io n  and c la s s i f i c a t io n  o f  CML p a t ie n ts . I t  i s  p o ss ib le  th a t a 

combination o f  aberrant values in  d if fe r e n t ia l  counts led  to  a d iagn osis  

o f a ty p ica l CML or th a t minor a lte r a tio n s  in  the m orphological c r i t e r ia  

would permit in c lu sio n  o f  p a rticu la r  a ty p ica l cases in to  the c la s s ic a l  

CML category. However i t  i s  equally  l ik e ly  th a t phenotypic d iv e r s ity  

seen in  CML with M-BCR rearrangement may be generated by other g en etic
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changes as y e t u n id e n tif ie d . The confusion w il l  be c la r i f ie d  by fu rther  

molecular in v e s t ig a tio n  o f Ph-negative CML.

I conclude th a t a s ig n if ic a n t  proportion ( i . e .  L0%) o f  p a tien ts  with Ph- 

negative CML s u p e r f ic ia lly  resem bling the P h -p asitive  d isease  have an 

id e n t ic a l le s io n  a t  the molecular l e v e l .  Some p a tien ts  have a d isease  

otherw ise in d istin g u ish a b le  from P h -p ositive  CML, whereas in  others some 

o f  the c l in ic a l  and laboratory fin d in g s are d is t in c t  (Fig 2 3 ). The 

b a sis  o f  t h is  heterogen eity  must in volve  fa c to rs  other than the abnormal 

expression o f  BCR/ABL.
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CML MPD

Fig 23 Relationship between Ph-positive, M-BCR-positive C M L  
and Ph-negative, M-BCR-negative myeloproliferative diseases.

The left hand circle represents those patients with Ph-positive, M-BCR-positive CML. 
The right hand circle represents those patients with Ph-negative, M-BCR negative 
myeloproliferative diseases. The smaller, intersecting middle circle represents those 
patients that are M-BCR positive, some of whom are indistinguishable from the 
Ph-positive disease and some who show atypical features.
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CHAPTER 4: WHERE IS  THE SECOND BREAKPOINT IN Ph-NEGATIVE CML?

4.1 Ph-NEGATIVE CML

I  studied fu rther the molecular featu res o f a se lec ted  group o f  patien ts 

whose d isease  c lo se ly  resembled CML a t  the c l in ic a l  and haem atological 

le v e l. Southern an a ly sis  using high molecular weight DNA revealed 

genomic a lte ra tio n s  o f M-BCR. The use o f BCR/ABL sequences defin ing the 

two common (a lte rn ativ e ) junctions in an mRNA protection  assay  confirmed 

the presence in the leukaemic c e l l s  o f the same abnormal mRNA that 

ch aracterise s Ph-pasitive CML. I  d iscussed in the previous chapter 

stu d ies to id en tify  the po sitio n  o f ABL, SIS and BCR genes in the 

metaphase preparations from these p atien ts to understand the mechanism 

of formation o f the BCR/ABL gene. I  found th at the ABL oncogene had 

moved from i t s  normal p osition  on chromosome 9 to chromosome 22. Both 

BCR and SIS genes remained in th e ir  normal p osition  on chromosome 22, 

unlike the s itu a tio n  in the Ph-positive CML where 3 ’ BCR and SIS move to 

chromosome 9. These re su lt s  suggested that in these p atien ts the BCR- 

ABL chimeric gene was created not as a re su lt  o f recip ro cal 

tran slocation  but by i n t e r s t i t i a l  in se rtio n . I f  a functional BCR/ABL 

gene was created in th is  manner the ABL-containing fragment in serted  

into 22q11 might contain only ABL sequences or could include a very 

variab le  quantity o f m aterial d i s t a l  to ABL on chromosome 9q34.

In order to  e sta b lish  how much ABL-containing genetic m aterial was 

in serted  in to  chromosome 22q11 I  studied by in s i t u  h ybrid isation  the
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lo c a lisa t io n  o f the probes CRI-P111 and CRI-L142** in the metaphases o f 3 

p atien ts (see previous ch apter). These probes recognise d is t in c t  

polymorphic regions d i s t a l  to the ABL locus on chromosome 9q3^.

k.Z RESTRICTION FRAGMENT LENGTH POLYMORPHISMS AND CLASSICAL

LINKAGE ANALYSIS

Sequence polymorphisms occur once every feu hundred nucleotides in the 

normal human genome. They are predominantly sin g le  nucleotide 

su b stitu tio n s, which may change the s i t e  o f cleavage by sp e c if ic  

r e s tr ic t io n  endonucleases. These polymorphisms can be detected by 

Southern an a ly sis  as changes in the length o f DNA fragments. These are 

termed r e s tr ic t io n  fragment length polymorphisms (RFLP) and represent 

valuable genetic linkage markers (Kan and Dozy, 1978). The an a ly sis  o f 

genetic linkage i s  based on the exchange o f genetic information 

(recombination) between the p a irs  o f maternally and p atern ally  derived 

chromosome homologues during the m eiotic c e l l  d iv ision  th at gives r i s e  

to the germ c e l l s .  Information about the genetic d istance between two 

markers i s  obtained by analysing the frequency o f recombination between 

markers in large  fam ilie s (Unite and Lalouel, 19B7). The ’ gen e tic1 

distance between two markers i s  defined as 1 centiMorgan (cM) when the 

markers have a probab ility  o f 1 in 100 o f recombining in each generation 

and th is  corresponds to an average physical d istance o f 1 X 10^ base 

p a ir s .  A human linkage map with an average marker spacing o f 10 cM has 

been constructed (Donis-Keller e t  a l ,  1987).
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The re latio n sh ip  between the ’ gen etic1 and physical d istan ces in 

d iffe re n t p arts  o f the map i s  non-linear due to the existence o f 

p re fere n tia l s i t e s  o f recombination in the human genome. Studies in  a 

number o f organisms suggest th at these ’ h o tsp ots’ o f recombination 

occur p re fe re n tia lly  in the d i s t a l  portions o f the autosomes and th at as 

a r e su lt  the ’ gen etic ’ map i s  expanded a t  these p a in ts. In humans, 

de ta iled  stu d ies o f the d istr ib u tio n  o f chiasmata (cy to lo g ica l 

m anifestations o f recombination) show a s ig n if ic a n t  excess near the 

telom eres. The most completely studied case i s  chromosome 1 , in which 

the d i s ta l  15% o f the chromosome contains 40% o f a l l  the chiasmata 

(Hulten e t  a l  1982).

4 .3  IN SITU HYBRIDISATION STUDIES

4.3.1 L ocalisa tion  o f  CRI-P111 and CRI-L1424 in  normal metaphases

The estim ated distance between ABL and CRI-P111 based on c la s s ic a l  

linkage an a ly sis  i s  6 cM and between CRI-P111 and CRI-L1424 i s  11 cM 

(D onis-Keller e t  a l ,  1987) (Fig 24).

To confirm th at these RFLP probes did indeed lo c a lis e  to chromosome 9q34 

I performed an in s i tu  hybrid isation  to the metaphase chromosomes from 

normal female lymphocytes.

4 .3 .1 .1  CRI-P111 lo c a lisa t io n

In 60 metaphases analysed with a to ta l  number o f 96 g ra in s, 17 (15 %) 

grains mapped to chromosome 9. The hybrid isation  o f grains to
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Normal chromosome 9

_ ABL
6 c M

_  P111

1 1 c M

-  L 1424

Fig 24 Relative positions of ABL and the probes CRI-P111 and CRI-L1424 
on the normal chromosome 9q34.
Restriction fragm ent length polymorphic (R FLP ) probe, C R I-P 1 1 1 , m apped by 
classical linkage analysis 6  cM  3' of ABL. RFLP probe, C R I-L 1424 , m apped by 
classical linkage 11 cM  3' of C R I-P 111 and 17 cM  3' of ABL.
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chromosome 9 mas s ig n if ic a n t  (p < 0 .0002). No other c lu sterin g  o f 

grain s was observed.

4 .3 .1 .2  CRI-L1424 lo c a lisa t io n

In 60 metaphases analysed with a to ta l  number o f 112 grain s 20 (20.8%) 

grain s mapped to chromosome 9. The hybrid isation  o f grain s to 

chromosome 9 was s ig n if ic a n t  (p < 0.0001). No other c lu sterin g  o f 

grain s was observed.

4 .3 .2  L o calisa tio n  o f  CRI-P111 and CRI-L1424 in  Ph-positive CML 

metaphases

Although the tran slocation  t(9 ;2 2 ) i s  known to be recip ro cal and 

balanced the tran sp osition  o f chromosomal m aterial from 9q to 22q i s  not 

v is ib le  by standard cytogenetic techniques. However de Klein e t  a l  

(1982) and Groffen e t a l  (1983) confirmed the recip ro cal nature o f the 

tran slocation  when they demonstrated th at the ABL oncogene was 

tran slocated  from chromosome 9 to the Ph chromosome and th at SIS was 

translocated  from chromosome 22 to 9. Thus genetic m aterial occurring 

d i s t a l  to ABL on chromosome 9q34 i s  assumed, but not conclusively 

proved, to tran slo cate  along with ABL to the Ph chromosome. I  therefore 

proceeded to lo c a l ise  by in s itu  hybridisation  the probes CRI-P111 and 

CRI-L1424 to the metaphase chromosomes o f a Ph-positive CML p atie n t.
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4.3.2.1 Clinical and haematolagical features

The clinical and haematological features of this patient is shown in 

Table 13.

4.3.2.2 CRI-P111 localisation

In 60 metaphases analysed with a total number of 112 grains, 11 (9.8%) 

grains mapped to the normal chromosome 9 at 9q34, 13 (11.6) grains to 

the 22q- and none to the 9q+. The hybridisation of grains to 

chromosomes 9 and 22q- was significant (p = 0.007 and p < 0.0001 

respectively).

4.3.2.3 CRI-L1424 localisation

In 75 metaphases analysed with a total number of 128, 9 (7%) grains 

mapped to the normal allele at chromosome 9q34, 9 (7%) grains to the 

chromosome 22q- and no grains mapped to the 9q+. The hybridisation of 

grains to chromosome 9 and 22q- was significant (p = 0.0836 and p < 

0.0001 respectively) (Fig 25, Table 12).
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Table 12 Localisation of the RFLP probe CRI-L1424 in m etaphases from a Ph-positive CML patient

The grain localisation of CRI-L1424 to chromosomes 9 and 22q- in 75 bone marrow metaphases 
by in situ hybridisation.
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Loca lisa tion  o f CRI-L1424 to  ch rom osom e 22q- 
in a metaphase from  Ph-positive  CML patien t.

The black grain on chromosome 22q-, indicated by an arrowhead, 
represents the localisation of CRI-L1424 sequences normally 
found on chromosome 9q34.



4.3.3 Localisation of CRI-P111 and CRI-L1424 in Ph-negative CML 
metaphases

4.3.3.1 Clinical and haematalogical features

The clinical and haematalagical features of the three Ph-negative 

patients studied with the CRI probes are shown in Table 13 and also 

indicated by asterisks in Table 2 in Chapter 3.

4.3.3.2 Patient 4

CRI-P111 localisation

In 50 metaphases analysed with a total number of 82 grains, 9 (11%) 

grains mapped to chromosome 9 and 2 (2.4%) grains mapped to chromosome 

22. The hybridisation of grains to chromosome 9 was significant with a 

p value of □.□15. The hybridisation of grains to chromosome 22 was not 

significant.

CRI-L1424 localisation

In 70 metaphases analysed with a total of 110 grains, 13 (11.8%) grains 

mapped to chromosome 9 and 2 (1.8%) mapped to chromosome 22 . The 

hybridisation of grains to chromosome 9 was significant (p = □.□□2) 

whereas hybridisation to chromosome 22 was not.
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4.3.3.3 Patient 5

CRI-P111 localisation

In 40 metaphases analysed with a total number of 77 grains, 10 (12.9%) 

grains mapped to chromosome 9 and 9 (11.6%) grains mapped to chromosome 

22. The hybridisation of grains to chromosomes 9 and 22 was significant 

(p = 0.0034 and p < 0.0001 respectively).

CRI-L1424 localisation

In 75 metaphases analysed with a total number of 134, 13 (9.7%) grains 

mapped to chromosome 9q34 and 14 (10.4%) grains mapped to chromosome 

22q11 (Fig 26, 27). The hybridisation of grains to chromosomes 9 and 22 

was significant (p = 0.011 and p < 0.0001 respectively).

4.3.3.5 Patient 7

CRI-P111 localisation

In 53 metaphases analysed with a total number of 112 grains, 9 (8%) 

grains mapped to chromosome 9 and 2 (1.7%) grains mapped to chromosome 

22. The hybridisation of grains to chromosome 9 was significant 

(p = 0.085) whereas the hybridisation of grains to chromosome 22 was 

not.

CRI-L1424 localisation

In 80 chromosomes analysed with a total of 126 grains, 17 (13.4%) grains 

mapped to chromosome 9 and 3 (2.2%) grains mapped to chromosome 22 (Fig
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F ig  2 6  C o m p o s i t e  d ia g r a m  s h o w in g  g r a in  d is t r ib u t io n  f o r  t h e  

t h r e e  p r o b e s  A B L ,  B C R  a n d  C R I - L 1 4 2 4  in  4 0  to  7 0  

m e t a p h a s e s  f r o m  P h - n e g a t iv e  C M L  p a t ie n t  5 .

T h e  x a x e s  re p re s e n t th e  c h ro m o s o m e s  in p ro p o rtio n  to  th e ir  s iz e s ;  

a lo n g  th e  y  a x e s  a re  sh o w n  th e  n u m b e r o f g ra in s  h yb rid is in g  to  e a c h  

c h ro m o s o m e . T h e r e  w a s  o b v io u s  c lu s te rin g  o f g ra in s  e ith e r  in o n e  

o r  tw o  d is tin c t c h ro m o s o m e  re g io n s  fo r e a c h  p ro b e  u s e d ; n o n -s p e c ific  

'b a c k g ro u n d ' g ra in s  w e re  o b s e rv e d  on a ll c h ro m o s o m e s .
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F ig  2 7  L o c a l is a t io n  o f  th e  p r o b e  C R I - L 1 4 2 4  to  c h r o m o s o m e

2 2 q 1 1  in  a  m e t a p h a s e  f r o m  P h - n e g a t iv e  C M L  p a t ie n t  5 .

The black grain on chromosome 22q11, indicated by an arrow, 
represents localisation of CRI-L1424 DNA sequences in situ.
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28, Table 14). The hybridisation of grains to chromosome 9 was 

significant (p = D.015) whereas the hybridisation of grains to 

chromosome 22 was not.

4 .4  Suninary o f  R esults

A summary of the molecular findings in these three Ph-negative and one 

Ph-positive patient is shown in table 15.

4 .5  DISCUSSION

I studied by in situ hybridisation the position of the polymorphic 

probes CRI-P111 and CRI-L1424 in the metaphases of normal, Ph-positive 

and Ph-negative CML cells. I confirmed that both CRI-P111 and CRI- 

L1424 were located on the normal chromosome 9q34. In the patient with 

Ph-positive CML both CRI-P111 and CRI-L1424 were translocated to the Ph 

chromosome together with the ABL oncogene. This finding is consistent 

with the conclusion derived from classical linkage analysis that both 

probes recognise genetic sequences distal to ABL on chromosome 9q but 

the resolution of grain localisation by the in situ hybridisation 

technique made it impossible to distinguish the positions of the two 

probes relative to each other.

In the Ph-negative patients studied here we had previously shown that 

there was genomic rearrangement of BCR. We also demonstrated by in situ 

hybridisation that ABL had moved from chromosome 9 to chromosome 22 and 

furthermore that in patient 5 3’BCR had remained in its normal position

1 6 2
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Î»

©CO
_c

CO£
j>»

a.CO
co

©
03

E
C

O
0

3

c
EoC

O

CM
oEou.

T* 
*

DC
o»

O
CM

a)
■M"

Sio
_l

k.a
DCO

Q.
■i

_J
o

Li-DC
!.i

**-
C0 rrt

O
^ w
CO TJ

c
O -c

o‘5
O n >>

CO
«= £

CO
ca

"co
o>3

o
O «

o
-CZ _

_l
I- .E

T
"G>Si(0H

<Dsi£30>EocnoEoo

oCM

163



Fig 28 Localisation of the probe CRI-L1424 to chromosome 
9q34, its normal position, in a metaphase from 
Ph-negative C M L  patient 7.
The black grain on chromosome 9q34, indicated by an arrow, 
represents the localisation of CRI-L1424 to its normal position.
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□n chromosome 22. In situ hybridisation with the probes CRI-P111 and 

CRI-L1^2^ showed that in patient 5 both probes localised both to 

chromosome 9 and to chromosome 22 while in the two other patients they 

were localised exclusively to chromosome 9. The translocation of ABL to 

chromosome 22 without the concurrent movement of CRI-P111 and CRI-L1424 

from their normal positions in patients k and 7 implies that in these 

patients the ’second1 breakpoint must occur upstream of CRI-P111 within 

a region of approximately 6x10^ bp. In contrast the movement of ABL, 

CRI-P111 and CRI-L1A2^ sequences to chromosome 22 in patient 5 implies 

either that all of the genetic material on chromosome 9 distal to ABL is 

inserted into chromosome 22 or that the second breakpoint has occurred 

downstream of CRI-L142^. Due to the increase in the frequency of 

recombination towards the telomeric ends of chromosomes these 

polymorphic probes may be physically much closer to ABL than is 

indicated by genetic linkage maps. Nevertheless our results suggest 

that in these Ph-negative patients the amount of ABL-containing genetic 

material that is inserted into M-BCR to create a functional BCR-ABL 

chimeric gene is variable. Similar findings have been demonstrated in 

DNA from retinoblastoma patients where the deletions of chromosome band 

13q1L are of variable size (Howard et al, 197L, Knudson et al, 1976, 

Wilson et al, 1977). Such variability in the position of the second or 

’distal’ breakpoint implies that the precise mechanism of insertion must 

be complex.

In order to elucidate the nature of the DNA sequences that makes 

insertion of different amounts of DNA possible the next step is to clone 

the ’distal’ breakpoint on chromosome 9q34 in these patients. The
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cloning and ordering o f these 'd i s t a l 1 breakpoints in d iffe re n t Ph- 

negative CML patien ts may id en tify  any ’ hotspots' o f  molecular 

recombination and define the nature o f the sequences which make th is  

tran slocation  event probable.
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CHAPTER 5: DD VARIANTS OF THE STANDARD Ph TRANSLOCATION

DETERMINE ANY OF THE CLINICAL FEATURES IN CML?

5.1 INTRODUCTION

Variants o f the standard Ph tran slocation  have been c la s s i f ie d  as 

’ sim ple1 when chromosome 22 and a chromosome other than 9 were involved, 

or ’ complex’ when chromosome 9, 22, and one or more add itional 

chromosomes mere involved (Sandberg, 1980). However several years ago 

the v a lid ity  o f th is  c la s s i f ic a t io n  was challenged. Some in v estig a to rs  

suggested th at ’ sim ple’ varian ts were in fa c t  ’ complex’ tran slo catio n s 

that could not be seen m icroscopically . The breakpoints in ’ sim ple’ 

exchanges involved G band negative terminal bands th at were d i f f i c u l t  to 

v isu a lise , whereas ’ complex’ exchanges involved the p o sitiv e ly -sta in in g  

i n t e r s t i t i a l  chromosomal bands (Heim e t a l ,  1985, M asarati e t a l ,  1986). 

Hagemeijer e t  a l  (1985) among other authors using high reso lu tion  R 

(reverse) banding and T (telom eric) banding subsequently demonstrated 

that the chromosomal m aterial 9q3A qter was deleted in apparently 

’ sim ple’ varian ts and in s i t u  hybrid isation  to metaphase chromosomes 

confirmed th at ABL was tran slocated  to 22q11 in both ’ sim ple’ and 

’ complex’ varian ts including those re su ltin g  in ’ masked’ Ph 

tran slo catio n s (Ish ihara e t  a l ,  1985, Ohyashiki e t  a l,1 9 8 7 ).

A group o f in v estig a to rs  reported c lin ic a l  d ifferen ces in CML p atien ts 

with varian t Ph tran slo ca tio n s. Potter e t a l  (1981) reported th at 

p atien ts with variant Ph tran slo catio n s had a s ig n ific a n tly  shorter
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survival in chronic phase. However recent evidence based on several 

hundred cases suggests that the disease does not deviate significantly 

from cases of CML with a standard Ph chromosome (reviewed by De 

Braekeleer, 19B7). Moreover Southern blotting data including the 

results from De Klein and Hagemeijer (19B4) demonstrated the same type 

of rearrangement within M-BCR in CML patients with standard and variant 

Ph translocations.

It seemed probable therefore that the chromosomes involved in variant 

translocations other than chromosome 9 and 22 were not important in the 

pathogenesis of CML. In accord with the notion that involvement of other 

chromosomes in CML with variant translocations is irrelevant, Heim et al

(1985) found no obvious correlation between chromosome breakpoints 

(excluding chromosome 9 and 22) and fragile sites or oncogene locations 

or consistent breakpoints in other malignancies. However, the results 

of three studies have contradicted this conclusion (De Braekeleer et al, 

19B7, Huret et al, 1986, Maserati et al, 1986). These investigators 

showed that a limited number of chromosome bands were involved more 

frequently than expected by chance and that these bands were also the 

locations of proto-oncogenes or fragile sites

Various theories have been put forward to explain the mechanism by which 

these variant translocations arose. Some have suggested that these 

translocations were formed by three-or four-way rearrangements, 

depending on the number of chromosomes participating in each 

translocation (Sandberg et al,19B0; Oshimura et al, 19B2; Borgstram,

19B1). According to this theory breaks in all chromosomes involved in
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the translocation occurred simultaneously, and the translocation between 

chromosomes proceeded in one direction and not reciprocally. Others have 

postulated that complex variants are formed by further chromosomal 

evolution of the standard Ph translocation (Alimena et al, 1987;

Ishihara et al, 1985; Ohyashiki et al, 1987; Pedersen, 19BA-).

Evidence in favour of this hypothesis comes from reports describing a 

standard Ph chromosome and later a variant Ph translocation in the same 

patient (Ohyashiki et al, 1987, Ishihara and Minamihisamatsu, 1987). 

Hagemeijer et al (1985) demonstrated the relocation of the BCR/ABL 

chimeric gene to another chromosome in one CML patient with a ’complex’ 

translocation implying the Ph translocation preceded the other 

chromosomal rearrangements.

I investigated four cases of CML with variant Ph translocations, three 

’complex’ and one ’simple’. I looked for M/BCR rearrangement in these 

patients by Southern blotting. I performed cytogenetic analysis and in 

situ hybridisation studies on leukaemic cells from the patient with the 

'simple' translocation to find out whether 9q3A- and hence the ABL 

oncogene was involved in the translocation. The abjective was to 

clarify by in situ hybridisation the sequence of chromosomal 

rearrangements in two ’complex' translocations where the banding pattern 

after G and R banding analysis was ambiguous. I looked by in situ 

hybridisation for translocation of the FMS proto-oncogene in one patient 

and the MYB proto-oncogene in another. These patients respectively had 

translocations with chromosomal breakpoints located in the general 

regions of these oncogenes.
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5.2 CLINICAL AND HAEMATOLOGICAL FEATURES

The clinical and haematological features at presentation of the four CML 

patients with variant Ph translocations are presented in Table 16. All 

four patients had features typical of Ph-positive CML. The differential 

leucocyte count showed two peaks involving neutrophils and myelocytes. 

Granulocytes were present at all stages of maturation with no dysplastic 

features. Three patients were treated with busulphan and hydroxyurea 

and one patient was treated with -interferon. All four patients 

achieved complete haematological remission. One patient received an 

allogeneic bone marrow transplant but relapsed 12 months after 

transplant.

5.3 M-BCR REARRANGEMENT

Southern analysis of high molecular weight DNA digested with restriction 

endonucleases Bam HI, Hind III and Eco RI and hybridised with the 0.6kb 

probe for M-BCR (Fig B) demonstrated genomic rearrangement in all four 

patients (Fig 29).

5.4 P a tien t 1

5.4.1 Cytogenetics

Cytogenetic analysis of 15 G-banded metaphases with poor chromosome 

morphology demonstrated a deletion of chromosome 4p and a 9q+ chromosome 

but normal chromosomes 22 (46,XX, 4p-, 9q+). This patient was therefore
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Eco HI Bam HI

1 -  Normal control

2 -  CML with variant
translocation

3 - Ph-positive ALL

4 - AML

Fig 29 Southern blot analysis of DNA from CML patient with 
variant translocation t(4;9;22) showing genomic 
rearrangement of M-BCR.

High molecular weight DNA was restriction endonuclease 
digested with Eco Rl and Bam HI and the Southern blot probed 
with the 0.6 kb M-BCR probe, BCR-G.
The DNA from CML variant patient 1, lane 2, shows a band in the 
germline configuration of M-BCR and a rearranged band 
using both restriction endonucleases.
Other negative controls include patients with Ph-positive acute 
lymphoblastic leukaemia (ALL) and acute myeloid leukaemia (AML).
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categorised as Ph-negative. However, cytogenetic analysis of 3G G- 

banded metaphases from BUdr synchronised cultures of cryopreserved 

peripheral blood demonstrated a complex translocation involving 

chromosomes 4, 9, and 22 resulting in a ’masked’ Ph chromosome.

Material from chromosome 22 (22q11 22qter) had been translocated to 

chromosome 9 to give a standard 9q+ chromosome and chromosome 4p11 4pter 

had been translocated to chromosome 22, t(4;9;22)

(9pter 9q34::22q11 22qter;22pter 22q11::4p11 4pter;4qter 4p11:)

(Fig 30). A translocation of chromosome material from 4p to 22q was 

evident but I were not certain whether there had been a reciprocal 

movement of material from chromosome 22q to chromosome 4p.

5.5 Patient 2

5.5.1 Cytogenetics

Cytogenetic analysis of 15 G-banded metaphases from bane marrow after 48 

hours of culture demonstrated a ’simple’ variant translocation 

involving chromosome 5, 17 and 22 with breakpoints at bands q35, q21 and 

q11 respectively. Analysis of poorly banded chromosomes suggested that 

a translocation had occurred between chromosome 5 and 17 

(5pter 5q35::17q21 17qter;17pter 17q21::5q35 5qter) and chromosomal 

material was deleted from 22q [der(22) (22pter 22q11:)]. However, 

analysis of G-banded mitoses derived from synchronised cultures 

demonstrated an abnormality of chromosome 9 at band q34 and a 

discrepancy in the amount of chromosomal material translocated from 

chromosome 17q to chromosome 5. There was a slight increase in the G-
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Fig 30 Partial karyotypes of three G-banded metaphases
from a CML patient with the 'complex' variant translocation 
t (4 ;9 ;22)(p11;q 3 4 ;q 11)

Chromosomal material has been reciprocally translocated between 
chromosomes 9 and 22 resulting in chromosome 9q+. Material 
from the short arm (p) of chromosome 4 has been translocated 
to the chromosome 22q-, thereby 'masking' the Ph chromosome.
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band negative chromosomal material at the terminal band of chromosome 9 

(q3A) and chromosome 5q which resembled the material from chromosome 22q 

(22q11 22qter) (Fig 31). However, the increase in the G-band negative 

material on either 9q3A or 5q did not account for the material deleted 

from chromosome 22. Therefore the interpretation of chromosome 

rearrangements from cytogenetic analysis was ambiguous.

5.5.2 In situ hybridisation

To confirm that the minor abnormality in chromosome 9 involved the 

translocation of ABL sequences to chromosome 22 I localised the ABL 

oncogene in the metaphases of this patient. I found that in 65 

metaphases analysed with a total number of 101 grains, 13 (12.5%) grains 

hybridised to chromosome 9 and 11 (10.8%) grains hybridised to the 22q- 

(Table 17). The hybridisation of grains to chromosomes 9 and 22q- was 

significant (p < 0.00D3 and p < □.□□□1 respectively). The ABL proto- 

oncogene had been translocated to chromosome 22q-. The result of ABL 

localisation allowed me to interpret the sequence of chromosomal 

rearrangements in this patient. A schematic representation of the 

sequence of chromosomal rearrangments is shown in Fig 32 as t(5;9;17;22) 

(9pter 9q3^::22q11 22qter; 22pter 22q11::9q3̂ f 9qter;

17pter 17qter::9q34 9qter; 5pter 5qter::17q21 17qter).
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Fig 31 Partial karyotype of two G-banded metaphases from CML patient 
with 'simple' variant translocation t(5;17;22)(q35;q21 ;q11).
A translocation occurred between chromosomes 5, 17 and 22 with breakpoints, 
indicated by arrows, at q35, q21 and q11 respectively. The chromosomes 9, 
however appear to be morphologically normal.
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Patient 2

1 o

9 22 9q+

8
22q-

2

9q+

s~\

der 17

17

s
5

der 9 d e r 17

5q+ der17q-

Fig 32 Proposed sequence  of events leading to variant
t r a n s l o c a t i o n  t (5 ;9 ;1 7 ;2 2 ) (q 3 5 ;q 3 4 ;1  7 q 2 1 ;2 2 q 1 1 )  
in CML patient.

Stage 1 - Ph translocation
Stage 2 - translocation between chromosomes 9q+ and 17 
Stage 3 - translocation between chromosomes der(17) and 5 
The arrowheads indicate the chromosome breakpoints.
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5.6 Patient 3

5.6.1 Cytogenetics

Cytogenetic analysis of 10 G-banded metaphases derived from bone marram 

after 2k hours of culture demonstrated a ’complex’ translocation 

involving chromosomes 6, 9, and 22 mith breakpoints at bands q23, q3A 

and q11 respectively, t(6;9;22) (q23;q34;q11) (Fig 33). The G-band 

negative chromosomal material 22q11 22qter seemed to be present on 

chromosome 6q rather than chromosome 9q as mould be expected mith a 

standard Ph translocation. Therefore an initial interpretation of 

cytogenetic data mas as folloms: A 'break and join’ event involving

chromosomes 6q and 9q (9pter 9q3A-::6q23 6qter) occurred and then a 

’break and join’ event occurred betmeen chromosome 6q and 22q 

(6pter 6q24::22q11 22qter). I mas unable by cytogenetic analysis to 

establish mhether a translocation betmeen chromosome 9 and 22 had 

previously occurred.

5.6.2 In situ hybridisation

To establish mhether a translocation had occurred betmeen chromosome 9 

and 22 and hence mhether the ABL oncogene had moved to chromosome 22 I 

localised ABL in the metaphase chromosomes of this patient. In 50 

metaphases analysed mith a total number of 88 grains, 9 (10.2%) grains 

hybridised to the normal chromosome 9, 7 (7.9%) grains hybridised to the 

Ph chromosome and no grains hybridised to the 9q+ or the 6q+ derivative
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Fig 33 Karyotype of a G-banded metaphase from CML patient
with 'complex' translocation t(6;9;22)(q23;q34;q11)
A translocation in this patient occurred betw een chrom osom e  
6 , 9 and 22 with breakpoints at q23, q34 and q 1 1 respectively.
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chromosomes (Table 1B). The hybridisation of grains to chromosomes 9 

and the 22q- mas significant (p = □.□OB and p = □.□□□1). Therefore the 

1 complex1 translocation in this patient was interpreted as: 

t(6;9;22) (9pter 9q34::22q11 22qter) (22pter 22q11::9q34 9qter) 

(der[9pter] der[9q34]::6q24 fiqter) (6pter 6q24::der[9q34] der[9qter])

A schematic diagram of the proposed changes is shown in Fig 3*f.

5.7 Patient k

5.7.1 Cytogenetics

Cytogenetic analysis of 30 metaphases from synchronised cultures R- 

banded with acridine orange demonstrated a ’complex’ translocation 

involving chramsomes 6, 9, 9, 10 and 22 at breakpoints q2*f, q34, p11, 

p15, q11 respectively, t(6;9;9;10;22) (q24; q34;p11;p15;q11) (Fig 35). 

R-banding from synchronised cultures did not permit a definite 

interpretation of the sequence of chromosomal exchanges which gave rise 

to this 'complex' translocation. For example, I could not determine 

with certainty to which chromosome the material 22q11 22qter was 

translocated.

5.7.2 In situ hybridisation

5.7.2.1 M-BCR localisation

I demonstrated rearrangement within M-BCR in the DNA of patient k by 

Southern blotting (as in Ph-positive CML) but was uncertain of the
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Patient 3

Fig 34 Proposed sequence of events in C M L
patient leading to variant translocation, 
t(6;9;22) (q23;q34;q11)
Stage 1 - Ph translocation
Stage 2 - translocation between chromosomes 6 and 9q+ 
The arrowheads indicate chromosome breakpoints.
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Fig 35 R-banded karyotype of a metaphase from CML 
patient with 'complex' variant translocation 
t(6,9,9,10,22)(q24,q34,p1 1 , p 1 5, q 1 1)

A translocation occurred between chromosomes 6, 9, 9,10 
and 22 with breakpoints q24, q34, p11, p15, q11 
respectively.
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chromosomal location of 22q11 22qter by conventional R-banding analysis. 

In the classical Ph translocation the chromosome material 22q11 22qter 

contains part of the BCR gene (3’ of the breakpoint in M-BCR) and is 

normally translocated to the chromosome 9q+. I therefore localised the 

BCR gene in the metaphase chromosomes of our patient with a 4 kb cDNA 

Eco RI probe (see chapter 2 for details). In 50 metaphases analysed 

with a total number of 115 grains, 12 (10.4%) grains hybridised to 

chromosome 22, 14 (12.1%) grains hybridised to the derivative chromosome 

9 and 11 (9.5%) grains hybridised to the Ph chromosome. Hybridisation 

of grains to chromosomes 9q+, 22 and 22q- mas significant (p < 0.00B1, p 

< □.□002 and p < C.00B2 respectively).

5.7.2.2 SIS localisation

The SIS oncogene is normally located on band q12-q13 of chromosome 22.

In the formation of the classical Ph chromosome it is translocated to 

the chromosome 9q+ together with 3' BCR sequences. I localised 3’ BCR 

on chromosome 9q+ in patient 4 (see above) but was uncertain whether DNA 

sequences located in another band (q12-q13) of chromosome 22, probably 

several megabases away from the BCR gene, were also on the chromosome 

9q+. I therefore localised the SIS gene in the metaphase chromosomes of 

patient 4 by in situ hybridisation with the 2.7 kb Bst Eli cDNA SIS 

probe. In 50 metaphases analysed with a total grain count of 128, 14 

(10.9%) grains hybridised to chromosome 22, 11 (8.5%) grains hybridised 

to chromosome 1 Bp and 3 (2.3%) grains were found on chromosome 9q+. The 

hybridisation of grains to the normal chromosome 22 and chromosome 10p 

were significant (p < 0.0001 and p = 0.01B respectively) but the
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hybridisation of grains to the chromosome 9q+ mas not. A composite 

diagram of BCR and SIS localisation is shown in 

Fig 36.

5.7.3 Interpretation of the ’complex’ translocation

The results of localisation of the BCR and SIS genes enabled me to 

interpret the chromosomal rearrangements that occurred in this 'complex’ 

translocation. The proposed sequence of chromosomal rearrangements, 

shown schematically in Fig 37, is as follows: A translocation initially 

occurred between chromosome 9 and 22 (9pter 9q3^::22q11 22qter;

22pter 22q11::9q34 9qter), and a further translocation occurred between 

the derivative chromosome 9 [der(9)] and chromosome 10p 

(10qter 10p15::9q34 9qter). R-banding, however, showed that the material 

on chromosome 10p was derived from chromosome 6q, so a subsequent 

translocation must have occurred between the derived chromosome 10p 

[der(10p)] and 6q, (10qter 1Dp15::6q2A 6qter). Finally a translocation 

probably occurred between chromosome 9p and the der(9),

(9pter 9q34::9p11 9pter).

5.B Localisation of other proto-oncogenes in variant Ri

translocations

5.B.1 Localisation of the FMS proto-oncogene in patient 2

The breakpoint on chromosome 5 band q34 in the complex translocation 

t(5;9;17;22) occurred in the region of the FMS proto-oncogene. FMS, the
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Fig 36 Composite diagram showing grain distribution in 50
metaphases for each of the gene probes: BC R and SIS in CML 
patient with variant translocation t(6;9,9;10;22).

The x axes represent the chromosomes in their proportion; the y axes 
show the number of grains. There was localisation of BCR to chromosomes 
22q11 and the 22q-. The SIS proto-oncogene localised to chromosomes 
22q13 and 10p. The stippled circles indicate hybridisation to abnormal 
chromosomes 22q- and der (9) using the BCR probe, and der (10) using 
the SIS probe.
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Fig 37 Proposed sequence of events in CMLIeading to 
the variant translocation, 
t(6 ;9 ;9 ;10 ;22 )(q24 ;q34 ;p11 ;p15 ;q11 )  
in a CML patient
Stage 1 - Ph translocation
Stage 2 - translocation between chromosomes 9q+ and 10 
Stage 3a - translocation between chromosomes der(10) and 6 
Stage 3b - translocation between chromosomes der(9 ) and normal 9. 
The arrowheads indicate chromosome breakpoints.
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human homologue of the transforming gene of the feline sarcoma virus, is 

normally localised to chromosome 5q3*f (Groffen et al, 1983). I 

localised the FMS oncogene in the metaphases from patient 2. I wondered 

whether a chromosomal break at 5q3^ involved the movement of FMS to 

another chromosomal site and hence its possible activation.

For localisation of the FMS oncogene in the metaphases of patient 2 I 

used a 3 kb cDNA Eco RI/Bgl II viral fms fragment (v-fms).

In k5 metaphases analysed with a total number of 101 grains, 10 (10%) 

grains hybridised to the normal chromosome 5 and 12 (11.B%) grains 

hybridised to the abnormal chromosome 5 (Table 19). The clustering of 

grains on chromosomes 5 and 5q+ was significant (p = 0.000A and p =

0.059 respectively). There was no other significant clustering of 

grains on any of the other metaphase chromosomes.

5.B.2 Localisation of the MYB proto-oncogene in patient 3

The breakpoint on chromosome 6 band q23 in the complex translocation 

t(6;9;22) occurred in the region of the cellular oncogene MYB (Harper et 

al, 1983). MYB, the normal human homologue of the transforming gene of 

the avian myeloblastosis virus, is localised to 6q22-q25. I localised 

the MYB oncogene in metaphases obtained from patient 2 to find out 

whether the chromosomal break at chromosome 6q23 involved the movement 

of MYB to another chromosomal site.

Far localisation of the MYB oncogene in the metaphases of patient 3 I 

used a 2 kb cDNA Kpn 1/ Xba I viral myb fragment (viral) as a probe. In 

50 metaphases analysed with a total number of 120 grains, 12 (10%)
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Table 19 Localisation of the FMS proto-oncogene in metaphases from a CML 
patient with variant translocation t(5;17;22)(q34;21 ;q11)
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grains hybridised to the normal chromosome 6 and 11 (9.1%) grains to the 

abnormal chromosome 6q+. The clustering of grains an chromosomes 6 and 

der(6) was significant (p = 0.029 and p = 0.059). There was no other 

significant clustering of grains on any of the other chromosomes (Table 

20).

5.9 DISCUSSION

The clinical and haematalogical features of all four CML patients with 

variant Ph translocations were indistinguishable from CML with a 

classical Ph chromosome. Analysis of M-BCR by Southern blotting 

demonstrated rearrangements in all four patients.

The analysis of chromosomes from BrdU-synchronised cultures by 

cytogenetics and in situ hybridisation helped to interpret the complex 

pattern of chromosomal rearrangements that may occur in ’complex’ Ph 

translocations. Localisation of the ABL oncogene in the metaphases of 

patient 2 showed that ABL sequences had been translocated to chromosome 

22q-. This demonstrated that the apparently ’simple’ translocation 

t(5;17;22) uas in fact a ’complex’ translocation involving the four 

chromosomes 5, 9, 17,and 22 [t(5;9;17;22)]. This confirmed the original 

report of Hagemeijer et al (19BA) that ’simple’ variants always 

involved the chromosomal region 9q3A. Cytogenetic analysis of 

chromosomes from patient 3 suggested that the chromosomal rearrangements 

occurred in one direction and not reciprocally. It appeared that a 

translocation had occurred between chromosome 6q and 9q and subsequently 

between chromosome 6q and 22q. These cytogenetic findings seemed to
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Table 20 Localisation of the MYB proto-oncogene in metaphases from a CIVIL patient 
with variant translocation t(6;9;22)(q23;q34;q11)
The grain localisation of the MYB proto-oncogene to chromosome 6q23 exclusively in
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c o r r o b o r a t e  r e p o r t s  o f  S a n d b e rg  e t  a l  ( 1 9 8 0 )  a n d  o t h e r s  t h a t  a  

r e c i p r o c a l  t r a n s l o c a t i o n  b e tw e e n  ch ro m o s o m e  9 a n d  2 2  w as  n o t  n e c e s s a r y  

i n  t h e  f o r m a t i o n  o f  1 c o m p le x  t r a n s l o c a t i o n s 1 . H o w e v e r  t h e  l o c a l i s a t i o n  

ABL s e q u e n c e s  o n  c h ro m o s o m e  2 2 q -  a n d  t h e  f i n d i n g s  o f  M -BC R  r e a r r a n g e m e n t  

s u g g e s t e d  t h a t  a  Ph t r a n s l o c a t i o n  h a d  o c c u r r e d .

T h e  l o c a l i s a t i o n  o f  t h e  BCR g e n e  a n d  t h e  S IS  o n c o g e n e  i n  t h e  m e ta p h a s e s  

o f  p a t i e n t  k e n a b le d  me t o  i n t e r p r e t  t h i s  c o m p le x  p a t t e r n  o f  c h ro m o s o m a l  

r e a r r a n g e m e n t s .  BCR g e n e  s e q u e n c e s  w e r e  l o c a l i s e d  t o  c h ro m o s o m e  9 q +  a n d  

S IS  o n c o g e n e  s e q u e n c e s  w e r e  l o c a l i s e d  t o  t h e  p  a rm  o f  c h ro m o s o m e  1 0 .  

T h e s e  r e s u l t s  s u g g e s t e d  t h a t  a  c l a s s i c a l  Ph c h ro m o s o m e  t r a n s l o c a t i o n  h a d  

o c c u r r e d  r e s u l t i n g  i n  t h e  m o v e m e n t o f  t h e  c h ro m o s o m e  s e g m e n t  

2 2 q 1 1  2 2 q t e r  t o  t h e  q  a rm  o f  c h ro m o s o m e  9 ,  f o l l o w e d  b y  s e v e r a l  o t h e r  

c h ro m o s o m e  r e a r r a n g e m e n t s .  O h y a s h ik i  e t  a l  ( 1 9 B 7 )  a l s o  l o c a l i s e d  3 ’ BCR 

i n  t h e  c h ro m o s o m e s  o f  CML p a t i e n t s  w i t h  c o m p le x  Ph t r a n s l o c a t i o n s .  I n  

o n e  p a t i e n t  3 *  BCR s e q u e n c e s  w e r e  f o u n d  o n  t h e  c h ro m o s o m e  9 q +  ( a s  i n  

p a t i e n t  4 ) .  I n  a  s e c o n d  p a t i e n t  t h e s e  s e q u e n c e s  w e r e  l o c a t e d  o n  

c h ro m o s o m e  9 q 2 2 .  A m o s t p l a u s i b l e  i n t e r p r e t a t i o n  f o r  t h i s  f i n d i n g  w as  

a n  i n t e r s t i t i a l  d e l e t i o n  o f  t h e  r e g i o n  9 q 2 2  9 q 3 ^  p r i o r  t o  t h e  

t r a n s l o c a t i o n  e v e n t  b e tw e e n  c h ro m o s o m e  9 a n d  2 2 .  I n  a  t h i r d  p a t i e n t  3 ’ 

BCR s e q u e n c e s  w e r e  fo u n d  o n  2 2 q 1 1  a n d  o n  c h ro m o s o m e  1 2 p 1 1  ( a  b r e a k p o i n t  

i n  t h i s  c o m p le x  t r a n s l o c a t i o n )  s u g g e s t i n g  t h a t  a  Ph t r a n s l o c a t i o n  h a d  

n o t  o c c u r r e d .

S t u d i e s  o f  v a r i a n t  t r a n s l o c a t i o n s  o f  CML b y  i n  s i t u  h y b r i d i s a t i o n  

s u g g e s t  a  f o r m a t i o n  b y  a t  l e a s t  t h r e e  r o u t e s .  I n  t h e  m a j o r i t y  o f  c a s e s  

t h e r e  i s  a  f o r m a t i o n  o f  a  s t a n d a r d  Ph t r a n s l o c a t i o n  p r i o r  t o  o t h e r
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c h ro m o s o m a l r e a r r a n g e m e n t s ;  i n  o t h e r  c a s e s  t h e  Ph t r a n s l o c a t i o n  o c c u r s  

a f t e r  o n e  o r  m o re  o t h e r  c h ro m o s o m e  c h a n g e s  a n d  i n  s t i l l  o t h e r  c a s e s  

t h e r e  i s  n o  c o n v e n t i o n a l  Ph t r a n s l o c a t i o n .  F u r t h e r m o r e  i n  s i t u  

h y b r i d i s a t i o n  s t u d i e s  o f  H a g e m e i je r  e t  a l  ( 1 9 B 7 )  s u g g e s t  t h a t  a  common  

f e a t u r e  o f  a l l  Ph t r a n s l o c a t i o n s  ( s t a n d a r d  a n d  C o m p l e x ' )  i s  t h e  

j u x t a p o s i t i o n  o f  ABL s e q u e n c e s  w i t h  5 ’ BCR s e q u e n c e s .  T h e r e f o r e  i t  

s e e m s  t h a t  i n  C o m p l e x '  Ph t r a n s l o c a t i o n s ,  a s  i n  s t a n d a r d  Ph 

t r a n s l o c a t i o n s ,  t h e r e  i s  t h e  f o r m a t i o n  o f  t h e  c h i m e r i c  B C R -A B L g e n e .

T h i s  c h i m e r i c  g e n e  i s  fo r m e d  m a i n l y  b y  m ean s  o f  a  r e c i p r o c a l  

t r a n s l o c a t i o n  e v e n t  b u t  a l s o  b y  o t h e r  m e c h a n is m s .

T h e  p h e n o m e n o n  o f  t h e  o t h e r  c y t o g e n e t i c  c h a n g e s  i n  v a r i a n t  

t r a n s l o c a t i o n s  h a s  b e e n  o f  i n t e r e s t  t o  i n v e s t i g a t o r s  o f  C M L. T h e  

s i g n i f i c a n c e  o f  t h e s e  c h ro m o s o m e  a l t e r a t i o n s ,  g i v e n  t h a t  t h e s e  p a t i e n t s  

a l l  h a d  t h e  sam e c l i n i c a l  a n d  h a e m a t o l o g i c a l  f e a t u r e s  o f  CML p a t i e n t s  

w i t h  a  s t a n d a r d  Ph c h ro m o s o m e , h a s  b e e n  d o u b t e d .  A l t h o u g h  a  r e c e n t  

r e p o r t  b y  d e  B r a e k e l e e r  ( 1 9 B 7 )  d e m o n s t r a t e d  a  n o n -r a n d o m  a s s o c i a t i o n  

b e tw e e n  t h e  b r e a k p o i n t s  i n  v a r i a n t  t r a n s l o c a t i o n s  a n d  t h e  p o s i t i o n s  o f  

o n c o g e n e s ,  f r a g i l e  s i t e s  o r  c o n s i s t e n t  b r e a k p o i n t s  i n  o t h e r  

m a l i g n a n c i e s ,  m o le c u l a r  a n a l y s i s  o f  t h e s e  b r e a k p o i n t s  h a s  n o t  b e e n  d o n e .

T h e  b r e a k p o i n t s  5 q 3 5  i n  p a t i e n t  2  a n d  6 q 2 3  i n  p a t i e n t  3  d e f i n e d  t h e  

p o s i t i o n s  o f  t h e  c e l l u l a r  o n c o g e n e s  FM5 a n d  MYB r e s p e c t i v e l y .  Ue  

l o c a l i s e d  t h e s e  o n c o g e n e s  i n  t h e  m e ta p h a s e s  o f  o u r  p a t i e n t s  a n d  fo u n d  

t h a t  i n  p a t i e n t  2  FMS r e m a in e d  i n  i t s  n o r m a l  p o s i t i o n  o n  c h ro m o s o m e  5  

a n d  i n  p a t i e n t  3  MYB r e m a in e d  i n  i t s  n o r m a l  p o s i t i o n  o n  c h ro m o s o m e  6 .  

T h e s e  f i n d i n g s  s u g g e s t  tw o  p a s s i b l e  e x p l a n a t i o n s .  One p o s s i b i l i t y  i s
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t h a t  i n  t h e s e  p a t i e n t s  t h e  a c t i v i t y  o f  t h e  MYB a n d  FMS o n c o g e n e s  m ay b e  

a l t e r e d  b y  a  m e a n s  o t h e r  t h a n  i t s  t r a n s l o c a t i o n  i n t o  a  t r a n s c r i p t i o n a l l y  

a c t i v e  a r e a  o f  t h e  g e n o m e , f o r  e x a m p le  b y  p o i n t  m u t a t i o n s .  A 

p e r t u r b a t i o n  o f  t h e s e  o n c o g e n e s  m ay b e  i n v o l v e d  i n  sam e m in o r  a s p e c t  o f  

t h e  d is e a s e  p r o c e s s  w h ic h  i s  n o t  im m e d ia t e l y  a p p a r e n t .  T h e  m o re  

p r o b a b l e  e x p l a n a t i o n  i s  t h a t  t h e s e  c h ro m o s o m a l b r e a k p o i n t s  b e a r  no  

d i r e c t  r e l a t i o n s h i p  t o  d is e a s e  f e a t u r e s  i n  CML p a t i e n t s  w i t h  v a r i a n t  

t r a n s l o c a t i o n s .  S i t e s  w i t h i n  t h e  g e n o m e , w h ic h  b y  t h e i r  s t r u c t u r a l  

n a t u r e  a r e  ’ f r a g i l e ’ , m ay p r e d is p o s e  t h e  c e l l  t o  g e n e t i c  r e a r r a n g e m e n t .  

T h e s e  r e a r r a n g e m e n t s  m ay b e  ’ p r o d u c t i v e ’ i . e .  l e a d  t o  a n  a l t e r a t i o n  o f  

e x p r e s s io n  o f  g e n e s  a t  t h e s e  b r e a k p o i n t s ,  o r  ’ n o n - p r o d u c t i v e ’ .  Y u n is  e t  

a l  ( 1 9 8 4 )  a n d  L e  B e a u  a n d  R o w le y  ( 1 9 8 4 b )  r e c o g n i s e d  t h e  a s s o c i a t i o n  o f  

f r a g i l e  s i t e s  a n d  c h ro m o s o m e  b r e a k p o i n t s  i n  c a n c e r .  S e v e r a l  o n c o g e n e s  

h a v e  b e e n  m ap p ed  t o  c h ro m o s o m e  s i t e s  w h ic h  a r e  a l s o  h e r i t a b l e  f r a g i l e  

s i t e s .  F o r  e x a m p le  t h e  p r o t o - o n c o g e n e  ETS h a s  b e e n  m ap p ed  t o  c h ro m o s o m e  

1 1 q 2 3  w h ic h  i s  t h e  r e g i o n  o f  t h e  b r e a k p o i n t  i n  t ( 9 ; 1 1 )  i n  a c u t e  

m y e lo m o n o c y t ic  l e u k e m ia  (A M o L ) a n d  i n  t h e  t ( 4 ; 1 1 )  i n  a c u t e  l y m p h o b l a s t i c  

le u k e m ia  ( A L L ) ,  a s  w e l l  a s  t h e  p o s i t i o n  o f  a  h e r i t a b l e  f r a g i l e  s i t e  ( d e  

T a is n e  e t  a l ,  1 9 8 4 ) .  I t  c a n  a l s o  b e  im a g in e d  t h a t  n o t  a l l  g e n e t i c  

r e a r r a n g e m e n t s  a t  s i t e s  o f  c h ro m o s o m a l f r a g i l i t y  l e a d  t o  a n  a l t e r a t i o n  

o f  t h e s e  o n c o g e n e s .  I t  m ay b e  t h a t  i n  t h e  ’ c o m p le x ’ Ph t r a n s l o c a t i o n s  

o f  CML t h e  c h ro m o s o m e  r e a r r a n g e m e n t s  o t h e r  t h a n  t h o s e  l e a d i n g  t o  t h e  

f o r m a t i o n  o f  t h e  c h i m e r i c  B C R /A B L  g e n e  a r e  ’ n o n - p r o d u c t i v e ' .

T h e  c h ro m o s o m e  b r e a k p o i n t  5 q 3 5  i n  p a t i e n t  2 ,  t h e  p o s i t i o n  o f  t h e  FMS 

o n c o g e n e , i s  ( a l s o )  a  f r a g i l e  s i t e  ( S e v e n t h  I n t e r n a t i o n a l  W o rk s h o p  o n  

C h ro m o so m es  i n  L e u k a e m ia ,  1 9 8 4 ) .  T h e  c h ro m o s o m e  b r e a k p o i n t  6 q 2 3  i n
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p a t i e n t  3 ,  t h e  p o s i t i o n  o f  t h e  MYB o n c o g e n e , i s  n o t  a  f r a g i l e  s i t e  a n d  

n e i t h e r  a r e  t h e  b r e a k p o i n t s  i n  t h e  o t h e r  ’ c o m p le x ’ t r a n s l o c a t i o n s  o f  

p a t i e n t  1 a n d  4 .  H o w e v e r  s e v e r a l  i n v e s t i g a t o r s  h a v e  s u g g e s t e d  t h a t  t h e  

a c t u a l  n u m b e r  o f  f r a g i l e  s i t e s  i n  t h e  hum an g en o m e m ay b e  m uch h i g h e r  

t h a n  r e p o r t e d .  G l o v e r  e t  a l  ( 1 9 8 4 )  o b s e r v e d  b r e a k s  a t  2 5  s i t e s  in d u c e d  

b y  a p h i d i c o l i n ,  Y u n is  a n d  S o r e n g  ( 1 9 8 4 b )  d e s c r i b e d  f r a g i l i t y  a t  51 s i t e s  

i n  c e l l s  d e p r i v e d  o f  t h y m i d i n e  a n d  e x p o s e d  t o  c a f f e i n e ,  a n d  B a r b i  e t  a l  

( 1 9 B 4 )  n o t e d  11 f o l i c - a c i d  s e n s i t i v e  s i t e s  i n  c e l l s  e x p o s e d  t o  

m e t h o t r e x a t e .  H o w e v e r  t h e  l o c a l i s a t i o n  o f  t h e s e  new  f r a g i l e  s i t e s  a s  

w e l l  a s  t h e  g e n e t i c  a n a l y s i s  o f  t h e  b r e a k p o i n t s  i n  v a r i a n t  Ph 

t r a n s l o c a t i o n  i s  n e c e s s a r y  t o  u n d e r s t a n d  t h e  s i g n i f i c a n c e  o f  t h e s e  

c h ro m o s o m a l r e a r r a n g e m e n t s .

N e v e r t h e l e s s  o u r  f i n d i n g s  a r e  i n  l i n e  w i t h  t h e  m o l e c u l a r  a n a ly s e s  fo u n d  

i n  t h e  s t a n d a r d  Ph t r a n s l o c a t i o n  a n d  e m p h a s is e  t h e  f a c t  t h a t  t h e  

j u x t a p o s i t i o n  o f  ABL s e q u e n c e s  w i t h  5 ’ BCR s e q u e n c e s ,  a  r e s u l t  o f  t h e  Ph  

t r a n s l o c a t i o n  i n  t h e  m a j o r i t y  o f  CMLs w i t h  a  v a r i a n t  t r a n s l o c a t i o n s ,  m ay  

b e  o b s c u r e d  b y  m o re  c o m p l i c a t e d  c y t o g e n e t i c  e v e n t s .  O t h e r  c h a n g e s ,  

th o u g h  t h e y  m ay h a v e  a  s i g n i f i c a n c e  o f  t h e i r  o w n , a r e  o f  a  s o m e w h a t  

s e c o n d a r y  n a t u r e  a n d  d o  n o t  p a r t i c i p a t e  i n  t h e  b a s i c  c a u s a t i o n  o f  t h e  

l e u k a e m i a .
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CHAPTER 6 : FURTHER CYTOGENETIC AND GENETIC CHANGES IN BLAST
CRISIS CML

6.1 BACKGROUND

T h e  c h r o n i c  p h a s e  o f  CML i s  c h a r a c t e r i s e d  b y  t h e  p r e s e n c e  o f  t h e  Ph 

c h ro m o s o m e  i n  d i v i d i n g  c e l l s  o f  t h e  m y e l o i d  l i n e a g e .  T h e  m o l e c u l a r  

b a s i s  o f  t h i s  m a r k e r  c h ro m o s o m e  h a s  b e e n  s t u d i e d  e x t e n s i v e l y  i n  r e c e n t  

y e a r s  ( s e e  c h a p t e r  1 ) .  T h e  r e l a t i v e l y  ’ b e n i g n ’ c h r o n i c  p h a s e  l a s t s  

t y p i c a l l y  f o r  a b o u t  2  t o  6  y e a r s  b u t  s o o n e r  o r  l a t e r  e v o lv e s  t o  a n  a c u t e  

(a n d  u s u a l l y  r a p i d l y  f a t a l )  p h a s e  o f  b l a s t i c  t r a n s f o r m a t i o n ,  w h ic h  m ay  

b e  p r e d o m in a n t ly  m y e l o i d  o r  l y m p h o b l a s t i c .  T h i s  a d v a n c e d  p h a s e  o f  

d is e a s e  i s  h e r a l d e d  o r  a c c o m p a n ie d  i n  80%  o f  c a s e s  b y  c h a r a c t e r i s t i c  

a d d i t i o n a l  c h ro m o s o m a l c h a n g e s :  + P h , + 8 ,  i ( 1 7 q ) ,  a n d  + 1 9 .  R e c e n t l y ,  

a t t e m p t s  h a v e  b e e n  m ad e  t o  c o r r e l a t e  t h e  c h ro m o s o m a l a b n o r m a l i t i e s  i n  

b l a s t  c r i s i s  w i t h  t h e  m o r p h o l o g i c a l ,  im m u n o l o g i c a l ,  a n d  c y t o c h e m ic a l  

f e a t u r e s  o f  t h e  e m e r g in g  b l a s t s .  T h e  n u m b e r o f  c a s e s  i n v e s t i g a t e d  i s  

s t i l l  s m a l l ,  b u t  t h e  r e s u l t s  o f  t h r e e  s t u d i e s  i n d i c a t e  t h a t  t h e  p a t t e r n  

o f  a d d i t i o n a l  a b n o r m a l i t i e s  c o r r e l a t e s  w i t h  t h e  p r e d o m in a n t  l i n e a g e  

i n v o l v e d  i n  t h e  t r a n s f o r m a t i o n  p r o c e s s  ( O ’ M a l l e y  a n d  G a r s o n ,  1 9 8 5 ,  Y o a ,  

1 9 8 5 ,  P a r r e i r a  e t  a l ,  1 9 8 6 ) .  I n  g e n e r a l ,  a l l  t h e  t y p i c a l  s e c o n d a r y  

a b e r r a t i o n s  o f  + 8 ,  i ( 1 7 q ) ,  + 1 9 ,  a n d  + P h  m ay b e  f o u n d  i n  b l a s t  c r i s e s  

w i t h  m y e lo id  d i f f e r e n t i a t i o n .  W it h  t h e  e x c e p t i o n  o f  a n  e x t r a  Ph 

c h ro m o s o m e  so  new  a b n o r m a l i t i e s  a r e  f o u n d  l e s s  f r e q u e n t l y  i n  ly m p h o id  

b l a s t  c r i s i s .  A l t h o u g h  t h e s e  s e c o n d a r y  k a r y o t y p i c  c h a n g e s  h a v e  b e e n  

e x t e n s i v e l y  r e v ie w e d  a n d  h a v e  b e e n  o f  som e p r a c t i c a l  v a l u e  a s  d i a g n o s t i c  

a n d  p r o g n o s t i c  i n d i c a t o r s  o f  t r a n s f o r m a t i o n  o f  CM L, t h e i r  o r i g i n  a n d
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molecular sign ificance are s t i l l  poorly understood.

The e lucidation  of the molecular changes in  chronic phase and 

observations of the course of disease provide a basis  fo r a hypothetical 

model of CML in  which a number of steps (presumably synonymous with 

genetic changes) occur. The f i r s t  genetic change might re s u lt  in  the 

clonal growth of myeloid stem c e l ls  without a p ro life ra tiv e  advantage, a 

s itu a tio n  th a t would be c l in ic a lly  inapparent in  most in stances. The 

next step  i s  a Ph tran s lo ca tio n , re su ltin g  in  the formation of the 

BCR/ABL chimeric gene; th is  would lead to  expansion of the myeloid stem 

c e l l  compartment and to  c lin ic a lly  apparent chronic phase d isease. 

Further genetic change(s) then re s u l t  in  loss of d if fe re n tia tio n , 

maturation and progression to  the acute phase of CML. I t  i s  possible 

th a t these genetic changes re s u lt  in  increased expression of BCR/ABL 

(which in  the chronic phase i s  expressed a t  s im ila r lev e ls  to th a t  of 

normal genes) or to  ac tiva tion  of other oncogenes leading to  th e ir  

inappropriate  expression. In general oncogene ac tiv a tio n  may re s u lt  

from one of three types of genetic changes (Fig 3B):

(a) Chromosomal tran slocations may place proto-oncogenes in to  

tra n sc rip tio n a lly  active  regions of DNA or create  fused genes which 

tran scrib e  and tra n s la te  fused gene products (as in  BCR/ABL gene 

form ation).

(b) Oncogene am plification may re s u l t  in increased amounts of oncogene- 

sp ec ific  RNA and p ro te in .

(c) Point mutations in  oncogenes can lead to  a lte re d  expression or 

form ation.

199



(C) TRANSLOCATION
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The molecular investiga tion  of the b la s tic  phase of CML is  in  i t s  

infancy. Nevertheless some in v estig a to rs  have attempted to demonstrate 

fu rth er genetic  changes consistan t with b la s tic  transform ation.

Bartram e t  a l (19B6) and Andrews e t  a l (19B7) used Southern b lo ttin g  

analysis to  study the breakpoints in  M-BCR in the chronic phase and 

again in  b la s t  c r i s is  of a number of CML p a tie n ts . All but two p a tien ts  

showed the id e n tic a l breakpoints in  both phases o f the d isease . The 

d iffe re n t breakpoint in  M-BCR found in  these two exceptional cases have 

been in te rp re ted  as changes sp e c ific  to  b la s t  c r i s i s  but unique to  these 

p a rtic u la r  p a tie n ts .

Some groups have reported th a t  the re la tiv e ly  early  onset of b la s t  

c r i s is  c o rre la te s  with breakpoints in  M-BCR 31 of the cen tra l Hind I I I  

r e s tr ic t io n  enzyme s i te  (Fig 39). Schaefer-Rego e t  a l (1987) reported 

th a t 8 out of 9 pa tien ts  in  b la s t  c r i s is  had 3' M-BCR breakpoints while 

a l l  17 chronic phase p a tien ts  had 51 M-BCR breakpoints. M ills e t  a l 

(19BB) reported th a t 10 p a tien ts  with a re la tiv e ly  short duration in 

chronic phase had 31 M-BCR breakpoints. However o thers have fa ile d  to  

confirm th is  r e s u l t .  T o re lli e t  a l (19B7) found no co rre la tio n  between 

the breakpoints within M-BCR and the duration of the chronic phase in  kU  

CML p a tie n ts .

Collins and Groudine (1983) studied the c e l l  l in e  K562 derived from a 

CML p a tien t in  b la s t  c r i s i s ,  and found rearrangement and am plification 

(A—B fold) of ABL. There also  was a sim ilar am plification  of the C 

immunoglobulin gene. I t  was unclear whether the gene am plification  seen 

in K562 was a ttr ib u ta b le  to  the disease process or to  in  v itro  cu ltu re

201



M -BC R

uu

X

O
)

CD

CQ

LO

CO

D
)

CQ

CQ

O
)

CQ

COCM

CO

O
)

CQO
)

CQ

COIO

cojcoOc"co>>b_3(05T3O.2oo<0(0(0DC0
 

m1c$<0coQ
.
COol_ffl

COCDXo_QO_coB
'x

C
 DC

•§> 8
2

 
u

j
CDB x
c

 _

CDcT3CDszCOCOT3COotrCD>CDszojQJCDXIO

o
 

-
X PWk
CD

DO
CD.> —- 
CD ~3)
B CQ
o> £
c

 
<D

>*- 
r-

O
 

§
E c
5 o
.2 •= 
T3 oo 
O g)
CO m
E

 ^
CDXI TJ 
O c 
CO 

CO

h-CX>OO0
 

O) 
CD 
DC1v

_
0)©coXIoCO>NxooQ

.
CDi—<D

CO £
— c
—

 
o

fn "o
yJJ Q) co
cCO DQ

O)COo>il

202

denote those patients with breakpoints 5’ of the central Hind III site and who have a relatively longer 
survival in chronic phase. The arrow to the right of the Hind ill site represents those patients with 
3’M-BCR breakpoints and with a relatively shorter survival in chronic phase.



conditions necessary fo r establishm ent of the c e l l  l in e . Seldon e t  a l

(1983), a lso  working on K562, reported th a t  the am plified C and ABL 

genes were present on the same marker chromosome. This re s u l t  implied 

th a t gene am plification occurred a f te r  the formation of the BCR/ABL 

chimeric gene and th a t the am plification u n it extended from ABL through 

to  C . In 1987 Collins and Groudine reported sim ila r findings in  a CML 

p a tien t who presented in  lymphoid b la s t  c r i s i s .  They showed th a t  the 

rearranged ABL fragment was am plified to  a sim ila r degree in  both the 

p a tie n t’s b la s t  c e lls  and in  h is  term inally  d iffe re n tia te d  granulocytes, 

although the expression of the BCR/ABL tra n sc r ip t was 8-16 fo ld  higher 

in  the b la s t  c r i s is  c e l ls .

Eva e t  a l (1983) also studied a c e l l  l in e , IM9, derived from a CML 

p a tien t in b la s t  c r i s i s .  They used the techniques of DNA mediated gene 

tra n s fe r  in to  NIH 3T3 c e lls  and a sen sitiv e  in  vivo assay of 

tum origenesis. They id e n tif ie d  the human DNA responsible fo r tumour 

formation in  athymic nude mice as N-RAS. This oncogene i s  c losely  

re la te d  to  the transforming genes o f the Harvey and Kirsten murine 

sarcoma v iru s . Pierce e t  a l (198*0 also demonstrated transform ing genes 

presumed to  be re la ted  to the RAS family in  two CML p a tie n ts . Recently 

Liu e t  a l (1988), using the same assay for tum origenicity used by Eva e t  

a l (1983), found th a t 7 out of 12 CML p a tien ts  harboured transforming 

genes. Point mutations of codon 12 of the RAS oncogene were found in  

the leukaemic c e lls  of k  of these p a tie n ts , one of whom was in  chronic 

phase. The demonstration of RAS pain t mutations in  the chronic phase as 

well as b la s t  c r i s is  of CML suggested th a t ac tiv a tio n  of RAS was not
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the primary genetic event responsible for blast crisis but might play 

diverse roles in the pathogenesis of CML.

McCarthy et al (1984) reported rearrangement and amplification of MYC 

(the normal cellular homologue of the transforming gene of the avian 

myelocytamatosis virus) in the cells of a patient with promyelocytic 

transformation of CML. This genetic change was not evident in the 

chronic phase cells. At blast crisis analysis of DNA showed a 4-8 fold 

amplification of MYC and analysis of mRNA showed a two-fold increase in 

expression of MYC. The finding of MYC rearrangement and amplification 

in CML pointed to a strong causal association with the final stage of 

this disease but one that was unique to this particular patient.

Ahuja et al (personal communication) have recently studied the 

expression of the oncogene p53 in blast crisis CML of myeloid or 

intermediate phenotypes. This oncogene codes for a family of proteins 

ranging in molecular weights from 48-55 kd, expressed in high amounts in 

mammalian cells transformed by DNA and RNA tumour viruses and chemical 

carcinogens. They found that 8 out of 17 blast crisis CML patients had 

genomic rearrangement or deletion of p53. However, the p53 message 

uniformly expressed in chronic phase CML was expressed variably in blast 

crisis cells; no transcripts were detectable in four cases and high 

levels were present in a fifth case. One case without transcripts had 

no detectable gene rearrangement. However another group was unable to 

demonstrate this phenomenon and reported the lack of any rearrangement 

of the p53 gene in human haematological malignancies (Veneturelli et al,

1988).
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I studied a group of blast crisis CML patients by cytogenetics, Southern 

blotting and in situ hybridisation and looked for differences in M-BCR 

breakpoints at presentation and blast crisis. I tried to identify, by 

means of in situ hybridisation, a chromosome marker found in one 

patient. Rearrangement of the p53 oncogene and amplification, by 

Southern blotting, of MYC and ABL that would that would normally be 

unidentifiable by standard cytogenetic means was looked for.

The clinical and haematological features, at presentation, of four CML 

patients studied in blast crisis are shown in Table 21.

The results of cell marker studies at blast crisis are shown in 

Table 22. All k patients had blast cells of myeloid origin. In 

patients 1, 2 and k between A6 and 58% of cells stained positive with 

the monoclonal antibody CD13 (MCS2) which recognises early myeloid cells 

and is positive with the blast cells of B0% of AML patients. 3^% and 

51% of cells from patient 2 and 3 respectively stained positive for CD33 

(MY9) which reacts with cells of the myeloid phenotype.

6.2 CLINICAL AND HAEMATDLDGICAL FEATURES

6.3 CELL MARKER STUDIES
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Table 22 Cell marker studies performed on four CML 
patients in blastic transformation

Percentage positive cells 
from patient no.

1 2 3 4

B- cel l CD19 ( B4) - - - 5

CD10 (CALLA) - - - 4

T - c e l l CD7 (3A1) - - 4 1 0

CD2 (E-rosettes) 4 2 - 3

Myeloid CD13 (MCS2) 5 2 4 6 - 5 8

CD33 (My-9) - 3 4 51 1

CD14 (FMC17) - - 5 -

Others Tdt - - - -

CD34 (3C5) - - 1 8 -

HLA-DR (GRB-1) 6 0 2 5 1 0 25

Tdt = terminal deoxynucleotidyl t r an s fe rase  
Summary of studies performed by R Morilla

/ /
/



CYTOGENETICS6.4

These patients were studied at presentation and at blast crisis in order 

to detect cytogenetic changes coincident with blastic transformation.

6.4.1 Patient 1

15 G-banded metaphase chromosomes from bone marrow at presentation were 

Ph positive [46XX, t(9;22)(q34;q11)]. The patient referred to us from 

another centre was already in the accelerated phase of CML. Analysis of 

15 G-banded metaphases from bone marrow cultures (48 hours) at blast 

crisis showed that 9 metaphases were exclusively Ph-positive, while 6 

metaphases had acquired an extra metacentric G group marker 

(Fig 40).

6.4.2 Patient 2

Cytogenetic analysis of 10 G-banded metaphases from bone marrow was done 

at presentation. All the metaphases were Ph-positive [46XY, 

t(9;22)(q34;q11)]. At blast crisis 15 G-banded bone marrow metaphases 

were analysed: 7 metaphases were exclusively Ph-positive while B 

metaphases had acquired an extra marker chromosome which we defined as 

an extra chromosome 19 with a translocation involving the terminal 

portion of the q arm of chromosome 17 [47XY, t(9;22)(q34;q11),

+ t(17;19) (q22;q13)] (Fig 41).
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F ig  4 0  K a r y o t y p e  o f  G - b a n d e d  m e t a p h a s e  f r o m  a  p a t i e n t  w i t h  C M L  in
b l a s t  c r i s i s  ( n o .  1 ) w i t h  a  P h  c h r o m o s o m e  a n d  a n  e x t r a  m a r k e r  

c h r o m o s o m e .

G-banded chromosomes showing the translocation between chromosoms 
9 and 22, t(9;22), resulting in the Ph chromosome as well as an extra 
metacentric G-group marker chromosome (M). Inset: partial karyotype 
from another metaphase showing the normal chromosome 22, the Ph 
chromosome and the marker chromosome.
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s h o w i n g  t r a n s l o c a t i o n s ,
t ( 9 ; 2 2 ) ( q 3 4  ; q 1 1 ) ,  t ( 1 7 ; 1 9 ) ( q 2 2 ; q 1 3 )  a n d  a n
u n c h a r a c t e r i s e d  C  g r o u p  m a r k e r  c h r o m o s o m e .

Inset: partial karyotype of a second metaphase showing the 
abnormal chromosomes 17 and 19 and marker.
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6.4.3 Patient 3
Cytogenetic analysis was performed on two occasions during chronic 

phase, once at presentation and one a year later. On both occasions the 

study of 15 and 10 G-banded bone marrow metaphases respectively analysed 

were Ph-positive [46XY, t(9;22)(q34;q11)]. At blast crisis all 15 G- 

banded bone marrow metaphases were also Ph-positive (Fig 42). No 

secondary karyotypic change had taken place.

6.4.4 Patient 4

At presentation 20 G-banded metaphases obtained from bone marrow 

cultures were all Ph-positive. At blast crisis 20 G-banded metaphases 

analysed from bone marrow cultures at 24 hours: 2 were Ph-negative, 12 

were exclusively Ph-positive, 5 had acquired an extra chromosome 8 

[47XY, t(9;22)(q34;q11), +8] (Fig 43) and 1 metaphase had acquired an 

extra A group marker and a D group marker [48XY, t(9;22)(q34;q11), + mar 

A, + mar D]

9 .5  IDENTIFICATION OF A MARKER CHROMOSOME

The origin of the metacentric G-group marker chromosome found in patient 

1 was unidentifiable by G-banding analysis. In some metaphase spreads 

it resembled an iso-Ph chromosome while in others the morphology was 

unclear. In situ hybridisation of an ABL probe to metaphase chromosomes 

was carried out to identify this marker.

2 1 1
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The grain localisation of the ABL oncogene in AO metaphases containing 

the marker showed that with a total of 102 grains 10 (9.8%) grains 

hybridised to chromosome 9, 9 (8.8%) grains to the Ph chromosome and 10 

(9.8%) grains to the metacentric marker chromosome (Table 23).

The clustering of grains on chromosomes 9, 22q- and M was significant 

(p = 0.009, p < 0.0001 and p = 0.0008 respectively). The ABL probe did 

not hybridise to both chromosome arms of the metacentric marker in any 

one metaphase.

The localisation of ABL sequences on the marker chromosome and its size 

suggested that it had been formed in part by duplication of the Ph 

chromosome. This was confirmed subsequently by in situ hybridisation 

studies performed on the cell line derived from this patient using both 

ABL and BCR probes.

6.6 M-BCR REARRANGEMENT

High molecular weight DNA extracted from the leukaemic cells of patients 

at chronic phase and blast crisis was digested with Bam HI, Eco RI and 

Hind III and probed with the 0.6 kb probe for M-BCR (BCR-G). Southern 

analysis of M-BCR was carried out to look far differences in the 

breakpoint within M-BCR. The pattern of rearrangement was identical in 

all A patients at both stages of the disease (Fig AA). In 1, 2 and A the 

breakpoint within M-BCR occurred 3’ of the central Hind III site.
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Bgl II

C 1 1 2 2

Fig 44 Southern blot analysis of DNA from blast crisis CML 
patient 2 using the 0.6 kb M-BCR probe.

High molecular weight DNA extracted from the leukaemic 
cells of patient 2 at chronic phase (1) and blast crisis (2) 
was digested with restriction endonuclease Bgl II and the 
blot hybridised with the M-BCR probe.
The same pattern of genomic rearrangement of M-BCR is 
seen in patient 2 at chronic phase (1) and blast crisis (2)
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6 .7 P53 REARRANGEMENT

Southern b lo ts  o f high molecular weight DNA digested  with Eco RI and Bam 

HI were hybridised with a 1.76 kb human p53 cDNA probe which contained 

a l l  the known exons o f the P53 gene. All four p atien ts had germline 

configurations o f the p53 gene (Fig 45).

6.B SEARCH FOR GENE AMPLIFICATION

Am plifications o f ABL (C ollin s and Groudine, 1985) and MYC (McCarthy e t 

a l ,  1985) to the le v e ls  seen in K562 and HL60 (4-8 fo ld ) resp ectively  

was looked fo r by Southern an a ly sis  using a 1 .4 kb ABL probe 

corresponding to i t s  tyrosine kinase domain (Ben-Neriah e t a l ,  1986), a 

and a 1 ,5kb MYC probe corresponding to exon 2 (R abbitts e t a l ,  1985). 

DNA extracted from the K562 c e l l  lin e  was used as a p o sitiv e  control in 

the search fo r ABL am p lification . DNA extracted from the HL60 c e l l  lin e  

estab lish ed  from a patien t with pramyelocytic leukaemia was used as a 

p o sitiv e  control in a search fo r MYC am plification . A s tra in  o f HL60 

was used which had a 4-8 fo ld  am plification  o f MYC. To a sse ss  whether 

any am plification  had occurred I  compared autoradiographs o f f i l t e r s  

hybridised with ABL or MYC with autoradiographs o f f i l t e r s  rehybridised 

with a probe fa r  a sin g le  copy gene (pre-proenkephalin-1) .  Hybridisation 

s ig n a ls  were quantitated by transm ission densitometry. The ra t io  o f the 

area o f hybrid isation  s ig n a l was calcu lated  for ABL and MYC probes and 

compared with th at o f the control enkephalin probe fo r each sample. The 

re la t iv e  gene dosage fo r MYC and ABL in each p atien t was estab lish ed  by 

comparing the MYC and ABL s ig n a l ra t io  to the mean s ig n a l ra t io  o f a l l
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Bam HI

kb

8 - •  •  M  m

1 Normal control
2 BC patient 1
3 BC patient 2
4 BC patient 3
5 BC patient 4
6 AML

Fig 45 Southern analysis of the p53 oncogene in DNA 
from four blast crisis CML patients.
High molecular weight DNA was digested with Bam HI 
and hybridised with the 1.76 kb cDNA p53 probe. DNA from 
the four CML patients, the AML patient and the normal control 
showed a single band in the germline configuration at 8 kb.
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control subjects on the same blot, with the latter value normalised to 1 

(Podlisny et al, 19B7).

The relative gene dosage for ABL and MYC in the four blast crisis CML 

patients studied is shown in Table 2k. No amplification of ABL or MYC 

of the level seen in the control cell lines was found in the DNA from 

any of the k patients studied (Fig k6). Due to technical limitations it 

was not passible to measure an increase in band intensity equivalent to 

duplication of a gene. For example ue were not able to show one extra 

copy of the ABL gene in the DNA from patient 1 even though in situ 

hybridisation studies demonstrated duplicated ABL proto-oncogene 

sequences on the marker chromosome. Also no clear duplication of the 

MYC proto-oncogene in the DNA was demonstrated from patient k with 

trisomy of chromosome B in a significant proportion of his cells.

6.9 DISCUSSION

A study of cell surface markers demonstrated blasts of myeloid lineage 

in four blast crisis CML patients. Cytogenetic analysis showed that in 

addition to the Ph chromosome one patient had acquired an extra 

chromosome B, while the other three patients had karyotypes not typical 

of the cytogenetic changes seen in 70 % of blast crisis CMLs. One 

patient had an extra marker chromosome derived from a translocation 

between chromosome 17 and 19, a second had an extra marker 

unidentifiable by conventional G-banding analysis, and a third had no 

additional chromosomal abnormalities. The secondary karyotypic change 

of +19 is seen frequently in blast crisis CML but a marker with
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1 2  3 4

Probes

MYC 1 -  P a tie n t  1

2 -  HL60

3 -  P a t ie n t  4

4 -  N orm al

P re -p ro e n k e p h a l i n - 1

Fig 46 Representative Southern blot analysis of the MYC 
proto-oncogene in DNA from two blast crisis CML 
patients.
High molecular weight DNA was digested with Eco Rl and 
probed with a 1.5 kb MYC probe and a control probe 
pre-proenkephalin-1.

Patients 1 and 4 (lanes 1 and 3 respectively) showed 
no amplification with respect to the normal control. The 
HL60 cell line (lane 2) showed amplification of the MYC proto­
oncogene. The control blot shows that less DNA was loaded in lane 2, 
suggesting a higher level of MYC amplification.
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involvement of chromosome 17q has not been reported before.

Approximately 20% of CML patients have the Ph chromosome as the sole 

abnormality throughout their disease and additional cytogenetic 

aberrations do not always occur in the development of blast crisis 

(First International Workshop on Chromosomes in Leukemia, 1978). I 

identified the marker chromosome found in patient 1 by means of in situ 

hybridisation. ABL oncogene sequences hybridised to the normal 

chromosome 9, the Ph and the marker chromosome. This suggested that at 

least one chromosome arm of the metacentric marker contained a copy of 

ABL. Recent results obtained from the cell line established from this 

patient suggest that this marker was derived through duplication of the 

Ph. In situ hybridisation studies in the cell line demonstrated that 

both BCR and ABL were present on this marker chromosome.

M-BCR rearrangement studies demonstrated no difference in the breakpoint 

between presentation and blast crisis. Although three of the patients 

studied had breakpoints within M-BCR 3' of the central Hind III site 

this did not correlate with a shortness of duration of chronic phase. 

These results have been confirmed by a larger study in our laboratory in 

which 67 CML patients have showed no correlation between position of the 

M-BCR breakpoint and the period before relapse (Gaubert et al, 1989).

Southern analysis of p53 demonstrated no genomic rearrangement.

Although p53 was not rearranged in these patients, this does not rule 

out alteration of the gene by other means. Ahuja et al (1988) reported 

a heterogeneous pattern of genetic alteration and expression of p53 in 

some blast crisis CML patients with a myeloid phenotype. It may be
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that alterations of the p53 gene are merely an epiphenomenon. It is 

also likely that disruption of normal gene function is the common factor 

that unites this variant pattern of gene alterations and contributes to 

the development of blast crisis. It has been recently reported that 

murine p53 competes with alpha DNA polymerase for binding to large-T- 

antigen and in so doing can inhibit 3\IkU origin dependent DNA 

replication, suggesting a role for p53 in initiation and maintenance of 

replicative DNA synthesis (Gannon and Lane, 1987). It seems reasonable 

to suggest that loss of this protein could lead to a disruption of 

normal DNA replication and thereby contribute to carcinogenesis.

No amplification of ABL or MYC uas detected in any of the k patients 

studied, although amplification of these oncogenes in CML blast crisis 

has been reported in isolated cases (Collins and Groudine, 198*f,

McCarthy et al, 198*0. In neuroblastoma N-MYC amplification has been 

correlated with more aggressive tumour growth and poor prognosis 

(Brodeur et al, 198*0, so it is passible that gene amplification 

represents one of the mechanisms, albeit rare, by which blast crisis is 

achieved.

A duplication of chromosomal material associated specifically with the 

blast crisis phenotype was demonstrated in three of the four patients 

studied. It may be that the duplication of particular oncogenes 

(located on these chromosomes) which result in perturbation of oncogene 

expression is sufficient to incline the cell towards acute 

transformation. The duplication of the BCR/ABL chimeric gene in patient 

1 may be significant. Although Shtivelman et al (1987) suggested that
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further changes of BCR/ABL were net important in the tran sitio n  from the 

chronic to the acute phase in CML, q u a lita tiv e  and qu an titative  stu d ies 

o f ABL/BCR expression in b la s t  c r i s i s  are yet su ff ic ie n t  to ru le  out 

th is  p o s s ib i l i ty .  Likewise a duplication  o f MYC in patien t k may be 

important in b la s t  c r i s i s .  No oncogenes have yet been lo ca lise d  to 

chromosome 19 or the terminal end o f chromosome 17. The tran slocation  

t (17;19) found in p atien t 2 may involve the activ atio n  o f an as yet 

un identified  oncogene. I t  has been debated whether the important event 

in the formation o f the isochromosome 17 in CML i s  the lo ss  o f genes 

from the short arm or the duplication  o f genes on the long arm. p53 i s  

located on the p arm o f chromosome 17 (van Tuinen e t  a l,1 9 8 6 ). The 

formation o f iso(17q) re su lts  in the lo s s  o f one a l le le  o f p53. I t  may 

be th at lo ss  o f the wildtype a l le le  allows the expression o f an abnormal 

p53. However the incidence o f t(17 ;19) in p atien t 2 in d icates that 

genes located on the term inal end o f the 17q may a lso  be important in 

b la s t  c r i s i s .  No add ition al cytogenetic abnorm alities were detected in 

p atien t 3.

Previous stu d ies by us (see chapter 3) and other in v estig a to rs  ind icate  

th at genetic changes may occur in CML without any evidence o f 

cytogenetic abnorm alities (Morris e t a l ,  1986, Bartram e t a l ,  19B6, 

Ganesan e t a l ,  19B6, Dreazen e t  a l ,  19B7, Wiedemann e t  a l ,  19BB). I t  i s  

l ik e ly  therefore that cytogen etically  in v is ib le  genetic changes 

analogous to those presumably occurring in other b la s t  c r i s i s  CMLs a lso  

occurred in patien t 3.
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The genetic changes involved in b la s t  c r i s i s  CML may be many and varied , 

□ne or several oncogenes may be activated  and operate sy n e rg ist ic a lly  to 

transform the c e l l  from a ’ benign’ chronic phase to b la s t  c r i s i s .  

However, our understanding o f these events remains poor. Greater 

in sigh t may be gained by care fu l genetic an a ly sis  o f the cytogenetic 

changes th at occur in transform ation.
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CHAPTER 7: Ph-POSITIVE ACUTE LEUKAEMIA

7.1 BACKGROUND

C ytogenetically , the Ph tran slocation  in the acute leukaemias i s  

in d istin gu ish ab le  from the t (9;22) found in CML. In approximately 50% 

o f acute leukaemias the Ph chromosome i s  the only chromosomal aberration 

whereas in other cases the Ph tran slocation  occurs together with other 

chromosomal changes. The most common add ition al abnorm alities are 

monosomy o f chromosome 7 and stru ctu ra l rearrangements o f one or both 

chromosomes 9. In acute leukaemia the incidence o f variant 

tran slo catio n s i s  higher (approximately 15%) than in CML (5%) and 

complex v arian ts involving e sp e c ia lly  chromosome 1Lq32 have been 

reported by a number o f in v estig a to rs  (Takeuchi e t  a l ,  1981, Sandberg e t 

a l ,  1985, De Klein e t  a l ,  1986).

The molecular events re su ltin g  in the Ph tran slocation  in CML have been 

studied in considerable d e ta il  and comparable stu d ie s  are in progress 

for the acute leukaemias. Erikson e t a l  (1986) and de Klein e t  a l

(1986) in vestigated  the breakpoints a t  22q11 in a to ta l  o f 20 patien ts 

with Ph-positive acute leukaemia by Southern b lo t an a ly sis  using M-BCR 

probes. They found th at in some cases M-BCR remained unaffected. In 

other cases the breakpoints occurred within M-BCR and were 

in d istin gu ish ab le  from the molecular findings in CML. Data from these 

and other stu d ies suggested th at about h a lf  o f p a tien ts with Ph-positive 

acute leukaemia may have a d isease  c lo se ly  re la ted  to CML whereas others
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had a molecularly d is t in c t  d isorder. These re su lt s  a lso  indicated that 

contrary to e a r l ie r  suggestions both molecular subgroups occurred in the 

adult and childhood form o f Ph-positive ALL.

Three stu d ies have shed more l ig h t  on the problem (Chan e t  a l ,  19B7; 

Clark e t  a l ,  1987; and Kurzrock e t  a l ,  19B7). These workers 

in vestigated  the expression o f ABL-related proteins in Ph-positive ALL 

patien ts without rearrangement o f M-BCR by the immune p recip ita tio n  

kinase assay and detected a unique ABL-related tyrosine kinase o f 185 

or 190 kd. They a lso  found th at expression o f th is  protein correlated  

with the expression o f a novel 6.5 or 7.4 kb mRNA. The authors observed 

th at these novel mRNAs and proteins must re su lt  from the fusion o f the 

ABL oncogene with then undetermined sequences. They speculated th at 

these sequences could be upstream o f M-BCR (but within the BCR gene) or 

part o f another gene. Hermans e t  a l  (1987) id e n tified  these sequences. 

They reported th at genomic breaks occurred within the f i r s t  intron o f 

the BCR gene, 5 ’ o f M-BCR involved in CML. They proposed that th is  

a ltern ativ e  BCR/ABL fusion gene was created when the 3 ’ end o f th is  

f i r s t  exon o f the BCR gene alone was linked to the second ABL exon 

(see chapter 1 , Fig 4 ) . Using a panel o f genomic probes, Chen e t  a l  

(19BB) showed the breakpoints in 6 out o f 7 Ph-positive , BCR-negative 

ALL p atien ts to occur within a 1Q.B kb region o f the f i r s t  intron o f the 

BCR gene. These authors have recently  reported a second c lu ste r  o f 

breakpoints within a 5 kb segment o f the f i r s t  in tron , approximately 16 

kb upstream o f the previously described c lu ste r  (Chen e t a l ,  19B9)
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Feu molecular in v estiga tio n s o f Ph-positive AML have been reported thus 

f a r .  The re su lts  o f in v estiga tin g  Ph-positive ALL seemed a t  the 

molecular le v e l to suggest th at M-BCR rearrangement and expression o f 

the P210 might be pathogenetically  associated  with myeloid 

leukaemogenesis whereas the absence o f M-BCR rearrangement and the 

expression o f the PI 90 might be associated  with lymphoid 

leukaemogenesis.

An i n i t i a l  report from Eriksan e t  a l  (1986) o f M-BCR rearrangement in 

one Ph-positive AML patien t seemed to support th is  hypothesis. However 

Kurzrock e t  a l  (19B7) reported th at the genomic a lte ra tio n  and the gene 

product in Ph-positive AML could be sim ilar  to those in M-BCR-negative 

ALL, such th at the breakpoint a t  22q11 occurred outside the BCR region 

and resu lted  in expression o f  a PI90 protein .

I  studied two Ph-positive acute leukaemia p atien ts with unique featu res 

a t  the cytogenetic and molecular le v e ls .  One was a Ph-positive ALL 

patien t who a t  presentation showed both lymphoid and myeloid populations 

o f c e l l s  and both Ph-positive and normal metaphases and the other was a 

case o f de novo AML c la s s i f ie d  as erythroleukaemia (FAB-M6) with a 

complex karyotype including a ’ masked’ Ph chromosome. These stu d ies are 

described in greater d e ta il  below.
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7 . 2 Ph-POSITIVE ACUTE LYMPHOBLASTIC LEUKAEMIA

7.2.1 Case Report

A 20 year old male presented in May 1986 with purpura, lymphadenopathy, 

and splenomegaly. His white ce ll count was 120x10^/1; the majority of 

cells in his peripheral blood were blasts. Cell surface markers studied 

by R Morilla were positive for CD14 (FMC17, monocytoid) and CD19 (B4, 

early lymphoid) markers (Table 25). Staining with immunoperoxidase 

suggested the existence of two distinct papulations of blast ce lls , one 

of monocytic and the other of B ce ll lineage (Fig 47). He did not 

respond to treatment with courses of daunorubicin, cytarabine and 6- 

thioguanine (DAT) and amsacrine, 5-azacytidine and etoposide (MAZE). He 

responded subsequently to treatment with the UKALL-X intensification 

regimen followed by maintenance treatment. The number of blasts in his 

bone marrow fe l l  to 6 %  and remained low until January 19B7 when he 

relapsed. At this stage his cell-surface markers showed a B-lymphoid 

phenotype (positive for terminal deoxynucleotidyl transferase and CD10 

[B4+, CALLA+]). Treatment with mitoxantrone and cytarabine again 

reduced the percentage of blasts in the bone marrow to 6%  but he 

relapsed again in March 19B7. His ce ll surface markers were again 

consistent with the B lineage. He died in April 19B7.
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T a b le  2 5 Cell m arker studies perform ed on patien t's
leukaem ic  ce lls  at p resenta tio n  and at re lapse.

A p r i l  1 9 8 6 A p r i l  1 9 8 7

T o t a l  l e u k o c y t e c o u n t  ( x 1 0 / l ) 9 0 . 0  a 1 0 4

B - c e l l C D 1 9  ( B 4 ) 4 9 % 6 4 %

C D 1 0  (C A L L A ) 4 7 % 8 3 %

T - c e l l C D 7  ( 3 A 1 ) n e g 1 7 %

C D 2  (E - r o s e t t e s ) n e g 1 0 %

M y e l o i d C D 1 3  ( M C S 2 ) 1 8 % n e g

C D 3 3  ( M y - 9 ) 1 5 % -

C D 1 4  ( F M C 1 7 ) 3 0 % -

O t h e r s T d t 4 8 % 8 6 %

C D 3 4  ( 3 C 5 ) 2 6 % n e g

H L A - D R  ( G R B - 1 ) 7 1 % 6 9 %

T d t  =  te rm in a l  d e o x y n u c le o t id y l  t r a n s f e r a s e

S u m m a r y  o f  s tu d ie s  p e r fo r m e d  b y  R  M o r i l la  w o rk in g  in 

Prof. C a to v s k y 's  la b o ra to r ie s  a t  the  R P M S ,  L o n d o n .
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F i g  4 7  M a r k e r  s t u d i e s  in  a  p a t i e n t  w i t h  P h - p o s i t i v e  A L L

A May Grunwald Giemsa stain showing small and large blasts.
B Small blast cells showing CD10 positivity by the 

immunoperoxidase stain.
(This study was performed by R Morilla)
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7.2.2 Cytogenetics

Cytogenetic studies performed an 20 marram metaphases at presentation in 

May 1986 shamed that 16 (80%) had the Ph translocation, t (9;22)

(q34;q11) and 4 (20%) had a normal male karyotypes. Cytogenetic studies 

mere performed again at relapse in March 1987 shortly before the 

patient’s death. There mere three different populations of cells: a 

predominantly Ph-positive population, 46,XY,t(9;22) (q34;q11) (n=15), 

normal metaphases mith an extra chromosome 19, 47,XY, +19 (n=3)

(Fig 48), and karyotypically normal ce lls , 46,XY (n=2).

7.2.3 Southern analysis

To determine mhether there mas genomic rearrangement of M-BCR Southern 

analysis of DNA mas carried out by Dr L Wiedemann. DNA mas prepared 

from the leukaemic cells of the patient at presentation and digested 

mith restriction enzymes Bam HI, Eco RI, Sac I, Bgl II and 

Hind III and probed mith a 4kb genomic M-BCR probe (see Chapter 2,

Fig 8). Only germline bands mere present in each lane (Fig 49) 

suggesting that there mas no rearrangement of M-BCR. Rearrangement of 

Ig and T-cell receptor (TCR) genes are of interest in the study of 

differentiation since they may identify lineage affiliation  prior to and 

independent of its  expression at the protein level, and they are by 

their nature markers of clonality. Thus material from the patient mas 

studied by Dr L Faroni using appropriate cloned DNA probes. DNA mas 

digested mith Hind III, Eco RI and Bglll and hybridised mith a probe for
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F ig  4 8  K a r y o t y p e  o f  a  G - b a n d e d  m e t a p h a s e  w i t h  n o r m a l  c h r o m o s o m e s  

a n d  a n  a d d i t i o n a l  c h r o m o s o m e  1 9 ,  4 7 ,  X Y ,  + 1 9 .

Inset: Partial karyotypes from two other metaphases 
showing also normal chromosomes 9 and 22 and trisomy 19.
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1 2  3

4.8-

2.3-

1.2-

Fig 49 Southern blot analysis of DNA from Ph-positive ALL patient 
hybridised with the 4 kb M-BCR probe

Lane 1 represents a Ph-positive CML control, lane 2 represents 
DNA from the patient with Ph-positive ALL, lane 3 represents a normal 
control. There are three germline bands at 1.2 kb, 2.3 kb, 4.8 kb. In 
lane 1 there are three germline bands and one rearranged band.
The DNA in lane 2 as with the normal control shows only the germline 
configuration of M-BCR.
(This Southern blot was performed by Dr L Wiedemann).
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the 3̂  region of the immunoglobulin gene (for details see chapter 2).
□ne band was present in the rearranged configuration but there was no 
band in the germline position. A study of the TCR chain gene showed a 
rearrangement of the locus with deletion of both CBI segments and 
rearrangement of one CB2 segment, the second CB2 being in the germline 
configuration. The same procedure was carried out using DNA extracted 
at relapse and identical rearrangements of the Ig and TCR genes were 
detected. Therefore the same clone of cells was present at presentation 
of the disease and at relapse.

7.2.4 In situ hybridisation

Because the patient’s cells had a standard Ph chromosome but showed no 
evidence M-BCR rearrangement, I tried to localise the breakpoint at 
22q11 by the technique of in situ hybridisation using probes that 
normally localise proximal or distal to BCR on chromosome 22. I used a 
probe for the ABL proto-oncogene, the SIS proto-oncogene, 5’ BCR which 
mapped 5’ of the K562 breakpoint (see Chapter 2, Fig B), and the C Ig 
gene (see Chapter 2 for details). It was also interesting to know 
whether these probes were located in their normal positions in the 
cytogenetically normal population of cells.

ABL localisation
In 50 Ph positive metaphases analysed with a total number of 79 grains 
12 (15%) grains mapped to the Ph chromosome and 11 (14 %) grains to the 
normal chromosome 9 at 9q34 (Fig 50). The clustering of grains on 
chromosomes 22q- and 9 was significant (p < 0.0001 and p = 0.0003
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Fig 50 Localisation of the ABL proto-oncogene to chromosome 
22q- in a metaphase from Ph-positive ALL patient
The black grain on the 22q-, indicated by the arrow, represents 
the localisation of the ABL proto-oncogene in situ.



respectively). In 45 Ph negative metaphases with a total number of 100 
grains 10 (10%) mapped to chromosome 9q34 and none to chromosome 22.
The clustering of grains to chromosomes 9q34 mas significant (p = 0.03)

515 localisation
In 40 Ph positive metaphases analysed with a total number of 78 grains 
15 (19 %) grains mapped to the 9q+ and 14 (18 %) grains to chromosome 
22q13. The clustering of grains on chromosomes 9q+ and 22 was 
significant (p < 0.0001). In 40 Ph negative metaphases analysed with a 
total number of 76 grains 16 (21 %) grains mapped to chromosome 22q12- 
13. The clustering of grains on chromosomes 22 mas significant
(p < 0.0001).

51 BCR localisation
In 35 Ph positive metaphases analysed with a total number of 80 grains 
11 (14%) grains mapped to the 9q+ and 8 (10%) grains to the normal 
chromosome 22 at 22q11. The clustering of grains on chromosomes 9q+ and 
22 mas significant (p = 0.0004 and p < 0.0001 respectively).

C localisation
In 40 Ph positive metaphases analysed with a total number of 68 grains 8 
(12%) grains mapped to the Ph chromosome and 6 (9%) grains to the normal 
chromosome 22 at 22q11. The clustering of grains on chromosomes 22q- 
and 22 was significant (p 0.0002).
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A composite of histograms showing the grain localisation of the above 
mentioned probes in both Ph-positive and negative cells is shown in 
Fig 51.

7.2.4 mRNA PROTECTION ASSAY

Dr 0 Dreazen looked for presence of the BCR/ABL chimeric mRNA by the 
protection assay to confirm the Southern data. The details of this 
assay were described in detail in Chapter 3.

Using the b3a2 RNA (450 bp) probe, 172 and 2B7 b fragments were 
detected. These fragments could have resulted from the normal 
expression of BCR and ABL genes or possibly from other rearrangements of 
these genes distinct from those that characterise Ph-positive CML. 
Neither the 450 bp (b3a2) probe nor the 280 bp (b2a2) probe was 
protected in its entirety. These results excluded the presence of 
either of the chimeric mRNAs that characterise Ph-positive CML (data not 
shown).

7.2.5 Protein kinase assay

The analysis of ABL related PTK activity was performed by Dr L Wiedemann 
on cells during the first relapse. A phasphorylated protein band of Mr 
190 kd was observed (Fig 52). Its precipitation was inhibited in the 
presence of the immunogen against which the antibody was raised.
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localisation Ph positive metaphases Ph negative metaphases
c-abl

c -s ls

5'bcr

2 3 * 5 * 7 I  I  10 U  12 13 U 13 II 171| 3 3 ^ p  »

^  I 1 2 1 J 1 .  1 J 1 ,  1 , 10 U 11 13 1* 13 11 171« j a ^

Fig 51 Composite diagram showing grain distribution in 30-50 metaphases 
for each of the DN A probes: ABL, SIS, 5' BCR, and C in Ph-positive 
and -negative metaphases.

T h e  x a x e s  re p re s e n t th e  c h ro m o s o m e s  in th e ir  s iz e  p ro p o rtio n ; th e  y  a x e s  s h o w  

th e  n u m b e r o f g ra in s . T h e re  w a s  o b v io u s  c lu s te rin g  o f g ra in s  in o n e  o r tw o  

d is tin c t re g io n s  in c o m p a ris o n  w ith  n o n s p e c if ic  'b a c k g ro u n d ' g ra in s  fo u n d  

on all c h ro m o s o m e s .
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•p l90

• ■

F ig  5 2  In  v i t r o  a s s a y  fo r  P T K  in  t h e  le u k a e m ic  c e l ls  o f  

P h - p o s i t i v e  A L L  p a t ie n t .

The light density cell fraction was isolated on a Percoll 
discontinuous gradient (Martin et al, 1986) and analysed 
by the autophosphorylation assay. Lanes 1 and 2:
K562; lanes 3 and 4; patient. In lanes 2 and 4 the 
immunogen peptides were present during the antibody-antigen 
complex formation step. The apparent band at 210 kd in 
lane 3 is an artefact. Such a diffuse band of similar size to 
P210 has also been seen in other studies and generally its 
precipitation was not prevented by the presence 
of the immunogen.
(This study was performed by Dr L Wiedeman)
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7.3 Ph-POSITIVE ACUTE MYELOID LEUKAEMIA

7.3.1 Case Report

A 41 year aid female presented with a short history of fever, cough and 

symptoms of anaemia in February 1986. There was no preceding history of 

haematalogic illness. On examination she had marked hepatosplenamegaly. 

Her blood on admission showed a haemoglobin of 8.8 g/dl and platelets of 

51 x 10^/1. The total white cell count (LJBC) was 26.5 x 10^/1 with 66% 

neutrophils, 10% lymphocytes, 2% monocytes, 2% metamyelocytes and 20% 

blasts. The bone marrow showed 85% infiltration by blasts with deeply 

basophilic cytoplasm; the nuclei had up to four nucleoli. Occasional 

blast cells exhibited vacuolation. Intermediate and late normoblasts 

were absent. Cytochemical staining with periodic acid Schiff and Sudan 

black were negative, but 100% of the blast cells reacted with a 

monoclonal antibody for glycophorin A (Fig 53). The blood and bone 

marrow findings were therefore consistent with AML, FAB-type M6 

(erythroleukaemia).

Remission induction therapy was started with CCNU (lomustine)
n n

200 mg/nrr on day 1, daunorubicin 50 mg/m^ on day 1 to 3, and cytosine
n

arabinoside 100 mg/nr oh days 1 to 7 inclusive. Examination of marrow 

on day 42 following start of therapy confirmed complete haematological 

remission; the peripheral UBC was 2.8x10^/1 without blasts.
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F ig  5 3  M a r k e r  s t u d ie s  in  P h - p o s i t iv e  A M L  p a t ie n t

Blast cells showing showing alpha-glycophorin positivity 
by the immunoperoxidase stain.
(This study was performed by R Morilla)
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7.3.2 Cytogenetics

peripheral blood and 10 metaphases from the bone marrow preparations.

The patient showed a highly variable karyotype which ranged from 42,XX 

to 96,XXXX. Most of the metaphases were hyperdiploid with a predominant 

clone of 48,XX. No normal cells were present. Trisomy 11 and a common 

chromosome arrangement involving chromosome 1, 4, both chromosomes 9, 

and chromosome 22 was seen in all cells analysed. Some metaphases 

carried a duplicated marker chromosome (der 22) which indicated that 

evolution of the original clone had occurred. Non-clonal abnormalities 

were also observed and these included trisomy 12, 15 and 17. Many cells 

contained markers of unknown origin. The involvement of chromosomes 

9q34, 22q11, 4q35, and 9p12 suggested that a complex variant 

translocation might have occurred producing a 'masked1 Ph chromosome 

(Fig 54) (Cytogenetic analysis was done in collaboration with Dr C 

Price).

To confirm that this der 22 marker chromosome was in fact a 'masked' Ph 

chromosome I localised the ABL proto-oncogene in the metaphase 

chromosomes of this patient by in situ hybridisation. The ABL oncogene 

hybridised to the 9p- chromosome, in its normal position at 9q34 and to 

the der 22 (Fig 55). In 50 metaphases analysed 11 (11.3%) grains mapped 

to chromosome 9q34 and 17 (17.5%) grains to der22. The clustering of

Cytogenetic analysis at presentation was done on metaphases obtained

from direct bane marrow preparations and from peripheral blood at 48
hours (cultured without PHA). 20 metaphases were analysed from the

243



{•' ) i
«  *  
I I  
I « >1 K

1 lq- 4 4q+

% * i } f i ii i* II I I I
6 7 8 9q+ 9p- 10 11

I* II I I i t  n  a
13

•  4
19

14

*  %

20

15 16 17 18

• .  ’ l l
21 22 22q+ 22q+

12
i t

F ig  5 4  R e p r e s e n t a t iv e  G - b a n d e d  k a r y o t y p e  s h o w in g  

t h e  'c o m p l e x '  t r a n s l o c a t i o n  t(1  ; 4 ; 9 ; 9 ; 2 2 )  

r e s u l t in g  in  a  'm a s k e d '  P h i la d e lp h ia  c h r o m o s o m e .

The G-banded karyotype of the predominant clone
showing trisomy of chromosome 1 1  and a complex
rearrangement involving chromosomes 1, 4, 22
both homologues of chromosome 9 and a
duplication of chromosome 11 and the 'masked' Ph [der (22)],
t(1;4;9;9;22) +1 1 ,  + der(22).
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F ig  5 5  L o c a l is a t io n  o f  t h e  A B L  p r o t o - o n c o g e n e  to  th e  

’ m a s k e d ' P h  c h r o m o s o m e  in  a  m e t a p h a s e  f r o m  

P h - p o s i t iv e  A M L  p a t ie n t  w i t h  t r a n s l o c a t io n  , 

t ( 1 ;  4 , 9 ;  9 ;  2 2 )

The black grain on the der 22, indicated by the black arrow, 
represents the localisation of the ABL proto-oncogene in situ.
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grains an chromosomes 9p- and der(22) was significant (p = 0.008 and p 

<□.□□□1 repectively). This result suggested that a standard Ph 

translocation had occurred first and subsequently a translocation 

occurred between the Ph chromosome and chromosome 1 resulting in 

masking of the Ph chromosome.

Conventional cytogenetic analysis of the G-banded karyotype suggested 

that the additional material on the 9q+ was not derived from chromosome 

22q11-qter. The additional material was dark staining (Giemsa-band 

positive) whereas the the material derived from chromosome 22, as a 

result of a standard Ph translocation, was Giemsa band negative. I 

therefore postulated that further rearrangement had taken place 

involving chromosome 9q34 and another chromosome. The deletion of most 

of the p arm of the other chromosome 9 and the aberrant staining at 

chromosome 4q31 suggested that either chromosome could be a candidate in 

this rearrangement. It was argued that if there had been a subsequent 

translocation involving another chromosome the location of the SIS 

oncogene (translocated to the 9q+ in the standard Ph translocation) 

would give us some insight into these karyotypic events.

In situ hybridisation of SIS showed that it was located on chromosome 

22q23, in its normal position, and on the 4q+ chromosome. In 50 

metaphases analysed 12 (12.2%) grains mapped to the chromosome 4q+ and 

12 (12.2%) mapped to chromosome 22. The clustering of grains on 

chromosomes 4q+ and 22 was significant (p = 0.02 and p = 0.0001). A 

composite diagram of ABL and SIS proto-oncogene localisation is shown in 

Fig 56.
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Fig 56 Composite diagram showing the grain distribution in 50 
metaphases for each of the proto-oncogene probes: ABL 
and SIS from AML patient with translocation 
t (1 ; 4 ; 9 ; 9 ; 2 2).
T h e  x a x e s  re p re s e n t th e  c h ro m o s o m e s  in th e ir  s iz e  p ro p o rtio n ; th e  

y a x e s  s h o w th e  n u m b e r o f g ra in s . T h e re  w a s  lo ca lisa tio n  o f th e  A B L  

p ro to -o n c o g e n e  to c h ro m o s o m e s  9 p - a n d  d e r (2 2 ) .  T h e  S IS  p ro to -o n c o g e n e  

lo c a lis e d  to  c h ro m o s o m e s  2 2 q 1 3  a n d  4 p . T h e  s tip p le d  c irc le s  in d ic a te  

h y b rid is a tio n  to  a b n o rm a l c h ro m o s o m e s  9 p -  a n d  d e r (2 2 )  u s in g  th e  A B L  

p ro b e  a n d  to 4 p  using th e  S IS  p ro b e .
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These in situ hybridisation results made it possible to construct a 

theoretical sequence of chromosomal exchanges that gave rise to the 

predominant clone (Fig 57). This was as follows: First a Ph

translocation occurred, (9pter 9q34::22q11 22qter;

22pter 22q11::9q34 9qter); secondly a translocation occurred between the 

Ph chromosome and the q arm of chromosome 1 to form a ’masked’ Ph,

1pter 1q24::22q11; 22pter 22q11::1q24 1qter; thirdly a translocation 

occurred between the chromosome 9q+ (position q34) and the q arm of 

chromosome 4 (q31), (4pter 4q31::9q34 9qter; 9pter 9q34::4q31 4qter); 

and fourthly a translocation occurred between the normal chromosome 9 

and the derived chromosome 9q+, 9qter 9p13::9ter;

9pter 9qter::9p13 9q34. A duplication of chomosome 11 and the 'masked' 

Ph also occurred. Trisomy 11 was seen in all the cells analysed, so it 

presumably occurred around the time of formation of the 'masked' Ph.

The karyotype of the predominant clone was interpreted as 48XX,

t(1;4;9;9;22), (q24;q31;q34;p13;q11) +11, +'masked' Ph; the duplication

of the marker (der 22q-) resulted in a double 'masked' Ph chromosome.

Cytogenetic analysis was done at 2 and 5 months after remission 

induction therapy. The metaphases from unstimulated bone marrow 

preparations after 24 hours of culture showed exclusively a normal 

karyotype (46, XX).

7 .3 .4  DNA, RNA and p ro te in  s tu d ies

Southern analysis of DNA by Dr L Wiedemann using a 4.5 kb DNA probe 

spanning the M-BCR (see Chapter 2, Fig 8) demonstrated a rearranged band
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F ig  5 7  P r o p o s e d  s e q u e n c e  o f  c h r o m o s o m a l  e x c h a n g e s  

in  A M L  p a t ie n t  le a d in g  to  t r a n s lo c a t io n  

t ( 1 ; 4 ; 9 ; 9 ; 2 2 ) ( q 2 4 ; q 3 1  ; q 3 4 ; p 1 3 ; q 1 1 )  

in c lu d in g  a  'm a s k e d '  P h  c h r o m o s o m e .

S ta g e  1 - th e  P h  tra n s lo c a tio n
S ta g e  2  - tra n s lo c a tio n  b e tw e e n  c h ro m o s o m e s  1q  a n d  2 2 q -  

resu ltin g  in a  'm a s k e d ' P h
S ta g e  3  - tra n s lo c a tio n  b e tw e e n  c h ro m o s o m e s  9 q +  a n d  4  

S ta g e  4  - tra n s lo c a tio n  b e tw e e n  c h ro m o s o m e s  d e r  9 q +  

a n d  n o rm a l 9
S ta g e  5  - d up lica tio n  o f th e  'm a s k e d ' P h c h ro m o s o m e  

S ta g e  6  - d up lica tio n  o f c h ro m o s o m e  11
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in addition to the germline band in the Xbal digest (data not shown). 

This finding was consistent with rearrangement within the M-BCR region. 

The presence of an Active* BCR/ABL chimeric gene was demonstrated by 

the results of the protein tyrosine kinase (PTK) assay which detected a 

P210 BCR/ABL fusion protein (data not shown). In order to confirm the 

presence of the hybrid gene coding for the 21□ kd protein with ABL 

epitopes G Morgan isolated mRNA from this patient and subjected it to 

specific amplification of the putative junction region using the 

polymerase chain reaction. An amplified fragment of 394 bp bounded by 

the primers A/C from BCR and ABL gene sequences was observed, suggesting 

the presence of a b3a2 junction. The predicted band of 21B bp was 

observed in the reaction with primer pair B/C. In addition the 394 bp 

but not the 21B bp band hybridised to the primer (oligo D) spanning the 

predicted b3a2 junction sequence which was further confirmation of the 

hybrid identity of the amplified region. A schematic representation of 

the hybrid mRNA present in the patient's leukaemic cells at presentation 

is shown in Fig 5B.

Analysis of both protein and DNA during haematological and cytogenetic 

remission showed no evidence of the aberrant ABL-protein or 

rearrangement of M-BCR (data not shown).

7 .3 .6  D iscu ssion

Patients with Ph positive ALL show two different molecular patterns.

Some patients show evidence of rearrangement at the genomic level within 

M-BCR and these patients have the chimeric BCR/ABL 8.0kb mRNA and P21C,
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1 2  3  A

A D B

7y / / / / / / / / / / / / / / / / / / / /1 2 3

C

---------------- 218 ABL
--------------------------------- 394 b3a2

F ig  5 8  A n a ly s is  o f  m - R N A  f r o m  th e  P h - p o s i t iv e  A M L  p a t ie n t  b y  th e  

p o l y m e r a s e  c h a in  r e a c t io n .

(A) Amplified material was size fractionated through a 2% 
agarose gel and stained with 1 g/ml ethidium bromide
and photographed with appropriate size markers (lanes 1 and 2)
The material in the gel was then immobilised on Gene Screen Plus 
and hybridised to oligo D (lanes 3 and 4). This probe spans the b3a2 
junction region of the RNA and will hybridise only to b3a2-amplified 
material under stringent conditions. Lanes 1 and 3 consisted of amplfied 
material using primer pair B/C and lanes 2 and 4 consisted of amplified 
material using primer pair A/C. The positions of the DNA mol-wt 
markers'are given in base pairs.
(B) Schematic of the hybrid mRNA present in the leukaemic cells 
showing the position of the oligomers used in this study. Sizes of the 
amplified units for primer pairs B/C (ABL) and A/C (b3a2) are also 
indicated. Hatched regions represent the ABL sequences; open region 
represents BCR sequences. Boundaries of the three exons of the BCR 
gene refer to exons b1, b2 and b3 present within M-BCR.
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while other patients lacking M-BCR rearrangement express a PI 90 (or 

PI85) that also has enhanced PTK activity. The DNA sequence on 

chromosome 22 that activates ABL appears to include the first exon of 

the BCR gene; in these patients the genomic breakpoint falls within the 

first intron of the gene.

The ALL patient reported here had leukaemic cells at diagnosis with 

phenotypic features of bath the myeloid and lymphoid lineages. DNA 

analysis revealed rearrangement of both the 3j_| and the TCR chain 

genes. These changes have been observed in cells from patients with 

other forms of acute leukaemia and this pattern suggests features of a 

very early lymphoid precursor cell.

The results of studies with in situ hybridisation of gene probes to 

metaphase chromosomes made it passible to place the breakpoint on 

chromosome 22 proximal (5!) to M-BCR and distal (31) to the C gene.

Because both the Ph chromosome and the gene rearrangements described 

above were present in the great majority of blast cells, it was inferred 

that both coexisted in the same leukaemic clone. Thus as far as I know, 

this patient is unique in having Ph-positive, BCR rearrangement 

negative, acute leukaemia with rearrangement of both the 3̂  and TCR 

chain genes.

The finding of both Ph positive and Ph negative metaphases in the bone 

marrow of a patient with acute leukaemia at diagnosis poses questions as 

to the timing of the acquisition of the Ph chromosome and its precise
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rale in the pathogenesis of the disease. It is not known if the Ph 

negative cells in this patient were or were not part of the malignant 

clone. It has been suggested, for example, that the acquisition of the 

Ph chromosome may not be the primary neoplastic event in the genesis of 

CML (Fialkow et al, 1981). These authors showed that some of the Ph 

negative B cell lines derived from a G6PD heterozygous female with CML 

had a variety of clonal abnormalities. They took this as evidence that 

in that patient a clonal expansion of leukaemic cells had preceded the 

acquisition of the Ph chromosome. This sequence of events may or may 

not apply to other cases of leukaemia including Ph positive acute 

leukaemia.

Cytogenetic analysis at the time of relapse showed that some of the Ph 

negative cells had acquired an extra chromosome 19. Trisomy 19 commonly 

occurs as a secondary karyotypic change in CML in blastic transformation 

and in some cases of acute leukaemia. This clonal change in the Ph 

negative cell population suggests the existence of a cytogenetically 

normal population of cells that may have been part of the malignant 

process and may represent a clonal population susceptible to the 

acquisition of further cytogenetic (or genetic) changes. Alternatively, 

it is possible that the same microenvironmental or other external 

factors acted on a normal population of haemapoietic cells to induce the 

Ph chromosome on the one hand and the trisomy 19 on the other.

One case of Ph positive AML with M-BCR rearrangement has been reported 

previously but detailed haematological and protein data were not 

provided (Erikson et al, 1986). I have studied a ’masked’ Ph positive
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AML which showed BCR rearrangement and expression o f a P21D.

I t  might be argued th at th is  p atien t i s  not actu a lly  a Ph p o sitiv e  AML 

a r is in g  de novo but rather CML in erythroid transform ation. However,the 

absence o f featu res in the peripheral blood and bone marrow (eg, 

eo sin op h ilia , basoph ilia ,an d/or thrombocytosis) th at might have 

suggested an occult preceding CML, the presence o f morphological 

abnorm alities in the erythroid s e r ie s  and, most im portantly, the ease 

with which both haematological and cytogenetic rem ission was achieved 

are con sisten t with de novo AML. I t  therefore i s  probable th at the 

a sso c ia tio n  o f the P210 BCR/ABL with CML and the PI 90 BCR/ABL with the 

acute leukaemias i s  a loose one and th at other secondary events must be 

responsib le fo r determining the predominant malignant phenotype.

The molecular changes underlying the formation o f the t(9 ;2 2 ) are 

conserved in masked Ph tran slo catio n s desp ite  extensive karyotypic 

changes (Alimena e t  a l ,  1987a). I t  could be speculated th at one or 

other add ition al chromosome changes could ac tiv a te  another gene (or 

pratooncogene) involved in specify ing the lineage fo r malignant 

transform ation. Although no sp e c if ic  chromosomal tran slo catio n s have 

yet been correlated  with erythroleukaemia, CML in erythroid 

transform ation and AML M6 may both be associated  with b izarre  

disruptions o f the karyotype (Alimena e t  a l ,  19B7b).

Recent reports have suggested th at the position  o f breakpoints in 

complex tran slo catio n s i s  non random (De Braekeleer, 1986, Huret e t a l ,  

19B6, M aserati e t a l ,  1986). In a recent review De Braekeleer e t  a l

(1986) reported that in complex tran slocation s 28 chromosome bands were
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rearranged more frequently than expected by chance. Twenty-seven bands 

were a lso  asso c ia ted  with fr a g ile  s i t e s ,  known oncogene lo cation s or 

breakpoints common in other m alignancies.

The complex tran slocation  re su ltin g  in a ta sk e d ' Ph chromosome in our 

p atien t was in terpreted  as 4 8 ,XX, t (1 ;4 ;9 ;9 ;2 2 ) , (q24;q31;q34;p13;q11) 

+11, +der(22). The breakpoints other than 9q34 and 22q11 occurred a t  

chromosomes 1q24, 4q31,and 9p13. ’ Masked' Ph tran slo catio n s involving a 

breakpoint a t  chromosome 1q24 have been reported in CML by N ajfeld e t  a l

(1983). Brito-Babapulle e t  a l  (1985) reported the non random 

asso c ia tio n  o f aberrations o f chromosome 1 with human n eop lasia . 

Translocations involving chromosome 4q31 have been reported in sev eral 

cases o f ALL (Mitelman e t  a l ,  1986) and chromosome 4q31 i s  the position  

o f a f r a g ile  s i t e  (Tedeschi e t  a l ,  1987). These s i t e s  o f f r a g i l i t y  have 

been im plicated in the pred isposition  to chromosomal rearrangements 

a sso ciated  with malignancy (Yunis 3, 1984, Le Beau, 1986 ) .  The 

deletion  o f the short arm o f chromosome 9 (del[9p]) i s  frequently 

observed in malignant c e l l s  o f p a tien ts with ALL and non-Hodgkin's 

lymphoma (Chilcote e t  a l ,  19B5, Kowalczyk and Sandberg, 1983, Poliak and 

Hagemeijer, 1987). Recently Diaz e t  a l  (1988) reported the homozygous 

deletion  o f the in terferon  genes and the deficiency o f 5 '-  

methylthioadenosine phosphorylase (an enzyme o f purine metabolism), and 

have suggested th at these deletion s may be associated  with the lo s s  o f a 

tumour suppressor gene th at i s  involved in the development o f these 

n eop lasia . The other c lonal chromosomal abnormality in our p atien t was 

trisomy o f chromosome 11. The proto oncogene H-RAS i s  located  a t 

chromosome 11p15 (Shanwar e t  a l ,  1984).

255



Thus I  speculate  th at one or ether o f the add ition al cytogenetic changes 

th at occurred in th is  p a t ie n t ’ s leukaemic c e l l s  might have led  to the 

activ atio n  o f other oncogenes - events which might have d ic tated  to 

some extent the phenotypic c h a ra c te r is t ic s  o f th is  leukaemia.
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CHAPTER B: GENERAL CONCLUSIONS

8.1 THE JUSTIFICATION FOR THE NEW NOMENCLATURE

Various recent reports demonstrating th at a sm all minority o f p a tien ts 

with apparently ty p ica l Ph-positive CML have breakpoints outside the 

c la s s ic a l  M-BCR (and in cid en ta lly  outside the f i r s t  intron o f the BCR 

gene) suggest that there may be add itional (minor) breakpoint c lu ste r  

regions in the gene. For example S e l le r i  e t  a l  (1987) demonstrated th at 

in three Ph-positive CML p atien ts the breakpoints on chromosome 22 were 

located neither within M-BCR nor immediately upstream o f i t .  Northern 

b lo t an a ly sis  o f the mRNA from two o f these p atien ts showed the absence 

o f a detectable  8.5 kb chimeric mRNA. In the th ird  patien t a chimeric 

mRNA was detected by an ABL cDNA probe but fa i le d  to hybridise with the 

conventional BCR cDNA. Moreover Sag lio  e t  a l  (1988) reported seven Ph- 

p o sitiv e  CML patien ts whose breakpoint on chromosome 22 occurred outside 

BCR. In two o f these cases the breakpoint was mapped between 9 and 12 

kb proximal to M-BCR. In another case the breakpoint was located 

approximately 16 kb d i s ta l  to M-BCR. In the remaining four c a se s , the 

precise  position  o f the breakpoint could not be lo c a lise d  with the 

av a ilab le  BCR probes.

Ue have id e n tifie d  one patien t with Ph-positive CML (out o f a to ta l  o f 

67 studied a t  the DNA le v e l) who appeared to have genomic rearrangements 

outside M-BCR. This p atien t has now been studied in some d e ta i l .  High 

molecular weight DNA extracted from the leukaemic c e l l s  showed no 

rearrangement by Southern b lo ttin g  using two d iffe re n t probes fo r M-BCR
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but a rearranged band could be shown by pulse f ie ld  ge l e lectroph oresis 

(Gao Ling Min unpublished d a ta ) . In s i tu  hybrid isation  using a DNA 

probe fo r M-BCR lo c a lise d  BCR sequences on the normal chromosome 22 and 

the Ph chromosome, whereas the ’ f u l l  length ’ BCR probe lo c a lise d  to  the 

normal 22, the Ph chromosome and the chromosome 9q+. These re su lts  

suggested th at the breakpoint on chromosome 22 in th is  p atien t occurred 

d i s t a l  to M-BCR but within the BCR gene (unpublished d a ta ) . ABL 

sequences an the other hand were lo c a lise d  both to the normal chromosome 

9 and the Ph chromosome. Taken together, these data suggest th at in  a 

minority o f Ph-positive CML p atien ts breakpoints may occur in a t  le a s t  

two other regions within the BCR gene. These breakpoints may be the 

s i t e s  o f formation o f new chimeric BCR-ABL genes. Therefore using the 

nomenclature outlined in Chapter 1 , the putative breakpoint c lu ste r  

region which occurs 5 ’ o f M-BCR would be designated m-BCR-2 and the 

putative breakpoint c lu ste r  region which occurs 3 ’ o f M-BCR would be 

designated m-BCR-3.

The in a b ility  o f S e l le r i  e t a l  (19B7) and Saglio  e t  a l  (19B8) to 

demonstrate BCR rearrangement with av a ilab le  probes fo r  the BCR gene in 

some o f these Ph-positive, M-BCR rearrangement-negative CML p atien ts has 

two p ossib le  explanations; e ith er the breakpoints occur in the part o f 

the BCR gene not yet completely characterised  or the breakpoints occur 

in another gene altogeth er. Regions 5 ’ and 3 ’ o f M-BCR have not been 

completely sequenced and cloned and we s t i l l  do not know the p recise  

number o f exons contained in the BCR gene. These putative m-BCRs would 

r e su lt  in the formation o f new BCR-ABL chimeric p ro te in s, shorter or 

longer than the P210 depending on which sid e  o f M-BCR these breakpoints
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occurred. S e l le r i  e t  a l  (1987) a lso  mere unable to  detect a chimeric 

mRNA using ABL cDNA probes in two Ph-positive, M-BCR rearrangement- 

negative CML p a tie n ts . Bartram e t a l  (19B5) on the other hand described 

a CML p atien t with rearrangement o f M-BCR but without ju xtap o sitio n  o f 

the ABL proto-oncogene. These data suggest that the ABL oncogene i s  not 

involved in these p artic u la r  genetic rearrangements and th at another 

gene on chromosome 9q34 might play a ro le  in the pathogenesis o f th is  

d isea se .

B.2 Ph-NEGATIVE CML

8.2.1 S ign ificance o f in v estigatio n

I studied a group o f p atien ts with Ph-negative CML whose d isease  

resembled Ph-positive CML to a greater or le s se r  ex ten t. Some p atien ts 

were in d istin gu ish ab le  from Ph-positive CML on the b a s is  o f morphology, 

peripheral blood film s and c l in ic a l  d e ta i l s .  These p atien ts a lso  had 

rearrangement o f M-BCR, the ABL oncogene translocated  to  chromosome 22, 

and expression o f the BCR-ABL chimeric message. These observations 

support the suggestion that Ph-negative, M-BCR-positive CML can be 

distinguished from Ph-negative, M-BCR negative CML by care fu l evaluation 

o f c lin ic a l  and haematological data in the absence o f a Ph chromosome 

(Wiedemann e t  a l ,  1987, Morris e t  a l ,  1986, Shepherd e t  a l ,  1988).

However the same BCR/ABL chimeric gene was a lso  found in p atien ts who 

had some featu res not ty p ica l o f Ph-positive CML. The b io lo g ica l 

im plications o f these stu d ies are profound because they c a st  doubt on
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the extent to which the haem atological m anifestations in CML are 

determined merely by the formation o f  the BCR/ABL gene. For these cases 

i t  i s  l ik e ly  th at the phenotypic d iv ers ity  i s  generated by v aria tio n s in 

other genes.

The lo c a lisa t io n  o f ABL oncogene sequences on chromosome 22 without the 

concomitant movement o f 3 ’ BCR gene and SIS oncogene sequences suggested 

that the chimeric BCR/ABL gene in these p atien ts was formed by a 

mechanism o f i n t e r s t i t i a l  in se rtio n . The lo c a lisa t io n  o f two RFLP 

probes th at recognise d iffe re n t polymorphic regions d i s ta l  to ABL on 

chromosome 9 in three Ph-negative p atien ts gave us more information as 

to the position  o f the ’ d i s t a l ’ breakpoint on chromosome 9. In one 

patien t the breakpoint was within 6 cM o f the ABL oncogene, while in two 

patien ts the breakpoint was a t  le a s t  17 cM downstream o f the ABL 

oncogene. Therefore i t  seems th at a variab le  amount o f ABL-containing 

chromosome m aterial i s  in serted  into chromosome 22q11 to make a 

functional BCR/ABL chimeric gene in Ph-negative CML. This chromosomal 

m aterial could not be id e n tified  by conventional cytogenetic methods.

One patien t with featu res not ty p ica l o f the Ph-positive CML, did not 

have M-BCR rearrangement, or tran slocation  o f ABL into M-BCR on 

chromosome 22. These prelim inary stu d ies suggest th at the formation o f 

the BCR/ABL chimeric gene does not play a s ig n ific a n t  ro le  in the 

development o f th is  d isease  and th at other genetic aberrations are 

respon sib le .
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8.2.2 Future investigations

The next step  in the in v estigatio n  o f the mechanism by which the ABL 

oncogene i s  in serted  into into  M-BCR i s  to clone and sequence the 

’ d i s t a l ’ breakpoint on chromosome 9 (9 22). The fa c t  that the 3 ’ 

sequences o f the BCR gene remain in th e ir  normal position  on chromosome 

22 and ABL-containing sequences are in serted  in to  M-BCR should enable us 

to clone the ’ d i s t a l ’ breakpoint with re la t iv e  e ase . DNA probes fa r  the 

BCR gene 3' o f M-BCR can be used to clone sequences upstream on 

chromosome 22q11. Chromosome 9 sequences and therefore the ’ d i s t a l '  

breakpoint could be id e n tifie d  by a comparison o f these cloned 

nucleotide sequences with published BCR nucleotide sequences. A 

knowledge o f these sequences may elucidate  the amount o f ABL-containing 

genetic m aterial th at i s  in t e r s t i t i a l ly  in serted . There may be 's ig n a l ' 

sequences on chromosome 9q3*f d i s t a l  to ABL homologous to sequences 

flanking the BCR gene and tran slocation  o f ABL may involve a mechanism 

o f homologous recombination (B o rz illo  e t  a l ,  19B7).

Some Ph-negative, M-BCR negative CML p atien ts have the ABL proto- 

oncogene only in i t s  normal p osition  on chromosome 9 and the leukaemia 

must therefore have a genetic b a s is  that does not involve formation of 

the chimeric BCR/ABL gene. A study to in v estiga te  the genetic changes 

that occur in th is  d isease  i s  necessary. Because o f the random nature 

of the search fo r genetic a lte ra tio n  in these p a tien ts  i t  i s  necessary 

in i t i a l ly  to exclude involvement o f the BCR gene. There may be 

formation o f a new chimeric gene con sistin g  o f BCR sequences juxtaposed
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with a gene other than ABL. A number o f probes corresponding to the 

regions 3' and 5' o f M-BCR are now av a ilab le  so genomic rearrangement o f 

these areas should be easy to e s ta b lish . I f  in fa c t  there i s  

rearrangement o f the BCR gene in these p atien ts then cloning o f these 

breakpoints mould be the next step  to e sta b lish  the presence or absence 

o f any 1 a l ie n 1 sequences.

I f  however there i s  no involvement o f the BCR gene in th is  d isease  then 

another approach mould be to search fo r activated  oncogenes by the 

technique o f DNA-mediated tran sfec tio n . Between 15 and 50% o f human 

tumours and tumour c e l l  l in e s  analysed by th is  technique have been found 

to contain genes which are able to  transform NIH/3T3 c e l l s  (review by 

Cooper, 1982). I f  however the oncogeneic p o ten tia l o f th is  unknown gene 

resembles th at o f the BCR/ABL chimeric gene then the gene product w ill 

not read ily  transform NIH 3T3 c e l l s  (Daley e t  a l ,  1987). Therefore 

another approach to the study o f other ’ a c tiv a te d 1 genes in CML must be 

sought.

Yet another approach to an in v estigatio n  o f Ph-negative, M-BCR-negative 

patien ts would be to look fo r genetic a lte ra tio n  o f candidate oncogenes. 

The expression o f these genes may be a ltered  by various means including 

gene rearrangement, am plification , point mutation and in sertio n  o f 

pramotor or enhancer elements (review by Bishop M, 1983).

Candidate oncogenes could be chosen on the b a sis  o f two c r i t e r ia .  

F ir s t ly ,  oncogenes expressed abnormally in other haematologic 

malignancies may a lso  be ’ a c tiv a te d 1 in th is  d ise a se . For example the 

MYC proto-oncogene tran scrip tio n a lly  activated  in B u rk itt ’ s lymphoma may
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a lso  be expressed inappropriately  in th is  d isease  (Croce e t  a l ,  198*f). 

Secondly other oncogenes th at have a s im ila r  s i t e  o f action  and kinase 

a c t iv ity  to ABL may be involved. The ABL proto-oncogene lik e  

approximately one th ird  o f the known oncogenes, encodes a protein  th at 

phoshorylates tyrosine residu es on other p ro te in s. Other oncogenes with 

tyrosine sp e c if ic  protein  a c t iv ity  include SRC (the normal c e llu la r  

homologue o f the Rous avian sarcoma v ir u s ) ,  YES (the normal c e llu la r  

homologue o f the Yamaguchi avian sarcoma v iru s) and FES (the normal 

homologue o f the fe lin e  sarcoma v ir u s ) .  Daley e t  a l  (1987) suggested 

th at the sub strate  o f the oncogenic ABL protein may be lo c a lise d  to the 

c e l l  membrane. Other oncogene products which a lso  bind to the plasma 

membrane include SRC and RAS (the normal c e llu la r  homologue o f the 

Harvey and Kirsten murine sarcoma v iru s ) .

8.3 CML WITH VARIANT Ph TRANSLOCATIONS

8.3.1 S ign ificance o f in vestigation

The study o f varian t tran slo catio n s o f CML by the technique o f in s itu  

hybrid isation  served to  e lu cidate  the many and complex chromosome 

changes th at had occurred, some o f which could not be in terpreted  by 

standard cytogenetic a n a ly s is . These in v estiga tio n s prim arily confirmed 

the involvement o f both chromosome 9 and 22 and the rearrangement o f M- 

BCR. These data are in  lin e  with the view that the c l in ic a l ,  

haem atological and molecular featu res o f CML p atien ts with varian t 

tran slo catio n s do not d i f fe r  s ig n if ic a n t ly  from those with a c la s s ic a l  

Ph chromosome.
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8 .3 .2 Future investigations

The sign ifican ce  o f the corre lation  between fr a g ile  s i t e s ,  the position  

o f oncogenes and the breakpoints in  varian t Ph-translocations needs to 

be e stab lish ed . I t  would be important to know whether the somatic c e l l s  

o f these p atien ts have inherent s i t e s  o f chromosomal f r a g i l i t y  which 

coincide with the chromosomal breakpoints seen in the leukaemic c e l l s .

To th is  end skin f ib ro b la s ts  can be grown in fo la te  d e fic ien t media and 

examined fo r f r a g i le  s i t e s  (Le Beau, 1986). I t  may then be determined 

whether the chromosomes o f these p atien ts are predisposed to breakage 

and hence rearrangement in these region s.

The fa c t  that the nature and course o f d isease  between CML p atien ts with 

standard and varian t tran slo catio n s does not d if fe r  s ig n ific a n tly  

im plies that the other genetic changes, i f  they do indeed occur, are 

secondary and do not a f fe c t  the phenotype in an obvious way. A study o f 

the mRNA and protein expressed by the oncogenes located  a t  these 

breakpoints may show d ifferen ces between CMLs with a standard Ph 

chromosome and those with a varian t Ph tran slo catio n .
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BLAST CRISIS OF CML8.4

8.4.1 S ign ificance o f in v estigatio n

I  found no am plification  o f ABL and MYC proto-oncogenes in b la s t  c r i s i s  

CML compared to the le v e ls  seen in  the K562 and HL60 c e l l  l in e s .

However in s i t u  hybridisation  o f an ABL probe to the metaphases o f a 

b la s t  c r i s i s  p atien t with a Ph tran slocation  and an extra  marker 

chromosome demonstrated ABL sequences on the Ph chromosome and a lso  on 

the marker chromosome. Although a second Ph chromosome apparently 

id en tica l to the o r ig in a l Ph chromosome may be seen in  transform ation, 

our data in d icate  th at duplication  or indeed t r ip lic a t io n  o f a gene may 

be achieved by other mechanisms. This marker chromosome containing both 

BCR and ABL sequences was a lso  demonstrated in the c e l l  lin e  derived 

from th is  p a tie n t. Sim ilar am plification  not c le a r ly  re la ted  to the Ph 

chromosome i s  seen in K562 c e l l s ,  but whether such am plification  was 

present in the fresh  c e l l s  i s  not known. In K562 the un it o f 

am plification  encompasses v ir tu a lly  a complete cytogenetic sub-band, 

extending as fa r  up stream as the C immunoglobulin gene lo cu s. This 

may a lso  be the case in p atien t 1 . I  conclude th at am plification  o f 

BCR/ABL or an unknown gene on the marker chromosome in vivo may 

contribute in some cases to the transform ation o f CML.
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8.A-.2 Future directions

The e f fe c t  o f am plification  o f the BCR/ABL chimeric gene on the le v e ls  

o f mRNA and protein produced i s  s t i l l  unclear and a comprehensive study 

o f BCR/ABL message and protein  expression in CML chronic phase and b la s t  

c r i s i s  i s  necessary . In stu d ie s  o f mRNA expression in CML p a tien ts  some 

in v estig a to rs  have found no d ifferen ce in the le v e ls  o f BCR/ABL mRNA 

tran scrip tio n  between chronic phase and b la s t  c r i s i s  (Shtivelman e t  a l ,  

19B7). Other in v estig a to rs  have found a 16-fo ld  increase in expression 

o f BCR/ABL mRNA in the b la s t  c e l l s  o f a CML patien t (C ollin s e t  a l ,  

19B7). I t  i s  not known whether there i s  an increase  in expression o f 

the BCR/ABL protein  in b la s t  c r i s i s  CML. There may be further 

enhancement o f ABL tyrosine kinase a c t iv ity  in b la s t  c r i s i s  CML which 

could a l te r  the transforming a c t iv ity  o f the protein  from th at o f weakly 

transforming to more acutely transform ing. In jectin g  the complete 

BCR/ABL cDNA contained in murine retrov iru ses into  nude mice (BALB/c) 

Young and Witte (19B8) showed th at there was a c lonal outgrowth o f B 

lymphoid c e l l s  expressing the P210 BCR/ABL protein but that these c e l l s  

had a lim ited  transform ation p o ten tia l (Young and Iditte, 19B8).

8.5 Ri-POSmVE ACUTE LEUKAEMIA

8.5.1 S ign ificance o f in v estigatio n

The study o f two unique Ph-positive acute leukaemia patien ts helped 

elucidate  the genetic changes th at occur in these p atien ts and a lso  

provided some in sigh t into  the biology o f the d isea se .
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Southern an a ly sis  o f DNA from the Ph-pasitive ALL patien t a t  d iagnosis 

showed no rearrangement o f M-BCR. However the c e l l s  expressed an ABL- 

re lated  protein o f Mwt 19B kd with enhanced tyrosine kinase a c t iv ity .

In s i tu  hybridisation  to Ph-positive metaphase chromosomes demonstrated 

that the ABL proto-oncogene mapped to chromosome 22q11, 5 1 BCR mapped to 

the chromosome 9q+ and the C immunoglobulin mapped to chromosome 22q11. 

Thus the genomic breakpoint in th is  p atien t lay upstream o f M-BCR. In 

s itu  hybrid isation  in the Ph-negative metaphases demonstrated th at the 

ABL, 5 'BCR and C genes were in th e ir  normal p o sitio n s and had not 

moved. However cytogenetic an a ly sis  a t  re lap se  showed an extra  

chromosome 19 in the Ph-negative population o f c e l l s .  These c e l l s  may 

represent a leukaemic p ro life ra tio n  su scep tib le  to sp e c if ic  chromosomal 

changes.

The study o f a patien t with AML (FAB M6) a r is in g  de novo by cytogenetic 

and in s i tu  hybridisation  demonstrated a masked Ph chromosome. The 

leukaemic c e l l s  in i t i a l ly  showed a rearrangement o f M-BCR, the presence 

o f a hybrid mRNA, and expression o f the P21Q BCR/ABL. These changes 

were absent in rem ission. These re su lts  and the finding o f a PI90 

BCR/ABL in Ph-pasitive AML (Kurzrock e t  a l ,  19B7) support the concept 

that the BCR/ABL chimeric gene plays a c ru c ia l ro le  in leukaemogenesis 

but suggest that fac to rs  other than the p osition  o f the breakpoint in 

the BCR gene may determine the lineage o f the ta rg e t  c e l l  fo r  malignant 

transform ation. Therefore the sp e c if ic ity  o f lineage and type (chronic 

or acute) o f Ph-positive leukaemia may be dependent on other tumorigenic 

events superimposed on BCR/ABL rearrangements.
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In p atien ts with an i n i t i a l  d iagnosis o f Ph-positive acute leukaemia and 

no h isto ry  o f CML, the c e l l  o rig in  and extent o f lineage involvement o f 

the d isease  i s  often unclear. The cytogenetic stu d ies o f Kalousek e t  a l

(1988) on granulocyte-macrophage colonies support the concept th at 

p atien ts presenting with Ph-pasitive ALL comprise a heterogeneous group. 

In some cases the d isease  may a r ise  in a re str ic te d  lymphopoietic c e l l  

not capable o f myeloid d iffe re n tia tio n  and in others involvement o f 

myeloid c e l l s  suggest these may be varian t forms o f CML. Furthermore 

Turhan e t  a l  (1988) found genomic rearrangement in the p u rified  

granulocytes in two out o f three Ph-positive ALL p a tie n ts . The patien t 

who exhibited no M-BCR rearrangement in the granulocytes, however showed 

rearrangement in b la s t  c e l l s .  These findings demonstrate the o rig in  o f 

the d isease  in the f i r s t  two patien ts in a c e l l  with m yelopoietic as 

well as lymphopoietic p o ten tia l and confirm a re s tr ic te d  lymphoid c e l l  

o rig in  o f the n eop lastic  clone in the th ird  p a tien t. I t  a lso  in d icates 

that d iffe re n t ta rg e t c e l l s  fo r transform ation within the haematopoietic 

system may be a ffected  by very sim ilar  BCR (both M-BCR and m-BCR) 

rearrangements. Preliminary in v estigatio n  o f Ph-positive AML suggests 

that in these patien ts the Ph chromosome orig inated  in a m ultipotent 

stem c e l l .  Chen e t  a l  (1988) found the b la s t s  p o sitiv e  fo r bath 

lymphoid and myeloid antigenic markers in a l l  Ph-positive AML p atien ts 

studied . They a lso  showed the presence o f bath breakpoints within M-BCR 

and within exon one o f the BCR gene in these p a tie n ts .

8 .5 .2  Future directions
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Further d e fin itio n  o f the lin eages involved in both Ph-positive AML and 

ALL i s  necessary .
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APPENDIX la: SOLUTIONS

The so lu tio n s described in CHAPTER 2 (M aterials and methods) are l i s t e d  

in a lp h ab etical order below.

Carrier DNA

Herring sperm DNA (Boehringer) mas made up in g la s s  d i s t i l l e d  water 

(GDtd) a t  a concentration o f 10 mg/ml. The so lu tion  was boiled  fo r 

10 mins and passed through a 19 gauge needle sev era l times and stored  a t  

-20°C.

Chloroform

Mix with isopropanol 2A:1 (v /v ) .

Deionised formamide

Formamide was deionised by s t ir r in g  on a magnetic s t i r r e r  with Dowex XG8 

mixed-bed resin  (10 g/200 mis) fo r 1 hour and f i l t e r in g  twice through 

Whatman 1MM paper. Deionised formamide was stored  in sm all a liq u o ts  a t  

-20°C.

Denaturation solution

87.5 g o f NaCl and 20 g o f NaOH were d isso lved in 800 ml o f GDUJ. The 

volume was adjusted to 1 1 with GDW.
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Denhardt1s solution

A X10Q stock so lu tion  was made up. 10 g o f 2% F ic o ll ,  Bovine serum 

albumin and Polyvinyl pyrolidine was made up to 500 ml with GDliJ. This 

so lu tion  mas f i l te r e d  and stored  a t  -20°C.

Dextran sulphate

A 50% (w/v) stock so lu tion  was made by weighing out 25 g o f dextran 

sulphate in to  a 50 ml Falcon tube. 20 mis of GDU was added and l e f t  a t  

65°C to d isso lv e . The so lu tion  was mixed frequently by inverting the 

tube. The volume was adjusted to 50 mis with GDU and the so lu tion  

stored a t  -20°C.

Elution buffer

99% (v/v) deionised formamide, 10 mM T r is . HC1 (pH 7.B)

Ethidium bromide

A stock so lu tion  o f 10 mg/ml was made up. This so lu tion  was kept in the 

dark a t  A°C.

Hybridisation mix (for in situ hubridisation)

For 1 ml o f hybridisation  mix: 200 1 50X Denhardt's so lu tio n , BOO 1

25% dextran sulphate in 12.5X sodium chloride sodium c it r a te  phosphorus 

EDTA (SSPE) (pH 7 .2 ) ,  *f0 1 herring sperm DNA (10 mg/ml).
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Stock solu tion

20xSSPE

20%SDS

10mg/ml c a rr ie r  DNA 

100x Denhardt’ s 

50x dextran sulphate 10 

GDliJ

Hybridisation solution

Volume (ml) added Final 

concentration

25 5x SSPE 

0.5 0.1% SDS

1 100 g/ml

2 2x Denhardt’ s  

5% dextran sulphate

61.5

L-B medium

For 1 l i t e r  o f LB medium 10 g Bacto-tryptone, 5 g Bacto-yeast ex trac t 

and 10 g NaCl was d isso lved  in BOO mis. The pH mas adjusted to 7.5 with 

NaOH and the volume made up to 1 1 with GDU.

L-B medium containing agar or agarose

Make up medium as above. Oust before autoclaving, add one o f the 

follow ing was added (per 1 ) :

Bacto-agar 15 g (fo r  p la te s)

Bacto-agar 7 g (fo r  top agar)

Agarose 15 g (fo r p la te s)

Agarose 7 g (fo r top agarose)
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When preparing p la te s , media containing agar or agarose should be 

s t e r i l i s e d  by autoclaving and allowed to  cool to 55°C before 

therm olabile substances are added (eg a n t ib io t ic s ) .

Ligation buffer

A 10X stock so lu tion  was made. 0 .5  M T ris  (pH 7 .4 ) ,  0.1 M MgC^,

0.1 M d ith ia th r e ito l , 10 mM spermidine, 10 mM ATP, 1 mg/ml bovine serum 

albumen (BSA).

Lysis buffer

A x10 stock so lu tion  was made. NaCl 175.2 g/1 (3M), EDTA 37.2 g / l  

(100mM), Tris-HCl (pH 7 .5) (100 mM) were mixed together and d ilu ted  in  7 

vo ls o f GDU. Urea (BDH) was added to th is  solu tion  a t  42g/100 ml.

Neutralising solution

D issolve 60.5 g Trisma-base and 87.5 g in 700 mis GDU. Adjust the pH to

7.5 with concentrated HC1 and add more GDU to make 1 1.

Prehybridisatiion solution

Stock solu tion Amount o f stock added (mis) Final conc.20X

SSPE 25 5X SSPE

20% SDS 0.5 0.1% SDS

100X Denhardt’ s solu tion 5 5X Denhardt’ s

10 mg/ml c a rr ie r sperm DNA 1 100 g/ml

GDU 6B.5
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Rienol

250 mis o f 1 M Tris.HCl (pH 9) was added to each 50D mis o f water- 

satu rated  phenol. This so lu tion  was mixed well and l e f t  to stand u n til 

the lay ers separated . The top layer was removed and the process was 

repeated. Then 250 mis 0.1 M tris.H C l (pH 8) was added to the phenol 

and the process was repeated as above. F inally  250 mis TE (1X) was 

added to the phenol and the process repeated as above.

Restriction endonuclease buffers

R estriction  endonucleases worked b est a t  sp e c if ic  s a l t  concentrations.

1 Low-salt buffer

10 mM T ris .C l (pH 7 .5 ) ,  10 mM MgC^, 1 mM d ith io th re ito l .

2 Medium-salt buffer

50 mM NaCl, 10 mM Tris.HCl (pH 7 .5 ) ,  10 mM MgCl£ , 10 mM d ith io th re ito l.

3 High-salt

100 mM NaCl, 50 mM T ris .C l (pH 7 .5 ) ,  10 mM Mg CI2 , 1 mM d ith io th re ito l. 

SOB medium

For 1 1 o f SOB, 20 g Bactotryptone, 5 g yeast e x tra c t , and 0.5 g NaCl 

was d isso lved  in 800 mis GDU. The pH was adjusted to 7.5 and the volume 

was made up to 1 1 with GDId.

20X sodium chloride / sodium citrate (SSC)

175.3 g NaCl and 88.2 g sodium c it r a te  was d isso lved  in 800 mis o f GDUJ. 

The pH was adjusted to 7 with concentrated NaOH and the volume adjusted 

to 1 1.
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20X SSPE

174 g NaCI, 27.6 g Na^PO^. H2O and 7.4 g of EDTA uas dissolved in BOO 

mis of GDU. The pH uas adjusted to 7.4 uith NaOH and the volume 

adjusted to 1 1 uith GDU.

sodium chloride Tris EDTA (STE)

10 mM Tris.HCl (pH B), 100 mM NaCI, 1 mM EDTA (pH B).

Transformation buffer

100 mM RbCl (rubidium chloride), 45 mM MnC^ (manganese chloride), 10 mM 

CaClg (calcium chloride), 5 mM MgC^ (magnesium chloride), 0.5 MmM LiCl 

(lithium chloride), 35 mM KOAc and 15% sucrose.

Tris.HCl

For a 1 M solution of Tris.HCl 121 g Tris-base uas dissolved in BOO mis 

GDU. This uas adjusted to the desired pH by adding concentrated HC1 and 

the volume uas adjusted to 1 1 uith GDId.

Tris-borate

For a 10X stock solution 102 g Trisma-base, 6 g EDTA, 32 g boric acid 

uas dissolved in BOO mis of GDU. The pH uas adjusted to B and the 

volume made up to 1 1.
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Tris-EDTA

For a 10X stock solution 12.1 g/1 Trisma-base, 6 g/1 and 32 g/1 uas made 

and the pH adjusted to pH 8.
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APPENDIX lb: DNA MARKERS

DNA size markers were as follows: Phage DNA digested with the 

restriction endonucleases Hind III and Eco RI and X174 DNA digested 

with the restriction endonuclease Hae III. size markers in DNA analysis 

an agarose and polyacrylamide gels. The sizes of the different 

restriction fragments of each digestion separated by gel electrophoresis 

are listed below:

Hae III digestion of Bacteriophage 0 X 174

base pairs (bp)

1353

1D7B

B72

603

310

281

271

234

194

118

72
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Hin D i l l  d ig e s t io n  o f  phage DNA

base pairs (bp) 

2330 

950 

640 

420 

220 

180 

53

Eco RI digestion of

base pairs (bp) 

21800 

7550 

5940 

5530 

4800 

3380

phage

292


