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ABSTRACT

Research over the past number of decades has significantly advanced our understanding 

of the cell signalling effects that mediate a diverse array of cellular activities including 

cell proliferation, homeostasis and differentiation of both normal and cancer cells. 

Signal transduction within and between cells means that they can communicate 

important information and act upon it. Since signalling networks impinge on so many 

aspects of normal cellular function, it is not surprising that so many diseases have at 

least some basis in a signalling defect. Aberrant cell signalling has been implicated in 

the initiation, progression and metastasis of cancer. It is only recently that the 

molecular basis for these events has been studied, leading to the development of 

therapies that target one or more of the components of these series of events. Agents 

presently being evaluated as inhibitors of signal transduction include both natural and 

synthetic compounds, monoclonal antibodies and anti-sense oligonucleotides. 

Undoubtedly, a greater understanding of the precise role of individual proto-oncogenes 

and tumour suppressor genes in the development of human cancer will enable us to 

tailor more specific therapies.

The work described in this thesis concerns expression of the c-abl proto-oncogene in 

normal and tumour tissues, c-abl is located on chromosome 9, and encodes a non

receptor protein tyrosine kinase. Previously reported functions for c-Abl tyrosine kinase 

include inhibition of apoptosis and cellular differentiation. However the precise 

biological function of c-Abl remains unclear. In this study, it has been demonstrated 

that c-Abl is strongly expressed in certain tumour types including chondrosarcoma, 

liposarcoma and diffuse-type gastric adenocarcinoma. A relationship between Abl 

protein expression and tumour grade, level of apoptosis and cellular differentiation has 

been established. Strong Abl immunostaining is also observed in the neovasculature 

during enchondral ossification, in early placental villi and in tumour microvessels, 

particularly in myxoid liposarcoma and diffuse-type gastric carcinoma. These findings 

support a hitherto unreported role for c-Abl in angiogenesis.

The specificity of the results obtained by immunohistochemistry using the c-Abl/BCR- 

Abl antibody were confirmed at the molecular level using RT-PCR. RNA was



successfully extracted from a range of archival histological specimens. The levels o f c- 

abl expression were monitored using real-time quantitative TaqMan® RT-PCR. The 

results obtained at the molecular level substantiated the differential expression of c-abl 

observed at the protein level. Further confirmation was attained by localising c-abl 

expression to individual cells using in-situ RT-PCR techniques.

The potential role for c-Abl in normal and neoplastic angiogenesis was evaluated in 

vitro using the HuVec (ECV-304) endothelial cell line. Convincing down-regulation of 

c-abl expression in response to oxidative stress and high doses of wortmannin has been 

confirmed using Real-Time TaqMan® RT-PCR. No change in c-abl expression is 

observed in response to either serum deprivation or heat shock. HuVec cells were 

cultured with varying concentrations o f tumour cell media to determine the effect on c- 

abl expression in response to secreted metabolites from a number o f  tumour cell lines. 

Although extremely variable, upregulation of c-abl in the presence o f leukaemic cell 

line media is observed while an opposing decrease in c-abl is observed in the presence 

o f media from prostate, breast and lymphoma cell lines. While not conclusive, the 

results suggest that c-abl expression in endothelial cells is modulated in a tumour 

specific manner.

Overall, the results confirm that c-abl plays an important role in cell cycle regulation, 

apoptosis and differentiation. Regulation is exerted at both the level o f transcription and 

translation. A novel function o f c -M  during normal and tumour angiogenesis has been 

proposed. Understanding the precise role o f c-abl in angiogenesis may provide an 

interesting avenue for testing Abl tyrosine kinase inhibitors as potential agents in pro- 

apoptotic and anti-angiogenic based treatments o f disease.
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1.1 Pr o g r a m m e d  c e l l  d e a t h  (A p o p t o s is )

The selection process by which cells become destined for either cell death or 

survival must be carefully regulated if tissue homeostasis is to be maintained. It is a 

delicate balance of positive and negative signals derived from the interplay between 

many genes, some of which have been extensively characterised, others about which 

relatively little is known. Apoptosis refers to the genetically mediated process of cell 

death controlling the deletion of individual cells in normal and diseased tissues. 

Programmed cell death is an analogous process essential during embryonic growth 

and tissue/organ remodelling (Kerr et al, 1972; Abrams et al, 1993). Apoptosis is 

significant in a number of pathological diseases including cancer, AIDS (Sartorius et 

al, 2002) autoimmune diseases such as rheumatoid arthritis (Perlman et al, 2001) and 

inflammatory bowel disease and degenerate diseases o f the CNS such as Alzheimer’s 

disease and Parkinson’s disease (Ameisen et al, 1991; Solary et al, 1996; Bamberger 

& Landreth, 2002). Apoptosis is characterised by a set of structural changes that are 

reproduced in cells of widely differing lineage (Kerr et al, 1972).

1.1.1 M o r p h o l o g ic a l  f e a t u r e s  o f  A p o p t o s is

Early apoptosis is characterised by the initial condensation of the chromatin 

into crescents along the nuclear envelope (Cohen, 1993). As condensation progresses, 

the nucleus collapses and ultimately sphts into fragments (Figure 1.1). As the nucleus 

fragments, extensive cell surface protrusions develop and membrane bound apoptotic 

bodies of various size and composition are formed. In confrast to death by necrosis, 

there is no inflammatory response to cell death by apoptosis (Wyllie, 1992). 

Apoptotic bodies formed in vivo are rapidly phagocytosed by adjacent macrophages 

where the process of lysosomal degradation begins. This enables extensive cell 

deletion to occur with minimal tissue disruption.

The histologically visible part of apoptosis has a relatively short duration 

similar to that of cell division. In the initial stages, the apoptotic cell embedded in 

normal tissue, begins to lose contact with its neighbouring cells. By light and electron 

microscopy cell shrinkage can be observed without change in content of the intact
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organelles. In the next stage, membrane ruffing and blebbing leads to cellular 

fragmentation. The rapidity with which the apoptotic bodies are engulfed by adjacent 

cells accounts for the relatively short time frame that they may be seen under a light 

microscope.

Apoptosis

1. Stimulation
Receptor mediated or 
non-receptor mediated

4<
2. The Intracellular response
Signal transduction; activation of transcription factors; 
induction of apoptosis related genes; 
release of Ca*; depletion of ATP

3. Apoptosis
Cell dismantling; DNA degradation; 
expression of phagocyte recognition molecules

4. Phagocytosis

Failure o f phagocyte recognition 
leads to secondary necrosis and 
release of intracellular contents

Persistence of inflammation

> C C PC (

>^5V
,»J /

Figure 1.1 The morphological stages of apoptosis. This figure illustrates the 4 
main stages of apoptotic cell death: stimulation, intracellular signalling, apoptosis and 
phagocytosis. In the absence of recognition of apoptotic bodies by neighbouring 
phagocytic cells, the apoptotic cell will eventually assume necrotic morphology, so 
called “secondary necrosis” (Afford & Randhawa, 2000).
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1 .1 .2  A p o p t o s is  a n d  t u m o u r  g r o w t h

Over recent years it has become increasingly accepted that the causes and 

consequences of spontaneous cell death are important parameters in neoplastic 

growth. Both apoptotic bodies and mitotic figures are sometimes numerous in rapid 

growing tumours: it is the balance between the two processes that determines the rate 

o f enlargement (Kerr et al, 1972).

1.1 .3  M e c h a n is m s  o f  a p o p t o t ic  c e ll  d e a t h

A brief overview of the key factors influencing a common apoptotic pathway 

is described in Figure 1.2.

Cleavage
Triggers -► Modulators -► Effectors -► Substrates

CELL
DEATH

DNA damage 
Heat
Ceramide 
FAS/TNF 
Growth factor 
deprivation

p53 
bcl-2 family 
kinases 
oncogenes
tumour suppressor genes 
cell cycle regulators 
Transcription factors

Cysteine Proteases Protein fragmentation 
DNA fragmentation

Figure 1,2 Events leading to cell death by apoptosis

A trigger is defined as a factor that induces the onset o f apoptosis. Modulators 

are the multitude o f pro- and anti-apoptotic influences that interact in the transduction 

of the signal and define the net outcome o f the event (i.e. cell survival or cell death). 

If a cell embarks on the cascade o f events leading to apoptosis, a group o f ubiquitous 

molecules called effectors will become activated. The ICE family o f  cysteine 

proteases (caspases) are currently the most extensively defined effectors of the 

apoptotic process (Rowan & Fisher, 1997; Mathiasen & Jaattela, 2002). The targets 

of effectors are cleavage substrates, many o f which will lose function, but others will
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gain novel activities (e.g. the nuclease responsible for the characteristic cleavage of 

DNA into its distinct DNA laddering pattern). There are two major pathways of 

apoptosis: the death receptor pathway and the mitochondrial pathway (Ashkenzai & 

Dixit, 1998; Gupta 2000; Gupta 2001).

1 .1 .4  D e a  t h  R e c e p t o r  P a  t h w a  ys

Death receptors belong to the tumour necrosis factor receptor (TNFR) gene 

superfamily, which comprise a similar cysteine-rich extracellular domain and a 

homologous cytoplasmic sequence called the death domain (DD). Among the most 

extensively characterised death receptors are Fas (CD95) and TNFRs. Fas plays a 

pivotal role in the development and functioning of the immune system (Ashkenzai & 

Dixit, 1998; Gupta, 2000). Briefly, binding of CD95 (Fas) to CD95L (Fas ligand) 

leads to clustering of Fas death domain, setting up a chain of events that culminates in 

apoptosis (reviewed in Gupta, 2001). The Fas-associated death domain (FADD) 

binds to cytoplasmic procaspase 8, resulting in autolytic cleavage into active caspase 

8 (Figure 1.3). Activated caspase 8 in turn serves as an enzyme for activation of 

downstream effector caspase (caspase 3, 6, and 7) activation. The active effector 

caspases mediate cleavage of a number of cytoplasmic and nuclear substrates, 

resulting in cell death by apoptosis (Figure 1.3). In contrast, TNFRs do not exhibit 

enzymatic activity themselves and are therefore dependent on recruitment of other 

molecules for signal transduction. Following ligation o f TNF with its receptor TNFR- 

I, the receptor death domain recruits an adaptor protein TRADD (TNFR-Associated 

Death Domain). TRADD subsequently recruits other adaptor molecules, initiating a 

signalling cascade that ultimately results in activation of the effector caspases.

1 .1 .5  M it o c h o n d r ia l  P a  t h w a  ys

Mitochondria are considered to be key players in the control of stress-induced 

apoptosis (Kroemer et al, 1997; Zamzami et al, 1997 & 1998; Kroemer et al 1998; 

Desagher & Martinou, 2000). A number of stimuli including UV irradiation, reactive 

oxidative species and chemotherapeutic agents appear to mediate apoptosis in a death 

receptor independent manner via the mitochondrial pathway. The mitochondrion is 

composed of two well-defined compartments: the outer and inner membranes. The
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majority o f death signals that converge at the mitochondria are mediated through 

members of the Bcl-2 family such as Bid and Bad. Bcl-2 itself is located on the inner 

membrane and appears to play an important role in the maintenance of mitochondrial 

membrane potential (Susin et al; 1998). Opening of the permeability transition pores 

is a key event in apoptosis. The open pores result in the release of chemicals from the 

intermembrane space into the cytoplasm, among them cytochrome c, three different 

procaspases and Apafl (apoptosis inducing factor, Figure 1.3). The cytochrome c 

released in the cytosol binds Apafl and procaspase 9 (an initiator caspase) is recruited 

to form the apoptosome (Figure 1.3). The apoptosome-bound caspase 9 is then 

activated, which in turn activates caspase 3 resulting in cleavage of its substrates and 

apoptosis.

1.2 G e n e s  a n d  C a n c e r

Everything in the cell is under genetic control, as all molecules in a cell are 

either themselves gene products or metabolites dependent on the actions of other gene 

products. The initiation of transcription in eukaryotes is an intricately defined and 

controlled process. Cancer may be defined as a progressive series of genetic events 

that occur in a clone of cells because of alterations in a limited number of specific 

genes: the oncogenes and the tumour suppressor genes. Activation or inactivation of 

as many as four or five different genes may be required for the development of a 

clinically recognisable cancer. Certain acquired genetic abnormalities may be 

necessary for the development of neoplasia, but few if any are solely causative.

As a generalisation, cancers may be regarded as diseases in which cellular 

signalling mechanisms have been disrupted so as to remove the growth and behaviour 

of the cell from normal constraints (Bartek et al, 1999). This could mean permanent 

activation of a receptor to produce growth-stimulatory signals whether or not its 

cytokine ligand is bound. Abnormal activity of a plasma-membrane bound tyrosine 

kinase could lead to over-stimulation of growth promoting pathways. Inappropriate 

expression of protein kinases (section 1.2.2) or phosphatases downstream of these 

initial signal transduction events could have similar effects
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Other stages in the multi-carcinogenic process could, as mentioned previously, 

include over-expression of a proto-oncogene — i.e. a gene that fiilfills a normal role in 

untransformed cells but which can contribute to grov^th transformation when it 

functions aberrantly. An oncogene is any gene sequence contributing directly to 

neoplastic change. Most human cancers are generated when cellular genes (proto- 

oncogenes) change from a normal cellular gene to an oncogene by a variety of 

submicroscopic events including insertions, deletions, point mutations and 

translocations. The protein product of an oncogene is called an oncoprotein. In 

general, most oncogene products are either enzymes or regulatory components of 

transcription, translation or replication.

1.2 .1  S ig n a l  Tr a n s d u c e r s  a s  O n c o g e n e s

Signal transduction at the cellular level refers to the movement of signals from 

outside the cell to inside the cell. The movement of signals can be simple, like that 

associated with receptor molecules of the acetylcholine class: receptors that constitute 

channels which, upon ligand interaction, allow signals to be passed in the form of 

small ion movement, either into or out of the cell. These ion movements result in 

changes in the electrical potential of the cells that, in turn, propagates the signal along 

the cell. More complex signal transduction involves the coupling of ligand-receptor 

interactions to many intracellular events. These events include phosphorylations by 

tyrosine kinases and/or serine/threonine kinases. Protein tyrosine kinases and proteins 

containing SH2 domains have been shown to play important roles in the transduction 

of mitogenic signals (reviewed in Ullrich & Schlessinger, 1990). Protein 

phosphorylations change enzyme activities and protein conformations. The eventual 

outcome is an alteration in cellular activity and changes in the program of genes 

expressed within the responding cells.

The binding of a growth factor to its receptor with tyrosine kinase activity 

induces receptor dimerization and conformational changes which enhance the kinase 

activity of the catalytic domain to its receptor. This results in tyrosine-specific auto

phosphorylation which creates binding sites on the receptor for effector molecules 

transducing the signal to the cell interior. Membrane-associated signal transducers 

with oncogenic potential are proteins with either (1) tyrosine kinase activity or (2)

6
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GTPase activity (GTP binding proteins), recruited to the plasma membrane by an 

activated receptor.

1 .2 .2  P r o t e in  PHOSPHORYLATION

Protein phosphorylation plays a pivotal role in regulating many cellular 

processes in eukaryotes. In particular, protein phosphorylation is a major effector of 

signal transduction pathways. Processes that are reversibly controlled by protein 

phosphorylation not only require a protein kinase but also a protein phosphatase. 

Target proteins are phosphorylated at specific sites by one or more protein kinase, and 

the phosphates are removed by specific phosphatases. In principle, the extent of 

phosphorylation at a particular site can be regulated by changing the activity of the 

cognate protein kinase or phosphatase, or both. The controlled, co-ordinated action of 

protein tyrosine phosphatases (PTPs) and kinases (PTKs) is a critical control 

mechanism for numerous physiological processes including growth, differentiation, 

metabolism, cell cycle regulation and apoptosis. The role of phosphatases and kinases 

in apoptosis is illustrated in Figure 1.3.

1.2 .3  P r o t e in  T y r o s in e  K in a s e s

The protein-tyrosine kinases constitute the largest functional group of 

oncogenes. The mammalian genome is estimated to encode between 100 and 200 

tyrosine kinases (Hanks & Hunter, 1995). These enzymes phosphorylate tyrosine 

residues in specific protein substrates, as opposed to many other protein kinases 

which phosphorylate serines or threonines. PTKs are generally categorised as 

belonging to the receptor or the non-receptor family of PTKs by virtue of whether 

they possess or lack the receptor-like features of cellular ligand-binding and 

transmembrane domains. Many growth factors, differentiation factors and hormones 

mediate their effects via receptors with intrinsic tyrosine kinase activity.
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1.2.4 R e ce pto r  Tyro sin e  K in a se s  (R TK s)

The proteins encoding RTKs contain four major domains: (1) an extracellular 

ligand binding domain, (2) an intracellular tyrosine kinase domain, (3) an intracellular 

regulatory domain and (4) a transmembrane domain. The amino acid sequences of 

the tyrosine kinase domains of RTKs are highly conserved with those of cAMP- 

dependent protein kinase (PKA) within the ATP binding and substrate binding 

regions. Some RTKs have an insertion of non-kinase domain amino acids into the 

kinase domain termed the “kinase insert”. RTK proteins are classified into families 

based upon structural features in their extracellular portions (as well as the presence 

or absence of a kinase insert) which include the cysteine rich domains, 

immunoglobulin-like domains, leucine-rich domains, Knngle domains, cadherin 

domains, fibronectin type III repeats, discoidin I-like domains, acidic domains, and 

EGF-like domains. Based upon the presence of these various extracellular domains 

the RTKs have been sub-divided into at least 14 different families (Table 1.1, 

reviewed in Ullrich & Schlessinger, 1990; Schlessinger & Ullrich, 1992)

Many receptors, other than those that are associated with cell surface receptors 

also have intrinsic tyrosine kinase activity. These receptors contain tyrosine residues, 

that upon phosphorylation, interact with other proteins of the signaling cascade. 

These other proteins contain a domain of amino acid sequences that are homologous 

to a domain first identified in the c-Src proto-oncogene. These domains are termed 

SH2 domains (Src homology domain 2). Another conserved protein-protein 

interaction domain identified in many signal transduction proteins is related to a third 

domain in c-Src identified as the SH3 domain.

The interactions of SH2 domain containing proteins with RTKs or receptor 

associated t>T0sine kinases leads to tyrosine phosphorylation of the SH2 containing 

proteins. The result of the phosphorylation of SH2 containing proteins that have 

enzymatic activity is an alteration (either positively or negatively) in that activity. 

Several SH2 containing proteins that have intrinsic enzymatic activity include 

phospholipase C-y (PLC-y), the proto-oncogene c-Ras associated GTPase activating

8



Characteristics of the Common Classes of RTKs

=-------
Class Examples Structural Features of Class

I
EGF receptor, 

NEU/HER2, HERS
Cysteine-rich sequences

II
insulin receptor, 

IGF-1 receptor

cysteine-rich sequences; characterized by 

disulfide-linked heterotetramers

III
PDGF receptors, 

c-Kit

contain 5 immunoglobulin-like domains; 

contain the kinase insert

IV FGF receptors
contain 3 immunoglobulin-like domains as 

well as the kinase insert; acidic domain

V

vascular endothelial 

cell growth factor 

(VEGF) receptor

contain 7 immunoglobulin-like domains as 

well as the kinase insert domain

VI

hepatocyte growth 

factor (HGF) and 

scatter factor (SC) 

receptors

heterodimeric like the class II receptors except 

that one of the two protein subunits is 

completely extracellular. The HGF receptor is 

a proto-oncogene that was originally identified 

as the Met oncogene

VII

neurotrophin 

receptor family 

(trkA, trkB, trkC) 

and NGF receptor

contain no or few cysteine-rich domains; 

NGFR has leucine rich domain

Table 1.1 Classification o f Receptor P*rotein Tyrosine Kinases. Members are 

grouped according to the presence or absence of a kinase insert and based on the 

characteristic structural features in their extracellular portions
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protein (rasGAP), phosphatidylinositol-3-kinase (PI-3K), protein phosphatase-1C 

(PTPIC), as well as members of the Src family o f tyrosine kinases (Cooper, 1999).

Receptor PTKs are activated by ligand binding to the extracellular region thus 

inducing receptor dimerization, trans-autophosphorylation and activation of PTK 

activity towards intracellular substrates (reviewed in Van der Geer et al, 1994). 

Receptor tyrosine kinases catalyse transfer of the y phosphate of ATP to hyrdoxl 

groups of tyrosines on target proteins (Hunter, 2000).

1 .2 .5  N o n -r e c e p t o r  P r o t e in  T y r o s in e  K in a s e s

The cell surface receptors constitute only one group of protein tyrosine 

oncogenes: a second group of molecules encodes non-receptor protein tyrosine 

kinases. Non-receptor PTKs are cytoplasmic proteins that transduce extracellular 

signals to down-stream intermediates in pathways that regulate cellular growth, 

activation and differentiation. This group of proteins, in contrast to receptor PTKs, 

lacks extracellular or transmembrane domains. They are not therefore, integral 

membrane proteins but, in some cases, are peripherally associated with the plasma 

membrane via lipid which is covalently added after their translation (Kipreos & 

Wang, 1990; M'^Whirter et al, 1991).

Most of the proteins of both families of PTKs couple to cellular receptors that 

lack enzymatic activity themselves. There is considerable diversity of function 

amongst the PTK members, and although most are associated with receptors at or near 

the plasma membrane, a few tyrosine kinases are localised to the nucleus as well 

(Table 1.2). The non-receptor PTKs, like other signalling proteins, display a modular 

construction in which a series of discrete domains are joined together by linker 

sequences. The most important domains include a PTK catalytic domain 

(approximately 275 residues in length), an SH2 (Src homology) domain and an SH3 

domain. Non-receptor PTKs can be further classified based on the criteria of amino 

acid similarity within the catalytic domain and the presence of common structural 

domains (Van der Geer et al, 1994; Hanks and Hunter, 1995). Table 1.2 summarises 
the non-receptor PTK families.
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Family Examples Localisation Function / Regulation

Abl c-Abl, Arg Cytoplasm, nucleus
c-Abl linked to cytoskeletal signalling and cell-cycle regulated transcriptional 
events. c-Abl activated by deletion of SH3 or BCR-mediated oligomerization, and 
by release from Rb in late G1

Src c-Src, c-Yes, Blk, Membrane associated Roles in receptor PTK signalling and mitosis. Activity is negatively regulated by 
constitutive phosphorylation of a C-terminal tyrosine. Activated by receptor PTKs

Fes c-Fes, Fer Cytoplasm, nucleus c-Fes in cytokine signalling, ? role in angiogenesis. Fer may signal through PTKs. 
c-Fes is activated by haematopoietic receptors, Fer by receptor PTKs

Syk Syk, Zap70 Cytoplasm Roles in cytokine receptor signalling. Activated by receptors such as BCR and 
TCR; Zap70 also depends on Lck for activation

Jak Jakl, 2 & 3, Tyk2 Cytoplasm Lead to activation of STAT transcription factors and MAP kinase activation. 
Activated by receptor PTKs and cytokine receptors.

Tec Tek, Itk, Btk, Bmx Cytoplasm Btk is required for early B precursors to develop mature B cells.

Ack Ack, Pykl
Cloned from 
hippocamus Binds to and inhibits the GTPase activity of Cdc42Hs

Fak Fak, Cakp
Fak: focal adhesions 
Pyk2; cell-cell contact

Lead to MAP kinase activation. Fak activated by plating onto fibronectin, role in 
integrin mediated signalling

Csk Csk, Ctk
Cytoplasm Csk negatively regulates Src family members by phosphorylation of a conserved C- 

terminal tyrosine, may be constitutively active.

Others Rlk, Srm, Rak, Brk — Brk expressed exclusively in epithelial cells. Function of Srm still unknown.

Table 1.2 Classification and characterisation o f Non-Receptor Protem Tyrosine Kinases.
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Non-receptor PTK function depends on specific subcellular localisation which 

is dictated by intrinsic localisation signals (Table 1.2). Interestingly, the Fes and Abl 

PTK families partition between the cytoplasm and the nucleus. Shuttling between the 

two subcellular compartments may play a crucial role in the regulation of the 

biological activity of these kinases and may provide more information about their 

function in vivo. For the purpose of this study, the Abl family of non-receptor protein 

tyrosine kinases will be reviewed in greater detail.

1.3 A b l  Fa m il y

The two vertebrate members of this family are c-abl and c-arg. Both kinases 

are altematively spliced to yield two proteins with distinct N-termini, one of which 

contains a N-terminal myristolation signal and one of which does not. Like the src 

subfamily of protein tyrosine kinases, the abl oncogene encodes a protein whose 

transforming potential is activated as a consequence of increased protein tyrosine 

kinase activity. The c-Abl tyrosine kinase is localised both in the cytoplasm, where it 

is weakly associated with actin filaments (M‘'Whirter & Wang, 1993a), and in the 

nucleus where it is associated with chromatin (Van Etten et al, 1989).

1.3.1 S t r u c t u r e  OF A b l  PROTEIN

The Abl protein is discussed in detail in section 2.1.1. Briefly, c-Abl is 

characterised by its large C-terminal tail containing sites for nuclear transformation, 

DNA binding and F-actin binding (Figure 1.4). All three nuclear localisation signals 

(NLS), a nuclear export signal (NES) and a G-actin binding domain are also found at 

the C-tail region. The presence of G- and F-actin binding domains binding domains 

suggests a cytoplasmic function for c-Abl. However, the active transport of c-Abl in 

and out of the nucleus through its NLS and NES (Taagepera et al, 1998) suggests 

roles in both nuclear and cytoplasmic processes.
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1.3.2 c-A bl Ty ro sin e  K in a se

V .

V SH3 SH2 Tyrosine Pro NLSl NLS2 NLS3 DNA G-Actin, CTD-ID,
Kinase F-Actin, NES

N-terminal Region
Intramolecular interactions 
Binding to kinase regulators 
Binding to substrates

C-terminal Region
Subcellular localisation due to 
3 nuclear localisation signals (NLS) and 
1 nuclear export signal (NES).
DNA binding domain
G-actin and F-actin binding domain
Binding to substrate (CTD-ID)

Figure 1.4 Functional domains o f the c-Abl tyrosine kinase

Like c-Src, wild-type c-Abl protein does not transform fibroblasts or 

haematopoietic cells, even when over expressed (Van Etten et al, 1994), suggesting 

that Abl kinase activity is tightly regulated in cells. c-Abl is not phosphorylated in its 

inactive state. Hyperphosphorylation during M phase (Kipreos & Wang, 1990) 

results in its dissociation from DNA at the end o f the cell cycle, possibly regulating 

the gene expression program. Deletions and point mutations in the Abl SH3 domain 

that prevent binding o f the proline rich SH3 ligands in vitro activate c-Abl kinase 

activity in vivo (Van Etten et al, 1999), resulting in phosphorylation o f c-Abl and 

other proteins. Tyrosine phosphorylation o f Abl is thought to reflect catalytic activity 

of Abl itself because ASH3 Abl bearing a kinase-inactivating mutation (K290R) is not 

phosphorylated at all (Barila et al, 1998).

A number o f SH3 binding proteins have been identified including Abi-1 (Shi 

et al, 1995), Abi-2 (Dai & Pendergast, 1995), A apl (Zhu & Shore, 1996) and Atm 

(Baskaran et al, 1997). Abi-1 and Abi-2 interact simultaneously with the SH3 domain 

and a proline-rich m otif at the C-terminal tail o f c-Abl. Presumably, this interaction 

might sterically sequester the c-Abl kinase domain. Agami & Shaul, 1998, report 

remarkable activation o f the c-Abl tyrosine kinase through the association o f c-Abl 

with RFXl, a protein that binds the enhancers o f several viruses and cell cycle

11
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regulated genes. Notably, the RFXl proline rich sequence is very similar to that of 

Abi-1. However, Abi-1 and RFXl display opposite effects on c-Abl kinase activity, 

the former inhibits while the latter activates. Thus, the c-Abl SH3 domain may exert 

both positive and negative effects on its catalytic domain.

c-Abl is a Src-like tyrosine kinase with an unusual carboxy-terminal domain 

that contains nuclear localization signals and DNA-binding sites (Van Etten, 1999; 

Kharbanda et al, 1998). In accordance with its distribution to both the nucleus and 

the cytoplasm, immunoprecipitation data suggests that c-Abl binds DNA-PK, ATM, 

Rad51, Rb, p53, p73 and perhaps other proteins (Shaul, 2000). c-Abl activates 

protein kinase C5 in response to ionising radiation (Yuan et al, 1998). The available 

biochemical and genetic evidence suggests that c-Abl is involved in multiple 

pathways activated by genotoxic and possibly oxidative stress (Fabbri et al, 1994; 

Kumar et al, 2001), regulated at several levels by protein-protein interaction and by 

phosphorylation.

1 .3 .3  P h y s io l o g ic a l  r e g u l a  t io n  o f  c -A b l  t y r o s i n e  k i n a s e

c-Abl is likely to be folded into an inactive conformation through 

intramolecular interactions between the SH3/SH2 and kinase domains similar to the 

structure o f Src (Wang, 1993). An important question in the study o f Abl function is 

to identify the physiological conditions under which Abl kinase becomes activated. 

Like other cytoplasmic tyrosine kinases, Abl is regulated by membrane bound 

receptors. Integrin-mediated adhesion to the extracellular matrix has been 

demonstrated to lead to the activation of c-Abl kinase activity and alters its 

subcellular localisation (Lewis et al, 1996). The nuclear c-Abl is also regulated 

during cell cycle progression and DNA damage. Interestingly, adhesion, cell cycle 

progression and DNA damage regulate Abl kinase through distinct biochemical 

mechanisms. Thus, c-Abl kinase is regulated by a hierarchy o f multiple physiological 

signals.

12
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1.3.4 A bl i n  r e s p o n s e  toDNA d a m a g e

The cellular response to DNA damage can be split into three components: the 

recognition of injured DNA, a period of damage assessment (enforced by 

checkpoints), and the implementation of the appropriate response (DNA repair or cell 

death). Checkpoints have a critical role in the damage response system as they 

provide an opportunity to monitor the appropriateness of cell death over repair.

The nuclear c-Abl kinase activity can be regulated through DNA damage (Liu 

et al, 1996; Kharbanda et al, 1995b). Ionizing radiation (IR), cisplatin, mitomycin C, 

methylmethane sulfonate (MMS) and ara-C can all activate c-Abl, but UV irradiation 

cannot activate this tyrosine kinase (Liu et al, 1996; Kharbanda et al, 1995b). After 

DNA damage by ionizing radiation, c-Abl may be activated by phosphorylation 

through an ATM-dependent mechanism to enhance its kinase activity. The cycle 

arrest and apoptosis that are normally induced by ionizing radiation are prevented in 

cells that lack c-Abl or possess only a kinase-dead mutant.

Activation of c-Abl kinase by DNA damage is, however, cell cycle regulated. 

Only after nuclear c-Abl becomes active at Gl/S phase can it then be further activated 

by MMS and IR (Liu et al, 1996). These observations suggest that the inhibitory 

effect of RB on the nuclear c-Abl kinase is dominant over the stimulatory effect of 

DNA damage. Only after the RB/c-Abl interaction is disrupted can c-Abl be further 

stimulated by DNA damage. Therefore, c-Abl kinase is expected to transduce DNA 

signal damage only after cells have committed to S phase, hi other words, nuclear c- 

Abl only responds to DNA damage in proliferating cells, but not in resting cells.

1.3.5 F u n c t i o n s  o f  c - A b l

The precise biological functions of c-Abl have not yet been fiilly clarified. 

The nuclear c-Abl is probably involved in the regulation of gene expression and the 

cytoplasmic c-Abl is likely to be involved in the transduction of adhesion signals. 

Biochemical and phosphorylation studies suggest a potential role for c-abl in cell 

cycle progression (Kipreos and Wang, 1990; Wong et al, 1995; Jena et al, 2002).
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The shuttling of c-Abl between the two compartments may allow the cell to 

rapidly alter the subcellular locations of c-Abl to emphasise the nuclear or 

cytoplasmic function. Another possible reason for the continuous movement of c-Abl 

may be that Abl has the additional function of a carrier which can transport 

macromolecules between the two subcellular compartments. The nuclear and 

cytoplasmic functions of normal c-Abl are discussed in detail in sections 2.1.3 and 

2.1.4 respectively.

1 .3 .6  On c o g e n ic  f u n c t io n  o f  a c t iv a t e d  A b l  p r o t e in s

The first consistent chromosomal abnormality identified in a neoplasm was in 

chronic myeloid leukemia (CML), a haematological disorder bearing the 

characterisitic Philadelphia chromosome (Nowell and Hungerford, 1960). CML has 

an incidence of 1-2 cases per 100,000 people per annum, and accounts for 

approximately 15% of adult leukaemias (Faderl et al, 1999). Activation of the abl 

gene is implicated in CML in which a reciprocal translocation occurs between 

chromosomes 9 and 22 (Rowley, 1973; Bartram et al, 1983). This cytogenetic 

abnormality can be rapidly identified in a metaphase spread. Elucidation of the 

mechanism of abl activation by the Philadelphia translocation came both from 

analysis of translocation breakpoints and from studies of abl expression. The 

Philadelphia translocation on chromosome 9 occurs over a range of 50kb either 

upstream or downstream of abl exon lA. On chromosome 22 however, most of the 

breakpoints occur within a region of 6kb, which is denoted as bcr (breakpoint cluster 

region). In effect, almost the entire open reading frame of c-abl on chromosome 9 is 

placed under the control of the bcr gene on chromosome 22. Transcription of the 

Philadelphia chromosome results in the fusion of bcr and abl coding regions by RNA 

splicing yielding a bcr/abl mRNA of approximately 8.5kb (Figure 1.5).
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Philadelphia
chromosome

Normal 
chromosome 22

Normal 
chromosome 9

Figure 1.5 Philadelphia Chromosome t(9,22) characteristic o f CML

The product of the translocated bcr-abl oncogene is a recombinant 210kDa 

protein in which the variable amino-terminal domain has been replaced by the 

corresponding domain of the bcr product (Adams, 1985). The BCR-ABL protein is 

found to have enhanced tyrosine kinase activity, similar to that o f the viral oncogene 

protein. Following the formation o f the BCR-ABL fusion protein, the 

serine/threonine kinase domain encoded by exon 1 of BCR activates the kinase 

domain o f ABL in the BCR-ABL fusion protein (Muller et al, 1991) and overrides the 

negative regulatory activity o f the SH3 domain (Fernandes et al, 1996). The 

p210Bcr-Abl contains 902 or 927 amino acids o f Bcr fused to 2-11 o f c-Abl 

(Shtivelman et al, 1985; Ben-Neriah et al, 1986). A 190kDa protein is produced in 

acute lymphocytic leukemia (ALL), in which the variable domain is replaced by the 

first 426 amino acids of Bcr. The fusion o f c-abl to the breakpoint cluster region on 

chromosome 22 constitutively activates the tyrosine kinase activity o f c-ABL 

(Konopka et al, 1984). Amplification of the c-abl gene has also been observed within 

the CML cell line, K562.

There are three principal forms o f BCR/ABL (p i90, p210 and p230 

BCR/ABL) that are found in distinct forms o f Ph-positive leukemias. The two major 

forms involve ABL exon2 and two different exons (exon 2 and 3) o f the BCR gene. 

The transcripts, b2a2 and b3a2 respectively, encode for a p210 protein (Melo, 1996 & 

1997). Another ftision gene leads to the formation o f an ela2 transcript which
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encodes a pl90 transcript (Pane et al 1996). A third, less common fusion gene is c3a2 

[el9a2] which gives rise to a p230 protein. BCR (p i60) and BCR/ABL proteins 

(pl90 and p210) exhibit cytoplasmic sub-cellular localisation (Dhut et al 1988 & 

1990). The levels of expression of the normal and oncogenic forms are equivalent 

indicating that the rate of transcription is the same for p i60, p i90 and p210 proteins 

(Dhut et al, 1990). In addition, a number of rare breakpoints have been identified in 

the BCR and ABL genes such as e6a2, b2a3, b3a3 and ela3, the expression of which 

have been detected at the mRNA level (Melo 1996 & 1997).

The mechanism by which translocations activate abl appear to be 

fundamentally different from activation of myc: the abl translocations lead to 

formation of an altered protein whereas myc translocations result in abnormal 

expression of a normal gene product.

1.3.7 F u n c t io n s  o f  t h e  BCR-ABL o n c o p r o t e in

The bcr-abl fusion gene encodes a 210kDa protein product (Shtivelman et al, 

1985) and exhibits enhanced tyrosine kinase activity (Konopka et al, 1984). Normal 

Abl is found primarily in the nucleus (Wetzler et al, 1993), however the oncogenic 

BCR-ABL protein localises to the cytoplasm of the cell (Dhut et al, 1990; Wetzler et 

al, 1993). A significant effect of BCR-ABL is a block on apoptosis (Bedi & Shakis, 

1995; DiGiuseppe & Kastan, 1997). The expression of BCR-ABL tyrosine kinase has 

been implicated in the apoptotic resistance of CML cells (Cortez et al, 1995). The 

mechanism of CML growth advantage is likely to be a combination of increased 

proliferation and a failure to undergo programmed cell death to the same degree as 

normal cells. Decreasing the expression in vivo of a tretracycline-inducible Bcr-Abll 

gene in mice by tetracycline withdrawal leads to a rapid disappearance of leukaemic 

cells in vivo, mediated by increased apoptosis (Huettner et al, 2000).

BCR-ABL tyrosine kinase activity is also implicated in a number of cell 

signalling pathways including Ras (Goga et al, 1995), c-MYC (Sawyers et al, 1992) 

and also non-receptor tyrosine kinase pathways such as JNK (Sawyers et al, 1997). 

Ras plays a critical role in the transmission of mitogenic signals from receptor 

tyrosine kinases (Mulcahy et al, 1985, Wood et al, 1992). Ras involvement in the

16



C h a p t e r  1

signalling events during Abl-mediated transformation was first reported by Stacey et 

al, 1991. They demonstrated abrogation of transformation by v-Abl by anti-Ras 

antibody. BCR-ABL has been implicated in the Ras signalling pathway via its 

interaction with the cytoplasmic effector molecule GRB-2 (Pendergast et al, 1993). 

Other functions of BCR-ABL include activation of the p65 sub-unit of the 

transcription factor NF-kB (Hamdane et al, 1997) and the p-85 sub-unit of 

phosphoinositide-3 kinase (PI-3 kinase) in hemopoietic cells (Jain et al, 1996).

1.4 R a t io n a l e  f o r  t h e  s t u d y  o f  c -a b l  e x p r e s s io n

Although it has been suggsted that Abl is ubiquitously expressed, there is little 

data on tissues in which Abl is most strongly expressed. c-Abl kinase is activated in 

Philadelphia chromosome positive leukemias, raising the question of whether elevated 

Abl tyrosine activity may inhibit apoptosis and cause accumulation of leukemia cells 

in this way (Cotter, 1995). Previous work from our group has investigated c-abl 

expression in nomal tissues and in spontaneous tumours other than CML (O’Neill et 

al, 1997). Preliminary observations indicate that c-Abl is typically expressed in 

mature cells of certain adult tissues (hyaline cartilage, mucus cells, ciliated 

epithelium) and strongly expressed in a few specific tumour types (liposarcoma, 

chondrosarcoma). Furthermore, its distribution in fetal tissues and in the myxoid 

stroma and tumour microvessels of specific tumour types suggests possible additional 

roles in morphogenesis and angiogenesis.

This project aims to investigate the role of abl in apoptosis and the 

development of cancer. The shuttling of c-Abl between the nucleus and the 

cytoplasm is determined by a balance of nuclear import and export signals (Taagepera 

et al, 1998), and the dynamic equilibrium between the two processes may influence 

the precise biological functions of c-Abl in vivo. The ability to localise to the 

cytoplasm allows c-Abl access to numerous substrates through which it can exert its 

anti-apoptotic effects. Activation of c-abl through her results in a change in growth 

regulatory function from pro-apoptotic to anti-apoptotic. The regulatory roles of c- 

Abl in apoptosis through phosphorylation of different substrates and through binding 

of signalling molecules are still not clearly understood. A more comprehensive
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understanding o f the precise functions o f  abl in vivo may facihtate in future apoptosis- 

based approaches to the treatment o f  mahgnancy and other diseases.

1 .5  S p e c if ic  O b j e c t iv e s

This study proposes to determine the expression o f the abl gene in fetal 

development and in selected human tumours. In particular, it will focus on those 

tumours which in preliminary work have shown strong Abl protein expression i.e. 

chondrosarcoma, liposarcoma, diffuse type gastric adenocarcinoma. The relationship, 

i f  any, between Abl expression and the degree o f tumour cell differentiation and level 

o f  apoptosis will be examined. In addition, it is proposed to investigate more fully the 

role o f  c-abl in both normal and neoplastic angiogenesis.

Following from this, it is proposed to extend the observations o f c-abl 

expression to the mRNA level. Recent advancements in quantitative RT-PCR and in- 

situ RT-PCR methodologies should enable a more accurate and informative 

evaluation o f  c-abl levels in tissue sections or, more specifically, within individual 

cells. Finally, we propose to investigate more fully the events leading to c-Abl 

upregulation in endothelial cells in vitro. A number o f  external stimuli will be 

investigated including heat shock, serum deprivation, reactive oxidative species 

(H2O2) and wortmannin. Ultimately, 3 main questions will be examined:

1. In what tissues is c-abl expressed and what role does Abl play in apoptosis, 

tumourigenesis and angiogenesis in non-haematopoietic tumours?

2. Is differential regulation observed at the protein and/or mRNA level?

3. Is c-abl mRNA in endothelial cells modulated in response to specific stress 

factors?
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2.1 I n t r o d u c t io n

2.1 .1  ISOFORMS OF C-A BL

The mammalian c-abl gene produces two proteins o f 145kD that differ only at 

their N-terminus, due to alternative splicing of the first two exons (Ben-Neriah et al, 

1986; Shtivelman et al, 1986). The isoforms are denoted type I and type IV c-Abl in 

mice and types la and Ib c-Abl in humans respectively. It has been proposed that the N- 

terminal variability may dictate the sub-cellular localisation of the two c-abl proteins: 

type I soluble and type IV membrane bound. Signals for nuclear localisation are 

primarily defined by C-terminal sequences where there is a nuclear translocation signal 

and a DNA binding domain (Kipreos et al, 1990). Also found within the C-terminal 

region of the molecule is the presence of an actin-binding domain (M'^Whirter et al, 

1991), the signal for cytoplasmic localisation. The type IV c-abl isoform contains an N- 

terminal glycine, a possible site for myristylation which enables the protein to associate 

with the cell membrane.

Studies by Renshaw et al, 1988, investigated the relative abundance of the two 

major c-abl mRNAs (type I and type IV) in several mouse tissues and cell lines. They 

observed that the level of type IV c-abl mRNA is rather constant in a variety of cell 

types, whereas the level of type I mRNA is modulated (over a 10-fold range) in a tissue 

specific manner. The results have interesting implications for the functions of the two c- 

abl proteins. It is conceivable that as there are several isoforms of c-abl, with different 

promoters determining their expression, each c-abl isoform may have a specific 

biological function. Using an antisense approach, Daniel et al, 1996, demonstrated that 

type I c-abl is essential for cellular differentiation while type IV c-abl suppresses 

apoptosis.
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2.1.2 S u b c e l l u l a r  L o c a l is a t io n  o f  c-A b l

Early efforts at understanding the role of c-Abl focused on where the protein 

resided in the cell, with the hope that the location would give important clues about its 

function. In addition, it would be important to determine whether the transition from the 

benign state to the fully malignant one may involve a change in subcellular residence. 

The subcellular localisation of c-Abl was first determined by Van Etten et al, 1989, by 

over-expressing the murine type IV protein in fibroblasts. Unexpectedly, it was found to 

be largely nuclear, however a significant fraction resides in the cytoplasm and is 

associated mostly with filamentous actin and the plasma membrane. This appears to be 

the endogenous Abl pattern in most cell types, although in some tissues such as primary 

hematopoietic cells and neurons, c-Abl is more cytoplasmic than nuclear (Wetzler et al, 

1993; Koleske et al, 1998). Experiments aimed at over-expression of the non- 

myristolated type la/I form of c-abl are very difficult to perform and although its 

localisation is assumed to be similar to the myristolated form, this has not been 

demonstrated directly.

In quiescent and Gi cells, nuclear c-Abl is kept in an inactive state by the 

retinoblastoma protein (Rb) that binds to the c-Abl tyrosine kinase domain and inhibits its 

activity (Welch & Wang, 1993 & 1995). Phosphorylation of Rb by cyclin-dependent 

kinases at the Gi/S boundary disrupts the Rb/c-Abl complex, leading to activation of the 

c-Abl tyrosine kinase. Activated nuclear c-Abl can phosphorylate the C-terminal 

repeated domain (CTD) of RNA polymerase II to modulate transcription (Baskaran et al, 

1993 & 1996). Unlike nuclear c-Abl, the cytoplasmic pool of c-Abl is not regulated 

during cell cycle progression and is active in Gi cells and during quiescence (Welch & 

Wang, 1995).

The observation that c-Abl is differentially phosphorylated in interphase versus 

mitotic cells also suggests that it may play a role in the regulation of cell proliferation. 

Kipreos et al, 1990, demonstrated that the c-Abl protein from metaphase arrested cells 

migrates with retarded mobility through an SDS-PAGE gel due to enhanced
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phosphorylation. Analysis of the phosphotryptic peptides showed that three 

serine/threonine sites are phosphorylated in c-Abl during interphase and at least seven 

serine/threonine sites are phosphorylated as cells enter mitosis (Kipreos et al, 1990). All 

of the mitosis-specific phosphorylation sites are located in the COOH terminal. Mutant 

mice homozygous for a 3’-deletion of c-abl and expressing active c-Abl truncated at the 

COOH terminus have multiple defects at birth, suggesting that the COOH terminal is 

essential for biological function.

c-Abl has three nuclear localisation signals (NLSs), each comprising short basic 

sequences in the C-terminal domain (Figure 2.1). These three signals function differently 

in various cell types and exhibit overlapping and redundant functions in fibroblasts, such 

that the presence of any one of them is sufficient to localise Abl to the nucleus (Wen et 

al, 1996). The accumulation of c-Abl in the nucleus is balanced by the presence of a 

nuclear-export signal (NES) at the C-terminus of the protein (Figure 2.1) that mediates 

translocation of c-Abl to the cytoplasm in a pathway sensitive to leptomycin B 

(Taagepera et al, 1996). In the cytoplasm, the majority of over-expressed c-Abl is 

associated with the F-actin cytoskeleton. F-actin localisation requires the presence o f a 

small C-terminal domain that overlaps with the NES (M'^Whirter et al, 1993; Van Etten et 

al, 1994). Daley et al, 1992, demonstrated that a portion of myristolated c-Abl is 

associated with the inner membrane, the myristol group essential for membrane 

localisation.

The presence of c-Abl in multiple cellular compartments suggests that the protein 

might move from one place to another within the cell, transducing signals in response to 

physiological stimuli. In 1996, Lewis demonstrated that c-Abl kinase activity is strictly 

dependent on integrin-mediated cell adhesion for activation in both cytoplasmic and 

nuclear compartments. When fibroblasts are trypsinized and replated onto flbronectin, 

there is a relocalisation of c-Abl from the nucleus to F-actin-rich focal adhesions, with a 

subsequent return to the nucleus within an hour, suggesting that nuclear-cytoplasmic 

shuttling of Abl occurs in response to integrin-induced signals.
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2.1.3 N u c l e a r  F u n c t io n s  o f  c-A b l

The precise biological functions of c-Abl are not fully understood but it is 

believed to play an important role in cell cycle regulation, signal transduction and 

inhibition of apoptosis. Several lines of evidence suggest a role for nuclear c-Abl in 

regulation o f the cell cycle (Welch & Wang, 1995). As previously stated, a portion of the 

nuclear pool of c-Abl is found complexed to Rb in cells in Gi phase of the cell cycle. 

Phosphorylation of Rb by cyclin-D-cdk4/6 kinases at the Gi/S boundary results in the 

release of c-Abl and activation of Abl kinase activity during S phase. Abl has also been 

shown to inhibit growth in Gi phase (Wen et al, 1996; Sawyers, 1994). When over

expressed by transfection, c-Abl induces cell cycle arrest in Gi with apoptosis of a 

significant fraction (Wen et al, 1996).

c-Abl has three tandemly repeated DNA binding domains which show homology 

to HMG proteins (Miao & Wang, 1996). The three DNA binding domains are roughly 

coincident with the three Abl nuclear localisation signals suggesting duplication of a 

functional unit. Although c-Abl was initially reported to have sequence-specific DNA 

binding activity, subsequent work has shown only a weak preference for AT-rich 

oligonucleotides. The disruption of DNA-protein interactions represents an important 

function of cdc-2 kinase during metaphase. Moreno et al, 1990, suggests that the general 

inhibition of protein-DNA interaction during mitosis serves the function of resetting the 

cellular gene expression programme at the end o f each cell-cycle. This would probably 

involve disruption of initiation complexes assembled at the promoter.

Upon activation, c-Abl phosphorylates several nuclear substrates including DNA- 

PK (Kharbanda et al, 1995b), Rad51 (Yuan et al, 1998) and the p85 sub-unit of 

phosphatidylinositol-3 kinase (Yuan et al, 1997), negatively regulating their respective 

activities. Kharbanda et al, 1995a, also demostrated that c-Abl is involved in activation 

of stress-activated^MW N-terminal kinase (SAPK/JNK).
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2.1.4 C y t o p l a s m ic  f u n c t io n s  o f  c-A b l

The function of c-Abl in the cytoplasm is very poorly understood in comparison 

with its nuclear counterpart. A number of constitutively active alleles of c-Abl have been 

created through mutational analysis. Mutations of the SH3 domain enhance c-Abl kinase 

activity, presumably by disrupting its interaction with regulatory proteins (Van Etten et 

al, 1989; Mayer & Baltimore, 1994). In contrast to growth arrest by nuclear c-Abl 

expression, the cytoplasmic c-Abl alleles cause transformation analogous to Bcr-Abl. It 

is the exclusion of v-abl and Bcr-Abl from the nucleus and the exclusive binding of Bcr- 

Abl to F-actin which indicates that cell transformation results from an activation of the 

cytoplasmic function of the Abl tyrosine kinase (Danial et al, 1998). Association of 

cytoplasmic c-Abl with the F-actin cytoskeleton is via the C-terminal F-actin binding 

domain.

2.1.5 A b l  E x p r e s s io n  i n  H u m a n  F e t a l  a n d  A d u l t  T is s u e s  a n d  T u m o u r s

O ’Neill et al, 1997, examined Abl expression in a wide range of normal and fetal 

human tissues and a variety of different tumour types. Abl immunoreactivity was similar 

to that previously reported for murine tissues (Renshaw et al, 1988) with ubiquitous 

expression in most human tissues. Intense Abl immunoreactivity was restricted to certain 

connective tissue cells such as adipocytes, chondrocytes and umbilical cord fibroblasts. 

In most of the cell types examined, Abl immunoreactivity was cytoplasmic. However 

mucous cells and chondrocytes often displayed nuclear staining. There was no Abl 

immunoreactivity of a number of normal cells and tissue types including tonsil, spleen, 

erythroid precursors, smooth, cardiac or skeletal muscle or blood vessels (O’Neill et al, 

1997).

Fetal tissues showed a broadly similar staining pattern of Abl immunoreactivity. 

Developing white adipose tissue was moderately stained while strong staining was 

observed in chondrocytes. Most tumours showed weak Abl immunoreactivity, with 

intense staining in liposarcoma, chondrosarcoma and diffuse signet ring carcinoma of the
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stomach. Tissues and structures that normally showed no Abl immunoreactivity were 

occasionally positive in the vicinity of Abl positive tumour cells.

The aim of this part of the study was to examine more fully the extent of Abl 

expression in normal and neoplastic chondrocytes, human placenta, liposarcoma, breast 

carcinoma and gastric carcinoma. Abl protein expression was assessed immuno- 

histochemically using a polyclonal antibody directed against the c-Abl/Bcr-Abl 

oncoprotein (Serotec, UK). The relationship between Abl expression and tumour grade, 

cellular differentiation and extent of apoptosis was also investigated.
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2.2 M a t e r ia l s  & M e t h o d s

All material used in this study was obtained, with consent, from the relevant Department 

of Histopathology as cited in the text.

2.2.1 F e t a l  Ca r t il a g e

Twenty-four blocks of fetal cartilage taken post-mortem were obtained from the 

files o f the department of Histopathology, Rotunda Hospital, Dublin (courtesy of Dr. 

John Gillan). Specimens were taken to encompass gestational ages from 15 - 42wk. The 

material was well fixed and showed minimal autolysis.

2.2.2 Ch o n d r o s a r c o m a

Chondrosarcoma cases were obtained from the files of St. James’s Hospital and 

Mater Misericordae, Dublin (courtesy of Prof P.A. Dervan). O f the 20 cases diagnosed 

from 1989 to 1997, 16 cases were deemed suitably well preserved for this study 

following examination of their respective H&E sections.

Tumours were graded using standard criteria summarised by Bjomsson et al, 

1998, as follows: grade 1 (n=6), grade 2 (n=5) and grade 3 (n=5, including one 

dedifferentiated chondrosarcoma). The sites of these tumours were: femur (n=4), rib 

(n=3), humerus (n=2), ilium (n=2), scapula (n=2), fibula (n=l) and site not recorded 

(n=2). For each case, one paraffin block was selected for Abl immunostaining and 

assessment of apoptosis and mitosis.

2.2.3 L ip o s a r c o m a

Formalin-fixed paraffin-embedded material from 20 liposarcoma cases was 

obtained from the files of St. James s Hospital and Mater Misericordae, Dublin, and 

Brigham and Women s Hospital, Boston, MA (Dr. C.D.M. Fletcher). Tumours were
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classified into the following sub-types: lipoma-like grade 1, myxoid grade 1, cellular 

myxoid grade 2 and round cell grade 3. The material under investigation had been 

embedded in paraffin for 1 to 44 years.

2 .2 .4  B r e a s t  Ca r c in o m a

Twenty-three cases of breast carcinoma were obtained from the files of the 

department of Histopathology, St. James’s Hospital, Dublin. Thirteen cases had been 

formalin fixed, paraffin embedded and 10 cases were snap frozen in liquid Nitrogen and 

stored at -70°C. The material under investigation included infiltrating lobular carcinoma, 

infiltrating ductal carcinoma and in-situ ductal carcinoma. For each case, sections were 

cut and mounted onto APES coated slides and stained immunohistochemically for the c- 

Abl/Bcr-Abl oncoprotein as outlined in section 2.2.7.4.

2 .2 .5  Ga s t r i c  Ca r c in o m a

Eleven cases of formalin fixed paraffin embedded gastric carcinoma were 

obtained from St. James’s Hospital and St. Vincent’s University Hospital, Dublin. Of 

these, 6 were classified as diffuse type gastric adenocarcinoma and 5 as intestinal type 

adenocarcinoma.

2 .2 .6  P l a c e n t a  a n d  Um b il ic a l  C o r d

The material for this part of the study was kindly supplied by Dr. John Gillan, 

Pathology Department, Rotunda Hospital, Dublin. A total of 55 cases were investigated 

and these are sub-classified as follows:

4 cases Normal villi
4 cases Dysmature villi
4 cases Fetal Artery Thrombosis (F.A.T.)
2 cases Ectopic gestation
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17 cases Early placenta (6-17wk gestation)
24 cases Normal placenta (18-42wk gestation)

All material was formalin fixed paraffin embedded and showed minimal autolysis.

2 . 2 J  IMMUNOHISTOCHEMISTRY

1.2.1.\  Anti c-Abl/Bcr-Abl antibody

The Abl oncoprotein was detected immunohistochemically using a sheep 

polyclonal antibody (Serotec, UK). The antibody was raised against the synthetic 

heptadecapeptide:

Cys-Lys-Thr-Leu-Lys-Glu-Asp-Thr-Met-Glu-Val-Glu-Glu-Phe-Leu-Lys-Glu

derived from the v-abl amino acid sequence (Reddy et al, 1983). The peptide was 

conjugated to keyhole limpet haemoxyanin via the N-terminal cysteine using m- 

maleimidobenzoic acid N-hydroxysuccinimide ester. Purified IgG was prepared from 

whole serum by affinity chromatography. The antibody does not differentiate between c- 

Abl and Bcr-Abl proteins or the different isoforms of c-Abl.

2.2.1.1 Stain optimisation

A range of dilutions of the primary antibody stock (Img/ml) were prepared in Tris 

buffer, pH7.6 (1/10 to 1/400 dilution). Serial sections from a number of tissue blocks 

were cut and stained immunohistochemically as outlined in section 1 .2 .1  A  Slides were 

evaluated to assess the optimum antibody dilution for determination of Abl 

immunoreactivity. A ten-fold dilution of the primary antibody results in an unacceptable 

background staining, whereas 1/400 dilution results in specific but weak staining. The 

optimum staining was achieved using a 1/200 dilution of the antibody demonstrating 

specific staining of the Abl oncoprotein with minimal background.
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2.2.T.3 Controls

The primary antibody is either omitted for negative control, or preabsorbed (thus 

obliterating staining) with the immunising peptide against which it is directed. The 

immunising peptide (Serotec, UK) is supplied at a concentration o f  Img/ml. 13.3|4,1 of 

peptide is incubated with 1ml primary antibody for Ihr at 37°C to achieve a 10-fold 

excess by weight (Handel et al, 1995). The volume is brought to 400m l with Tris buffer, 

pH7.4, prior to use. Using this control, the immunoreactivity is completely obliterated 

(Figure 2.3). For positive controls, sections o f  bone marrow containing immunoreactive 

mature m yeloid cells are used.

2.2.7.4 Abl Immunoreactivity Assay

Sections o f paraffin embedded tissue (4fjm) are cut and mounted on 3- 

aminopropyltriethoxysilane (APES) coated slides and oven dried at 50°C overnight. 

Sections are deparaffmised in xylene (2 x lOmin) and rehydrated through graded alcohols 

(100%v/v, 75%v/v, 50%v/v, 25%v/v, each for lOmin). Endogenous peroxidase is 

quenched by incubating slides in 3%v/v H2 O2 in MeOH for 30min. Non-specific binding 

sites are blocked with 0.1%w/v BSA for 30min at room temperature. Sections are 

incubated with sheep anti-c-Abl/Bcr-Abl oncoprotein antibody (polyclonal; Serotec, U.K; 

1/200 dilution in Tris buffer, pH7.6) for Ihr at room temperature, followed by two lOmin 

washes in Tris buffered saline (TBS). Approximately 50(il o f  biotinylated rabbit anti

sheep antibody (Serotec, U.K; 1/400 dilution in Tris buffer, pH7.6) is applied to each 

section for 30min and again slides are washed in two changes o f TBS. This is followed  

by 30min incubation with peroxidase-conjugated streptavidin (Dakopatts, Denmark, 

1/400 dilution in Tris buffer, pH7.6). The reaction product is visualised for 7min with 

3,3’ diaminobenzidine (DAB) and a haematoxylin counterstain. Sections are dehydrated 

through graded alcohols (over a period o f  30min), clarified in xylene, mounted in DPX  

and coverslipped. Under these conditions, slides may be stored at room temperature, 

away from direct sunlight, for several years.
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2.2.1.5 Assessment of staining

Abl immunoreactivity in the tissues under investigation is assessed using a simple 

three tiered system:

+ focal or weak staining

++ moderately intense staining

+++ intense staining

The data presented are the results of the slides being evaluated blind by two independent 

investigators. This is to ensure that an objective assessment o f staining is achieved.

2.2.8 A p o p t o s i s  E v a l u a t i o n

2.2.8.1 Mayer’s Haematoxyiin & Eosin Stain (H&E)

Sections of paraffin embedded material (10|im) are cut and mounted onto glass 

microscopy slides. Mayer’s Haematoxyiin is freshly prepared as follows:

Haematoxyiin Ig
Distilled water 1000ml 
Potassium alum 25g
Sodium iodate O.lg
Citric acid 0.5g
Chloral hydrate 25g

The haematoxyiin, potassium alum and sodium iodate are dissolved in the distilled water 

by warming and stirring. The chloral hydrate and citric acid are added, the mixture is 

boiled for 5min and then cooled and filtered. The stain is ready for use immediately. 

Eosin Y is the most widely used stain in combination with an alum haematoxyiin and is 

prepared as a l%w/v solution in distilled water. A standard haematoxyiin and eosin stain 

involves initially dewaxing sections in xylene and hydrating through graded alcohols to 

water. Mayers haematoxyiin is applied for 8min and sections are washed in running tap 

water until ‘blue’ (5min). Sections are counterstained briefly in l%w/v Eosin Y for 

approximately 40sec and washed in running tap water for a further 5min. Sections are 

dehydrated through graded alcohols, clarified in xylene and mounted in DPX.
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2.2.5.2 Calculation of AI

H&E stained sections are assessed for apoptosis by light microscopy (Olympus 

BX40 microscope) according to the method o f Staunton & Gaffney, 1995. Briefly, 

apoptotic cells/bodies are counted using the 40X objective lens with a calibrated eye

piece (1mm index 100 square grid. Graticules Ltd., Tonbridge, U.K.). The total number 

o f  tumour cells per field (as defined by the grid) is determined by counting tumour cells 

within the boundary o f  20 or 50 grid squares (depending on cellularity and tumour cell 

distribution) and multiplying by 5 or 2 respectively. Ten fields are assessed for each 

case, avoiding areas o f necrosis.

The apoptotic index (AI) is defined as the number o f  apoptotic cells expressed as a 

percentage o f the total number o f cells in 10 high powered fields (Potten, 1996).

2.2.5.3 In Situ End Labelling (ISEL) Apoptosis Detection Kit

An alternative method o f apoptosis evaluation was assessed prior to 

commencement of this study (Gaffney et al, 1995). The ISEL technique exploits the 

ability o f the enzyme TdT to incorporate digoxigenin labelled nucleotides into the DNA 

strand breaks characteristic o f cells undergoing apoptosis (Alison, 1999; Carr & Talbot, 

1997).

The optimised in situ end-labelling technique requires several modifications to the 

manufacturers (Oncor) protocol. Briefly, 4|4,m sections o f formalin-fixed paraffin 

embedded material are cut and mounted on APES coated slides and dried overnight at 

50°C. Sections are deparaffinised and hydrated as outlined in section 2.2.7.4. 

Endogenous peroxidase is quenched by placing slides in 3%v/v H 2O2 in methanol 

(MeOH) for lOmin at room temperature. Slides are quickly immersed in distilled water 

to remove alcohol and washed in phosphate buffered saline (PBS) for 5min. 

Permeabilisation of tissue sections is achieved by 15min digestion with Proteinase K
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(20(a.g/ml) at 37°C in a humidified chamber. Slides are washed in two changes of dH20 

and PBS for 2min each. 75|al IX  equilibration buffer (supplied in kit) is applied directly 

onto each slide and left for 30min at room temperature. Enough working strength TdT 

enzyme solution to cover sections (30-50|j,1) is applied and slides placed in a 37°C 

humidified chamber for Ihr. Staining is achieved using anti-digoxigenin peroxidase and 

the chromagen substrate DAB as per guidelines. Finally, sections are counterstained with 

l%w/v aqueous methyl green (2min).

The results obtained using this technique were variable and inconsistent when compared 

to those obtained from H&E stained sections. Consequently, all data relating to AI 

presented in this study are generated from H&E apoptotic counts and not from sections 

stained using the ISEL technique.
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2.3 R e s u l t s

2.3.1 F e t a l  Ca r t il a g e

Abl staining in developing fetal chondrocytes was predominantly nuclear 

although cytoplasmic or cell membrane staining was found occasionally. Most 

epiphyseal reserve chondrocytes and proliferating immature chondrocytes in fetuses of all 

ages showed moderate to strong Abl staining. In contrast, hypertrophic chondrocytes 

about to undergo apoptosis during enchondral ossification showed minimal or no Abl 

staining (Figure 2.4).

There was intense Abl immunoreactivity of adjacent proliferating osteoblasts and 

invading metaphyseal blood vessels at sites of enchondral ossification. Apoptotic cells, 

although infrequent were visible at the growth plate from 16 weeks gestation. No 

difference in staining pattern was observed in fetuses of different gestational ages. Table

2.1 summarises the staining pattern observed in the different cell types.

Zone Cell type Abl staining Staining Intensity

Bone shaft Immature chondrocytes Nuclear 70%

Proliferative

Zone

Mature chondrocytes Nuclear, cytoplasmic & 

membranous

70-80%

Growth plate Hypertrophic chondrocytes Absent Minimal or absent

Growth plate Osteoblasts Nuclear 80%

Growth plate Osteoblasts, proliferating 

endothelium

Nuclear & cytoplasmic Striking staining of 

neovasculature

Table 2.1 Abl staining in normal fetal cartilage. Percentage staining is calculated by 

counting the total number cells and the number of stained cells in 10 fields as defined in 

section 2.2.8.2.
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2.3.2 Ch o n d r o s a r c o m a

The Abl immunoreactivity observed in the chondrosarcoma cases studied, along 

with their respective apoptotic and mitotic indices, are summarised in Table 2.2.

Case Tumour
Grade

Abl
Expression

AI
(% )

MI
_  (%)

1 G1 3+ 0 0

2 01 3+ 0 0

3 01 3+ 0 0

4 01 3+ 0 0

5 01 3+ 0 0

6 01 3+ 0 0

7 02 3+ 0 0

8 02 2+ 0 0

9 02 2+ 0 0

10 02 2+ 0.6 0.2

11 02 2+ 1.9 0.6

12 03 1+ 0.8 0.3

13 03 Neg 0.3 0.9

14 03 Neg 2.8 0.8

15 03 Neg 3.2 0.3

16 03 Neg 1.2 0.5

Table 2.2 Abl immunoreactivity, Apoptotic and Mitotic Indices in chondrosarcoma.

In all 6 grade 1 chondrosarcomas, more than 70% of tumour cells showed intense (3+) 

nuclear Abl staining (Figure 2.5). Grade 2 chondrosarcomas showed moderate to intense 

nuclear c-Abl staining (3+ in one case and 2+ in the other 4 tumours). In grade 3 

chondrosarcoma, Abl staining was minimal (1+) or absent (Figure 2.6). The
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dedifferentiated chondrosarcoma show intense Abl immunoreactivity in the low grade 

component, but no staining in the high grade component (Figure 2.7).

Mean AI and MI (and ranges) for the 16 chondrosarcoma cases were 0.68% (0.3- 

2%) and 0.23% (0-0.9%) respectively. In all tumours except one, the number o f mitoses 

was less than or equivalent to the number of apoptotic tumour cells. There were 

numerous apoptotic cells in the high grade component of dedifferentiated 

chondrosarcoma (Figure 2.7). There is a very significant linear correlation between the 

AI and MI (p<0.0090; r=0.6294).

2.3.3 L ip o s a r c o m a

The extent of apoptosis in liposarcoma was assessed as outlined in section 2.2.8. 

Table 2.3 summarises the apoptotic indices, mean (and range), recorded in different 

grades of liposarcoma.

Subtype/Tumour Grade AI
Mean (and Range)

Lipoma-like and sclerosing, G1 0

Myxoid, G1 0

Cellular myxoid, G2 0.2% (0.1-0.6%)

Round cell, 03 1.0% (0.3-1.8%)

Table 2.3 Apoptotic Indices in liposaroma

The extent of apoptosis in liposarcoma is variable and is related to grade and the 

percentage of morphologically undifferentiated tumour cells. Although AI are generally 

low in liposarcoma, relatively small changes in AI represent significant changes in 

tumour cell kinetics.
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Abl expression in liposarcoma was assessed in these cases using the 

immunohistochemical staining technique detailed in section 2.2.7.4 and 2.2.7.5, and the 

results summarised in Table 2.4. Abl angiogeneic vessel staining is most intense in 

myxoid liposarcoma in which a network of capillaries is prominantly observed.

Subtype/T u mour 

Grade

Apoptosis

(AI)

Abl tumour cells Abl angiogenic vessels

Lipoma like, G1 0 ++ 0

Sclerosing, G1 0 ++ 0

Myxoid, G1 0 +++ +++

Cellular myxoid, 02 0.2% ++ +/++

Round cell, G3 1.0% 0 0

Table 2.4 Abl expression in relation to liposarcoma subtype and grade, angiogenic 

vessel staining and apoptosis. Corresponding Figures 2.8 and 2.9.

2.3.4 B r e a s t  CARCINOMA

Normal breast tissue demonstrates moderate Abl expression in myoepithelial 

cells, but no staining of epithelial cells (O’ Neill et al, 1997). Abl immunostaining is 

quite variable in both the formalin fixed and fresh frozen breast tissue included in this 

study. Tumour cells are occasionally weakly to moderately positive (+/++), with staining 

predominatly nuclear although some cytoplasmic staining is also observed. Staining of 

tumour microvessels is weak and infrequent, although the vessels are often difficult to 

identify particularly in the frozen material. Interestingly, Abl expression in microvessels 

and capillaries is occasionally observed in an area in which tumour cells appear negative. 

Abl immunoreactivity in breast carcinoma is summarised in Table 2.5. Corresponding 

Figure 2.10 illustrates Abl immunoreactivity in tumour microvessels of breast carcinoma.
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Subtype/Grade Abl tumour cells Abl angiogenic vessels

Infiltrating lobular carcinoma +/++ +

Infiltrating ductal carcinoma +/-H- +

In-situ ductal carcinoma + +

Tubular carcinoma ++ ++

Table 2.5 Abl expression in tumour cells and tumour microvessels of breast carcinoma. 

2 .3 .5  Ga s t r i c  c a r c in o m a

Abl expression in gastric adenocarcinoma was assessed immunohistochemically as 

detailed in section 2.2.7.5. The results obtained are outlined in Table 2.6

Subtype/Grade No. Cases Abl tumour cells Abl angiogenic vessels

Diffuse type 6 ++ ++

Intestinal type 5 + +

Table 2.6 Abl expression in gastric adenocarcinoma. Moderate to intense Abl staining 

of tumour cells and tumour microvessels is observed in diffuse signet ring carcinoma of 

stomach. Weaker staining of tumour cells and vessels is observed in the intestinal type 

gastric adenocarcinoma. Corresponding Figure 2.11 illustrates Abl expression in diffuse 

type gastric adenocarcinoma.

There is no significant difference in the AI recorded for these two different type of gastric 

carcinoma (O’Neill et al, unpublished data).
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2.3.6 P l a c e n t a

Very early placenta (6-7wks) shows strong nuclear Abl staining of fibroblast 

precusors, blood vessels and some connective tissues. Staining is also observed but to a 

weaker extent in placenta at 8-lOwks. This is in contrast to the mature placenta in which 

there is no Abl staining of blood vessels or blood cells. There is faint staining (+) of 

surface trophoblast in mature placenta. Moderate staining (++) of the amnion and 

umbilicus is also observed in placenta of 38-42wks gestation.

Moderate to intense Abl staining is observed in the blood vessels of the villi of 

ectopic gestations, particularly in one earlier case (6-7wk old). There is weak staining (+) 

of the cytoplasm of endometrial glands but no staining of maternal blood vessels. Figure 

2.12 shows moderate Abl protein expression in the developing umbilical cord fibroblasts 

of Wharton’s j elly.

37



C h a pter  2

Figure 2.2 Abl immunostaining in normal chondrocytes. Intense nuclear Abl 

staining is observed in adult tracheal cartilage.

Figure 2.3 Abl immunostaining negative control. The primary antibody is 

preabsorbed with the immunizing peptide, completely obliterating staining.
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Figure 2.4 Abl expression in enchondral ossification of fetal rib. Intense Abl 

immunoreactivity is observed in osteoblasts and proliferating blood vessels at the 

growth plate. Adjacent hypertrophic chondrocytes show minimal or no staining, and 

one (indicated by arrow) has undergone apoptosis.
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Figure 2.5 Abl expression in grade 2 chondrosarcoma. The chondrocytes of 

Grade 2 chondrosarcoma show strong Abl expression. Staining is predominantly 

nuclear, although some cytoplasmic and membranous staining is also observed.
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Figure 2.6 Abl expression in high grade chondrosarcoma. Abl immunoreactivity 

is minimal or absent in the poorly differentiated chondrocytes of Grade 3 

chondrosarcoma.

Figure 2.7 Abl expression in dedifferentiated chondrosarcoma. This figure 

contrasts the intensity of Abl immunostainmg in the area of low grade tumour 

(strongly stained) and the adjacent area of dedififerentiation (weakly stained).
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Figure 2.8 Apoptosis in high grade chondrosarcoma. H&E stain of Grade 3 

chondrosarcoma showing morphological evidence of apoptosis in poorly 

differentiated chondrocytes.
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Figure 2.9 Abl expression in myxoid liposarcoma. The arrow indicates the 

intense Abl immunostaining in the maturing tumovu- cells and neovasculature of 

myxoid liposarcoma.
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Figure 2.10 Abl expression in cellular myxoid liposarcoma. Abl immunostaining 

is absent in imdifferentiated cells and moderately strong in lipoblasts, adipocytes and 

blood vessels.

Figure 2.11 Abl expression in breast carcinoma. Variable Abl staining is observed

in tumour cell nuclei and cytoplasm in breast carcinoma. The arrow highlights 

moderate Abl immunoreactivity in angiogenic micro vessels of breast carcinoma.
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Figure 2.12 Abl expression in gastric carcinoma. Intense Abl expression in both 

tumour cells and microvessels in diffuse type signet ring carcinoma of stomach.

Figure 2.13 Abl immunostaining in umbilical cord. Umbilical cord fibroblasts of 

Wharton’s jelly show variable Abl expression.
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2.4 D is c u ssio n

2.4.1 A b l  e x p r e s s io n  i n  n o r m a l  f e t a l  c h o n d r o c y t e s

Table 2.1 summarises the typical staining patterns observed in the various zones 

of the developing fetal limb. The immature chondrocytes of the bone shaft exhibit a 

scattered staining pattern, with approximately 70% of cells staining Abl positive. The 

Abl protein seen here is predominantly nuclear in location. This staining pattern is seen 

in serial sections along the bone shaft into the proliferative zone, with 70-80% of the 

mature chondrocytes showing Abl immunoreactivity. Staining is predominantly nuclear 

although some cytoplasmic and membranous staining was observed.

Figure 2.4 shows the typical staining pattern observed at the growth plate of fetal 

cartilage. The Abl oncoprotein is minimal or absent in those hypertrophic chondrocytes 

which are about to undergo apoptosis. Apoptotic cells, although infrequent, were visible 

at the growth plate from 16 weeks gestation. Therefore, the distribution o f Abl staining is 

consistent with the developing chondrocytes progressive requirement for maturation, 

terminal differentiation and apoptosis. Striking Abl immunoreactivity was seen in the 

osteoblasts and their associated neovasculature at these sites of enchondral ossification. 

No differences in staining pattern were observed in fetuses of different gestational ages.

Enchondral ossification is the process whereby tissue that initially consists 

completely o f  cartilage is replaced by bone (Brighton, 1994). Opposing views o f the fate 

of the hypertrophic chondrocyte have been put forward. Roach et al, 1995, describes the 

osteogenic differentiation of hypertrophic chondrocytes during enchondral ossification. 

Famum et al, 1989, propose that all hypertrophic chondrocytes are terminal cells which 

degenerate and die by apoptosis. Our results suggest that Abl inhibits apoptosis in 

maturing chondrocytes but is lost in the hypertrophic chondrocytes about to undergo 

apoptosis. Although not conclusive, strong Abl expression in the proliferating osteoblasts 

and associated vasculature suggest a complementary survival role for Abl in the growth 

plate itself.
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2.4.2 A b l  e x p r e s s io n  i n  c h o n d r o s a r c o m a

The well differentiated chondrocytes of grade I and grade 2 chondrosarcoma 

show intense staining for the Abl oncoprotein (Figure 2.5), with approx. 90% of cells 

positive. Nuclear, cytoplasmic and membranous staining are all clearly evident. 

Apoptosis is minimal or absent in these low grade tumours (Table 2.2).

In contrast, the poorly differentiated chondrocytes of high grade tumours (grade 

III and dedifferentiated chondrosarcoma) showed absence o f or minimal and more diffuse 

Abl expression (Figure 2.6 and 2.7 respectively). Alongside this decrease in Abl 

expression is an increase in the extent of apoptosis (Figure 2.13) suggesting that a large 

reduction or absence of the Abl protein increases the susceptibility of tumour cells to 

apoptosis in grade 3 chondrosarcoma (Table 2.2).

The results provide further support for a previously described role for Abl 

inhibition of apoptosis: low grade tumours have intense Abl expression and minimal 

apoptosis and high grade tumours have weaker Abl expression and more conspicuous 

levels of apoptosis. It is likely however that the increased apoptosis and greater mitotic 

activity of high grade chondrosarcoma involves the participation of additional gene 

products and other factors associated with increased genomic instability (O’Donovan et 

al, 1999; Staunton & Gaffney, 1998). The contrast between Abl expression in well and 

poorly differentiated tumours is highlighted in tumours such as that shown in Figure 2.7. 

The differing intensities of Abl expression in the two components of dedifferentiated 

chondrosarcoma is quite marked.

There was a significant correlation between apoptotic and mitotic indices in 

chondrosarcoma (p < 0.0114 and p < 0.0114 respectively). The absence of mitoses 

observed in low grade chondrosarcoma has previously been documented (Bjomsson et al, 

1998; Staunton & Gaffney, 1998). This may be related to the relatively more rapid 

completion o f mitoses, and is a relationship that has been previously documented in other 

tumour types (Staunton & Gaffney, 1998).
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The polyclonal antibody used is unable to distinguish between the different 

isoforms of Abl. However, it is interesting to note that the intense nuclear staining 

characterisitic of type I c-abl mRNA is found in the well differentiated grade I tumours. 

This is in keeping with the findings of M*^Whirter et al, 1991 and Franz et al, 1989, who 

each identify type I c-abl mRNA as the important isoform for cellular differentiation. 

The membrane-associated type IV isoform is demonstrated by these groups to be 

involved in inhibition of apoptosis. In this study, membrane staining is most evident in 

the low grade chondrosarcoma which had minimal or no apoptosis.

2.43 A b l  e x p r e s s i o n  i n  l i p o s a r c o m a

The mature adipocytes and lipoblasts of the low grade liposarcoma, 

lipoma-like and sclerosing liposarcoma showed strong Abl immunoreactivity. Staining 

was predominantly membranous and cytoplasmic, and these tumours had minimal or no 

apoptosis (Table 2.3). The fibroblast-like preadipocytes of these tumours remained 

unstained.

In contrast, there was no staining of tumour cells or blood vessels in round cell 

liposarcoma in which apoptosis was conspicuous (Table 2.4). There was intense Abl 

expression in the plexiform blood vessels of myxoid liposarcoma (Figure 2.9). Intense 

Abl expression correlates with differentiation and lack of apoptosis or mitoses in 

liposarcoma. This would suggest cellular differentiation, anti-apoptotic and anti

proliferative functions of the Abl oncoprotein. Lack of Abl expression in round cell 

liposarcoma may partly explain its susceptibility to apoptosis and greater cell 

proliferation.

Of great interest is the apparent differential expression of Abl in the tumour 

microvessels of myxoid liposarcoma. Normal blood vessels do not express Abl. 

However, the selective Abl expression in physiological angiogenesis (early placental villi 

and the proliferating vessels during enchondral ossification) supports a possible 

previously undescribed role for Abl in angiogenesis.
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2 .4 .4  A b l  e x p r e s s io n  i n  b r e a s t  c a r c in o m a

The results demonstrate that Abl is weakly to moderately expressed in tumour cells of all 

grades of breast carcinoma investigated in this study, although weakest in the cases of In- 

situ ductal carcinoma. The staining is quite variable within the tissue sections. Abl 

immunostaining in the tumour cells is predominantly nuclear although cytoplasmic 

staining is also present. Figure 2.11 illustrates the staining of tumour cell nuclei in breast 

carcinoma. Abl immunoreactivity is also noted in some angiogenic microvessels (Table 

2.5). Staining of vessels is weak (+, or ++ in tubular carcinoma) and often difficult to 

identify. Interestingly, tissues and structures that normally show no staining for Abl (e.g. 

breast lobular epithelium), occasionally showed Abl immunoreactivity in the vicinity of 

Abl positive tumour cells

2 .4 .5  A b l  e x p r e s s io n  i n  g a s t r ic  c a r c in o m a

A series of 11 cases of gastric carcinoma were stained for Abl, six diffuse type and five 

intestinal type. Intense Abl expression is observed in the diffuse signet ring carcinoma of 

the stomach, and weaker staining in the intestinal type (Table 2.6). Abl expression is 

variable in signet ring carcinoma, with tumour microvessel staining most prominent in 

less cellular, myxoid areas. Figure 2.12 clearly illustrates strong Abl expression in a 

vessel of diffuse type signet ring carcinoma. In normal gastric tissue, weak or focal Abl 

expression is observed in the gastric crypts while no Abl staining is observed in normal 

blood vessels. No significant difference is found between apoptotic indices in diffuse 

adenocarcinoma and intestinal-type gastric carcinoma, or between signet ring cell and 

undifferentitated areas in diffuse gastric adenocarcinoma (data not shown, O’Neill et aJ).

2 .4 .6  A b l  i n  PLACENTA

The placenta provides an excellent site for the study of normal angiogenesis. 

Vessels develop from the mesenchyme and develop to form a network o f capillaries. The 

most intense Abl imraunoreactivity is observed in the early placenta (6-7wks). Strong 

nuclear staining of c-Abl is observed in the developing endothelium, and moderate
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staining of some connective tissues is also noted. A similar staining pattern, but less 

intense is observed in early placentas older than 8wks. Particularly strong Abl protein 

expression was observed in the vessels of one early ectopic pregnancy.

In the later normal placenta cases (28-42wks), umbilical cord fibroblasts of 

Wharton’s jelly show variable moderate to intense Abl staining (Figure 2.13). Similar 

immunoreactivity is observed in umbilical cord blood vessels, the amnion and chorion. 

Surface trophoblasts are weakly positive for c-Abl, but there is no staining in maternal 

blood vessels.

2.5 C o n c l u sio n s

We have demonstrated differential Abl expression in a variety of normal tissue 

and tumour types. Intense Abl expression in differentiating chondrocytes, growth plates, 

adipose cells and the umbilical cord strongly suggest hitherto undescribed functions for 

Abl in the differentiation and survival of specific connective tissue. Loss of Abl 

expression in hypertrophic chondrocytes at the growth plate coincides with Abl 

expression in proliferating osteoblasts and formation of new blood vessels. Abl therefore 

appears to be an important factor in the events leading to enchondral ossification.

Abl expression was moderate to intense in low grade liposarcomas and 

chondrosarcomas, both of which were shown to have negligible apoptosis (Staunton & 

Gaffney, 1995) and low proHferative indices (Hasegawa et al, 1995; Remmelink et al, 

1994). Abl expression correlated with the degree of differentiation and levels of 

apoptosis in the tumour groups investigated in this study. It is important to note however 

that expression of a single apoptosis-modulating gene product does not always correlate 

with net apoptosis (O’Neill et al, 1996; Tormanen et al, 1995) and hence the interaction 

of c-abl with other oncogenes/tumour suppressor genes must be considered.

Another significant finding in this study is the expression of Abl protein in the 

microvessels in liposarcoma, breast carcinoma and diffuse type signet ring carcinoma of
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the stomach. We have also demonstrated moderate Abl staining in the neovasculature 

during enchondral ossification, in fibroblast precursors and vessels in early placental villi 

and in umbilical cord blood vessels. As previously stated, Abl protein expression is not 

usually seen in normal adult blood vessels. This raises the possibility that Abl, like many 

other oncogene products, might be either directly or indirectly angiogenic. In order to 

validate the significance of the immunohistochemical observations, it was decided to 

investigate more fially the role of c-abl at the mRNA level.
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3.1 In t r o d u c t io n

Many diseases result from the inadequate or inappropriate spatial expression of 

specific genes. Consequently, an understanding of the exact site and level of expression 

of the gene(s) involved is often important in elucidating the molecular basis of disease. 

Analysis o f specific cells or tissues over time courses o f growth or differentiation can 

give valuable information about tissue and temporal specificity o f RNA expression. 

Gene expression can be analysed at either the protein or mRNA level, however 

measurement of the amount of a protein present gives no indication of its rate of 

synthesis. In Chapter 2, differential expression of the Abl protein was observed by 

immunohistochemistry during enchondral ossification, tumour cell differentiation and 

apoptosis and in angiogenesis. Evaluating the amount o f mRNA coding for a specific 

protein is assumed to reflect more accurately the rate at which the cell is making that 

protein.

Regulation of gene activity pertains to all the steps involved in protein synthesis and 

protein function. In eukaryotic cells, there are four primary levels of control of gene 

activity (Figure 3.1);

1. Transcriptional control: There are a number of mechanisms that serve to control 

which genes are transcribed and/or the rate at which transcription occurs

2. Post-transcriptional control: Differential processing o f mRNA and also the speed at 

which mRNA leaves the nucleus can affect the amount of gene expression finally 

realised.
3. Translational control: The life expectancy of mRNA can vary, as can its ability to 

bind ribosomes. It is also possible that some mRNA may need additional changes 

before they are translated at all.

4. Post-translation control: Even after translation has occurred, the polypeptide 

product may have to undergo additional changes before it is biologically functional.
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Figure 3.1 Levels at which control of gene expression occurs in eukaryotic cells. 

Transcriptional and post-transcriptional control occur in the nucleus, translation and 

post-translational control occur in the cytoplasm (Mader, 1990).
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Gene transcription is the dominant control point in the production of any protein 

and is carefully regulated through the combined activities of a number of highly 

specialised nuclear proteins. RNA, like DNA is comprised of a long chain of individual 

nucleotide bases. As its name implies however, RNA contains a ribose sugar group 

rather than the deoxyribose group found in DNA. RNA is usually single stranded and is 

synthesised from DNA in a complementary manner. In addition, RNA contains the base 

uracil (U) instead of the thymine (T) base found in DNA.

The ability to perform molecular analysis on formalin-fixed paraffin embedded 

material has many applications in both investigative studies and clinical diagnoses. 

Applying RT-PCR (reverse transcription polymerase chain reaction) techniques to such 

material provides the most useful means of retrospective analysis of nucleic acids which 

may be partially degraded due to the effects of tissue devitalization, processing and 

paraffin embedding. However, RNA detection by PCR in archival material is faced with 

a number of technical difficulties. The relatively short half-life of mRNA can lead to a 

higher level o f RNA degradation prior to fixation. Tissues processed for pathological 

analyses are subject to hydration, fixation and paraffin embedding in conditions that are 

not RNAse (ribonuclease) free. In addition, formalin is a cross-linking agent which can 

introduce ‘nicks’ into nucleic acids.

3.1.1 E f f e c t  o f  F ix a t io n  o n  t h e  A m p l if ic a t io n  o f  N u c l e ic  A c id s  f r o m  

ARCHIVAL m a t e r ia l

A  study published by Ben-Ezra et al, 1991, investigated the effect of fixation type 

and time on amplification of RNA from paraffin embedded tissues. They confirmed the 

results of other investigators (Goelz et al, 1985; Warford et al, 1988; Bramwell & Bums, 

1988; Greer et al, 1990) demonstrating the deterioration of PCR signal obtained from 

formalin fixed tissues with increasing fixation time. The results also showed that 

ethanol-based neutral-pH fixatives are less damaging to nucleic acids than formalin based 

fixatives, which is in keeping with the findings of other groups (Greer et al, 1991, 

Jackson et al, 1990; Rogers et al, 1990). Ethanol, because of its lack o f cross binding, is 

also an excellent fixative for immunohistochemistry (Battifora & Kopinski, 1986).
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Extreme difficulty is encountered in trying to extract RNA from Zenker’s, Bouins or B-5 

fixed samples (Ben-Ezra et al, 1991).

The age of the tissue specimen must also be taken into consideration for 

investigators proposing a study on archival material. Shibata et al, 1988, successfully 

amplified DNA from archival paraffin embedded material which was 40 years old. 

Goelz et al, 1985, reported that the size of DNA fragments amplifiable from four to six 

year old samples is often significantly smaller than those fi"om samples less than two 

years of age. Assuming however that paraffin blocks are stored in a reasonably 

controlled environment, it seems likely that little further degradation occurs after 

formalin fixation and embedding due to inactivation of nucleases during processing.

Tissues for histopathology based examination are usually preserved in a fixative 

aimed at preservation of morphology. Although RNA is extensively damaged during 

histological processing, small intact fragments survive that can function as templates for 

RT-PCR. Unfortunately, several factors such as the time interval between tissue 

resection and processing and the quality and duration of formalin fixation may vary 

greatly firom specimen to specimen.

3.1.2 H a n d l in g  o f  RNA s a m p l e s

Ribonucleases (RNAses) are very stable and active enzymes that generally do not 

require any cofactors to function. RNA in sample material is subject to degradation by 

such intracellular enzymes until it is flash frozen, processed or disrupted and 

homogenised in the presence of RNAse-inhibiting or denaturing agents. It is imperative 

therefore that samples are stored at -70°C or are processed as soon as they are harvested. 

Since RNAses are difficult to inactivate and only minute amounts are sufficient to 

destroy RNA, plasticware and glassware must first be treated to eliminate possible 

RNAse contamination. Solutions and glassware should first be treated with 0.1%v/v 

DEPC (diethylpyrocarbonate). DEPC is a strong but not absolute inhibitor of RNAses, 

which acts by covalent modification of RNAses. Residual DEPC must be removed by
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heating solutions to 100°C as trace amounts o f  DEPC will modify purine residues in 

RNA by carboxymethylation. Carboxymethylated RNA is translated with very low 

efficiency in cell free systems.

3.1.3 Q u a n t i t a t i o n  o f  t o t a l  RNA

The concentration and purity o f  RNA can be determined by measuring the 

absorbance at 260nm (A260) and 280nm (A280) in a spectrophotometer. An absorbance 

reading o f  1 unit at 260nm corresponds to 40|u,g o f  RNA per ml (valid for measurements 

in water only). The ratio between the readings taken at 260nm and 280nm (A260/A 280) 

provides an estimation o f  the purity o f  RNA. This ratio is however influenced by pH.

Agarose gel electrophoresis and ethidium bromide staining can verify the integrity 

and size distribution o f total RNA purified. The ribosomal bands should appear as sharp 

bands, although this is not always true o f  the more degraded RNA extracted from 

archival material. It is also important to note that no currently available purification 

method can guarantee that RNA is completely free o f DNA, even when the DN A is not 

visible on an agarose gel.

3.1.4 C o n t r o l  g e n e s  i n  r e v e r s e  t r a n s c r i p t a s e - p o l y m e r a s e  c h a i n  r e a c t i o n  

a s s a y s

Determining the presence o f  ‘amplifiable’ RNA is an essential control step in any 

RT-PCR experiment. Until quite recently, amplification o f  the (3-actin gene was the most 

widely used approach to determining the quantity o f intact RNA in a given sample. 

However, the human genome has at least 19 processed (3-actin pseudogenes (Leavitt et al, 

1984), which can result in amplicons from genomic DNA having similar size to those 

generated from cDNA. In addition P-actin is a highly expressed gene and yields strong 

amplification signals even in the presence o f  very small template amounts. This may 

lead to misinterpretation o f  PCR assays if  the gene under investigation is expressed at a 

markedly lower level. Consequently, alternative housekeeping genes for RNA analysis 

have been sought.
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Throughout the Hterature, numerous genes have been cited for use as 

housekeeping genes for the purpose of quantitative RT-PCR experiments. Finke et al, 

1993 demonstrated the porphobilinogen deaminase (PBGD) gene to be a suitable 

candidate housekeeping gene for RNA analysis from formalin-fixed, paraffin-embedded 

tissues by RT-PCR. PBGD is a cytosolic enzyme involved in the heme biosynthesis 

pathway and is expressed ubiquitously in a tissue-specific manner. Despite much 

evidence that Abl expression in tissues changes in response to such cellular events as 

differentiation and apoptosis (O’Neill et al, 1997; 0 ‘Donovan et al, 1999) and during 

tumour angiogenesis (Russell et al, 1998b,c), some investigators continue to use c-abl as 

a reference gene for RT-PCR analyses (Mannhalter et al, 2000).

In choosing a suitable control gene for RT-PCR analysis, the following points 

should be considered: (1) suitable genes should have no pseudogenes in the human 

genome and should be ubiquitously expressed at a level which does not differ greatly 

from that of the gene under investigation (2) RT-PCR products from control genes should 

be mRNA/cDNA specific. This may be achieved using primer combinations which will 

yield PCR products o f different size from cDNA and genomic DNA templates. 

Alternatively, primers should span exonic boundaries such that only cDNA and not 

contaminating genomic material can be amplified.

Glyceraldehyde-3-phosphate dehydrogenase is widely used as a housekeeping 

gene for quantitative RT-PCR assays. The suitability of GAPDH, along with Human 

PKG and P-2-microglobulin as a control gene is evaluated and discussed in section 6.3.1. 

Briefly, however, it is demonstrated that GAPDH is a suitable house-keeping gene in the 

evaluation of c-abl mRNA from formalin fixed, paraffin embedded tissue.

3.1.5 Q u a n t it a t iv e  PCR S t r a t e g ie s

To date several procedures have been proposed for the accurate detection and 

measurement o f PCR products. The most common method employed is gel 

electrophoresis and ethidium bromide staining o f the bands. Agarose or acrylamide gels
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can be used, the latter giving better resolution of bands differing by only a few bases. 

The use of radioactively labelled dNTP’s or oligonucleotides can provide a more 

sensitive procedure than ethidium bromide staining. After electrophoresis, the labelled 

bands can be visualised by autoradiography and/or scanning densitometry.

3.1.5.1 Competitive PCR

Competitive PCR represents a reliable approach to nucleic acid quantitation and is based 

on the addition of a competitor target (RNA or DNA) to the PCR reaction. The 

competitor template should have the same primer recognition sites and amplify as 

efficiently as the target template. During the annealing step of PCR, the nucleic acid 

target and competitor target compete for the primers. After PCR the two amplicons are 

separated by conventional agarose gel electrophoresis and the ratio between the two

species is evaluated. By comparing the signal generated by the target template to that of

known concentrations of the competitor, accurate quantitation can be achieved. Since

the initial amount of competitor is known, the amount of target DNA is estimated

according to the T:C ratio, where:

T = amount of amplification product fi-om the target 

C = amount of amplification product from the competitor

When the T:C ratio equals 1, the initial concentration o f target DNA corresponds to the 

amount of competitor DNA (Figure 3.2). An ideal competitor for quantitative PCR 

should be:

1. amplified with the same primers as the target DNA

2. distinguishable from target DNA (e.g. different size, different restriction

fi'agment pattern etc.)

3. purified and obtained at a known concentration
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Amount o f Competitor (copy number) 

10^ 10* 10’  10®

Target

Competitor

0.32T:C 3.210 1
Log (T:C) 1 0.5 0 -0.5

Figure 3.2 Competitve PCR. Samples are analysed by agarose gel electrophoresis and 
the amount o f competitor required to give a ratio of 1 is determined. In this example, the 
amount of target DNA corresponds to 10̂  copies of competitor.

It is important to recognise that the use of DNA competitors for RNA quantitation 

may be erroneous due to the large variability of reverse transcription efficiency. 

Competitors may be used as either internal or external standards (Hoof et al, 1991; 

Sestini et al, 1996). In the latter case the competitor is amplified independently to the 

sample and used to generate a standard curve. This strategy does not therefore take into 

account the variability of PCR between one tube and the next. The most accurate 

protocol appears to be the use of the competitor as an internal standard in which a known 

amount of the competitor is added to each assay tube.

3.1.5.2 Fluorescence based Quantitative PCR

In 1991, Holland et al described a novel procedure for the detection of a specific nucleic 

acid sequence based on the use of a fluorogenic probe. The probe is designed to 

hybridise within the target sequence and generate a signal proportional to the amount of 

original starting template. The TaqMan 5’ Exonuclease Assay System fi-om PE 

Biosystems described below provides an innovative procedure for DNA and RNA 

quantitation.
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3.1.5.3 Principles of TaqMan® 5’ Exonuclease Assays

The development of 5’ nuclease assays represents a significant advance in nucleic 

acid quantitation. In such assays, the release of a fluorescent reporter dye from a 

hybridisation probe in real time during PCR is proportional to the accumulation of PCR 

product. TaqMan PCR uses a primer pair (as in conventional solution phase PCR) and 

an internal oligoprobe, called a TaqMan® probe. The TaqMan® probe consists of an 

oligonucleotide 20-30 bases in length with a 5’ reporter dye, a 3’ quencher dye and a 3’ 

blocking phosphate. The fluorescent reporter dye e.g. FAM (6-carboxy-fluoroscein), is 

covalently linked to the 5 ’ end of the oligonucleotide probe. TET (tetrachloro-6-carboxy- 

fluoroscein) and HEX (hexachIoro-6-carboxy-fluoroscein) can also be used as fluorescent 

reporter dyes in this system. Each of these dyes is quenched by TAMRA (6-carboxy- 

tetramethyl-rhodamine) that is attached by a LAN (linker-arm-modified nucleotide) to the 

3’ end of the probe. The 3’ blocking phosphate groups prevents probe elongation during 

the extension step.

When the probe is intact (linearised), the proximity of the reporter dye to the 

quencher dye results in direct suppression of the fluorescence of the reporter dye by 

Forster-type energy transfer. During PCR, if the target of interest is present, the probe 

will specifically anneal between the forward and reverse primer. Due to the nucleolytic 

activity of the AmpliTaq® DNA Polymerase, the probe is cleaved between the reporter 

and quencher sequence only if the probe is hybridised to its target. The release of the 

fluorescent reporter only occurs if target specific amplification occurs, obviating the need 

to confirm the amplicon following amplification. The absence of post-amplification 

manipulation is a significant factor in reducing the possibility of cross-contamination of 

samples. Another feature of the TaqMan assay aimed to prevent sample carry over is 

the use o f  uracil-A^-glycosylase (UNG) before amplification. The incorporation of dUTP 

instead of dTTP into the PCR amplicon allows specific degradation of possible PCR 

product contaminants prior to amplification. The first denaturation step (heating to 95°C) 

serves to inactivate the UNG before the specific PCR product is generated.
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Schematic of TaqMan® PCR

1, Double Stranded DNA Template

2. Annealing of TaqMan® probe with reporter (R) and quencher (Q) 
moieties

# f i

3. Primer extension and probe cleavage due to 5’ exonuclease activity 
o f Taq polymerase, resulting in release o f reporter (R) from quencher 
(Q) molecule.

Figure 3.3 Principles of TaqMan® PCR (adapted from PE Biosytems Manual)
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The target specific oligonucleotide probe used in such assays is advantageous for 

3 reasons: (1) generation of reporter fluorescence is only observed if amplification of the 

target specific sequence occurs, (2) the release of the reporter dye is dependent on the 

starting copy number of the target template thus giving rise to a quantitative assay (3) 

sensitivities as low as 1-5 viral copies in 10  ̂mammalian sequences have been detected 

(Kennedy et al, 1998).

3.1.5.4 Probe Design - Primer Express™

TaqMan® primer and probe sets can be designed using the Primer Express Software™, PE 

Biosystems. The DNA/cDNA sequence of interest is imported in any of a number of

formats including MS Word and Simple Text documents, or downloaded directly from

GenBank or alternative gene databases. For RNA analyses it is important to ensure that 

the exonic boundaries are clearly marked as it desirable to select primer/probe sets which 

will span exons. Using this strategy, only cDNA corresponding to spliced mRNA and 

not contaminating genomic DNA can be successfully amplified.

The optimum design parameters are set as default, the following being the most crucial 

factors in successfully designing TaqMan Probe and primers.

Primer Tm 58-60°C

20-80% GC (opt. 50%)

Length 9-40 bases

< 2°C difference in Tm of the two primers 

Maximum of 2 G/C at the 3’ end of forward primer

Probe Tm 1 Ô C higher than primer

20-80% GC (opt. 50%)

Length 9-40 bases 

N o G o n  the 5’ end

< 4 contiguous G’s
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Must not have more G’s than C’s

Amplicon 50-150bp in length

3’end of forward primer as close to probe as possible without overlapping

The Primer Express Software will identify all TaqMan® primer and probes in the 

area defined by the user and assign a penalty score to each set based on how closely they 

comply with the above mentioned criteria.

3.1.5.5 ABI PRISM® 7200 Sequence Detection System

The 7200 SDS® Assay is based on end-point determinations o f the fluorescence emitted 

during a PCR reaction. Basically, the TaqMan® reactions are performed in 96 well plates 

on an Applied Biosystems 9600 thermal cycler and the plate then transferred to the ABI 

PRISM® 7200 SDS instrument where fluorescence in each well is recorded. The 

difference in fluorescence recorded in a sample well (Rn ) compared with that o f a no 

template control (Rn ) is referred to the AR„ value (Figure 3.4).

Sample

Baxine

Figure 3.4 Model o f sigmoidal amplification plot characterisitic o f a PCR. The early 

cycles o f PCR show no accumulation of fluorescence signal, and this defines the baseline
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or threshold level. The amplification plot is known as the ARn -  the plot of the change in 

fluorescence signal (Rn^ - Rn') versus cycle number of the amplification plot.

The following equation expresses the relationship of these terms:

AR„ =  ( R / )  -  (R„ )

where: Rn -  Emission Intensity of Reporter PCR with template
Emission Intensity of Passive Reference

Rn = Emission Intenisitv of Reporter PCR without template
Emission Intensity of Passsive Reference or baseline value

RNA samples are co-amplified for the gene of interest (i.e. c-abl) and a suitable house

keeping gene (i.e. GAPDH). ARn values are calculated for both the target gene and the 

house-keeping gene and a realtive ratio calculated for each sample (ARn c-abi /  ARn g a p d h ) .  

The relative ratio enables comparions of c-abl expression between samples.

The aim of this part of the study is to investigate c-abl mRNA expression in a variety of 

formalin fixed paraffin embedded tissues in order to substantiate the observations made 

in relation to Abl protein expression (Chapter 2). Extreme difficulties in successfully 

extracting and amplifiying RNA from such material have been widely reported (section 

3.1.1). We hypothesise that the smaller size amplicon of TaqMan® RT-PCR combined 

with the enhanced sensitivity of fluorescence based assay systems will permit analysis of 

mRNA expression levels where convenitonal solution phase PCR may fail.

54



C h a p t e r  3

3.2 M a t e r ia l s  a n d  M e t h o d s

3.2.1 M a t e r ia l

A variety o f tumour types were investigated by immunohistochemistry for Abl protein 

expression in Chapter 2. The same sample material is used in this part o f the study which 

examines c-abl mRNA expression using RT-PCR and TaqMan® 7200 technology 

(section 3.1.5.5). RNA extraction and amplification techniques are first optimised on 

RNA extracted from two different cell lines: HL60 and K562, both o f which are 

leukaemic cell lines known to express c-abl. Both cell lines are obtained from the 

ECACC.

3.2.2 RNA EXTRACTION FROM CELL LINES

High quality total RNA is extracted from cell lines using the RNeasy Mini Kits 

(Qiagen Ltd.). The RNeasy procedure combines the selective binding properties o f  a 

silica-gel-based membrane with the speed o f microspin technology. Stringent lysis o f 

biological samples with Guanidium Isothiocyanate (GITC) immediately inactivates 

RNases for isolation o f intact RNA. The technique employed enriches for mRNA and 

prevents RT-PCR mispriming by excluding RNAs below 200 bases unlike acid-phenol 

procedures.

Cells grown in monolayer in cell culture dishes may be lysed directly in the 

culture vessel using up to 700|il of lysis buffer. Cells grown in suspension should be 

pelleted by centrifugation at 330g for 5min. After centrifugation, supernatant is aspirated 

and up to 700|il o f lysis buffer is added. Cells are disrupted using the QIAshredder 

columns which are designed for rapid homogenisation of cell lysates without cross

contamination. The QIAshredder unit consists o f a unique biopolymer shredding system 

in a microcentrifuge spin column format. Lysates from up to 3 x 10^ cells can be 

processed in a QIAshredder unit. Briefly, a QIAshredder column is placed into a 2ml 

microcentrifuge tube. The cell lysate is transferred to the column by pipetting or
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decanting and centrifuged for 2min in a bench-top microcentrifuge at 14,000g. The spin 

column is then discarded.

350|J.l of the homogenised lysate is added to an equal volume of 70%v/v ethanol 

and mixed well by pipetting. Lysates should not be centrifuged at this point. The 700|il 

sample is applied to an RNeasy mini spin column sitting in a 2ml collection tube and 

centrifuged for 15sec at 8,000g. Flow-through is discarded and the collection tube can be 

re-used. Buffer RWl (700|o,l) is pipetted onto the RNeasy column and centrifuged for 

15sec at 8,000g to wash. Both flow-through and collection tube should be discarded. 

The RNeasy column is transferred into a new 2ml collection tube. Buffer RPE (500|j,l) is 

pipetted onto the column and centrifuged for 15sec at 8,000g to wash. The Buffer RPE 

wash is repeated, this time centrifuging for 2min to dry the RNeasy membrane. The 

RNeasy column is transferred to a new 1.5ml collection tube and 30p.l of RNase-free 

water pipetted onto the RNeasy membrane. The column should be centrifuged for Imin 

at 8,000g to elute the RNA. Total RNA may be stored at -20°C or -70°C in water.

3.2.3 RNA EXTRA CTION FROM PARAFFIN EMBEDDED MA TERIAL

As mentioned in section 3.1.1, RNA extraction from formalin-fixed paraffin 

embedded material is hampered by high levels of RNA degradation both prior to and 

during fixation. A number of protocols for RNA extraction were assessed for both yield 

and quality of RNA attainable.

3.2.4 P r o t o c o l s  f o r R N A  e x t r a c t io n  f r o m  f f p e  m a t e r ia l

3.2.4.1 AGPC (acid guanidium/thiocyanate/phenol chloroform extraction)

Guanidium thiocyanate (GuSCN) has been shown to be a powerful tool in the 

purification and detection of both DNA and RNA because of it’s potential to lyse 

cells combined with it’s potential to inactivate nucleases (Chomiczynski & 

Sacchi, 1987). The fundamental aim of a phenol extraction is the deproteinization
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of an aqueous solution containing the desired nucleic acids. The phenol reagent is 

mixed with the samples under conditions which favour the dissociation of 

proteins from nucleic acids. Centrifugation of the mixture yields two distinct 

phases: a lower organic layer containing the protein and the upper aqueous layer 

containing the intact nucleic acids. An important consideration for such 

extractions is pH. At pH5-6 DNA is selectively retained in the organic phase 

leaving RNA in the aqueous phase. An added advantage of using low pH during 

RNA isolation from biological samples is the reduced level of activity of many 

nucleases under these conditions. Several variations of the phenol chloroform 

extraction technique were assessed in combination with each of the methods of 

tissue homogenisation outlined in section 3.2.5. A major disadvantage of this 

technique is the toxicity of the individual reagents.

3.2.4.2 TRIzoF’'* Reagent (Total RNA Isolation Reagent), Life Technologies

TRIzol reagent is a ready-to-use reagent for the isolation of total RNA from cells 

and tissues. The reagent, a mono-phasic solution of phenol and guanidine 

isothiocyante, is an improvement of the single-step RNA isolation method of 

Chomiczynski & Sacchi, 1987. During tissue homogenisation the TRIzol reagent 

maintains the integrity of the RNA while disrupting cells and dissolving cell 

components. Addition of chloroform followed by centrifugation will cause 

separation of the organic and aqueous phases. RNA remains exclusively in the 

aqueous phase and may be recovered using a simple isopropyl alcohol 

precipitation. The simplicity of this techniques allows simultaneous processing of 

a large number of samples in approximately one hour.

3.2.4.3 RNeasy Mini Kit, Qiagen
The principles of the RNeasy mini kit are described in section 3.2.2. Briefly, 

biological samples are first lysed and homogenised (3.2.5) in the presence of a 

highly denaturing guanidium isothiocyanate containing buffer which immediately 

inactivates RNases to ensure isolation of intact RNA. A specialised high salt 

buffer system then allows up to 100|4,g of RNA longer than 200 bases to bind to
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the RNeasy siHca gel membrane. Ethanol is added to promote binding and all 

contaminants are efficiently washed from the column. The high quality RNA 

bound to the column is eluted in nuclease free water.

3,2.4.4 Centra PureScript™ RNA isolation kit, Flowgen

Centra PureScript™ RNA isolation kits allow purification of RNA from cells, 

tissues and body fluids. The kits employ a proprietary modified salt precipitation 

procedure combined with highly effective inhibitors of RNase activity. Isolated 

RNA is precipitated in the presence of 100%v/v isopropanol. A detailed 

explanation of the different stages of this protocol is given in section 3.2.6. 

Central to the success of any of the RNA extraction techniques is adequate tissue 

homogenisation to permit reagent access to the RNA. A number of methods of 

tissue homogenisation were evaluated in conjunction with the above-mentioned 

RNA extraction techniques.

3.2.5 M e t h o d s  o f  t is s u e  h o m o g e n i s a  t i o n

3.2.5.1 Homogeniser

Most tissues can be quickly and thoroughly homogenised with rotor-stator 

homogenisers. Because the rotor turns at very high speed, the tissue is rapidly 

reduced in size due to a combination of turbulence and mechanical shearing. The 

process is quite fast, and depending on the toughness of the tissue sample, desired 

results are obtainable in less than one minute. However, the probe of the 

homogeniser must be removed between each sample, carefully cleaned in 

0.1%v/v DEPC water, and subsequently autoclaved to inactivate residual DEPC. 

As a result only one sample can be processed at a time with a long interval 

between samples.

3.2.5.2 Narrow-bore syringe
This method of tissue disruption was employed in conjunction with the ACPC 

method of RNA extraction. Tissue sections are deparaffinised and rehydrated
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through graded alcohols as previously described. The guanidium solution is 

added to the pellet and the tissue is sheared by repeatedly drawing the tissue 

through a sterile narrow bore (18-20 gauge) syringe and expelling the homogenate 

back into the eppendorf. While this method is effective in homogenising the 

tissue, it can be difficult to perform as the syringe can become blocked with 

tissue. Expelling the contents under pressure to clear the syringe often results in 

splashing of the guanidium and therefore this method of homogenisation and was 

not deemed suitable for routine use.

3.2.5.3 Pestle & Mortar

Pestle and mortars are first treated with DEPC to eliminate any possible RNase 

contamination. The deparaffinised tissue pellet is placed in the mortar with the 

appropriate volume of lysis buffer. Initial attempts to grind the tissue at room 

temperature led to the generation of heat due to friction, which was detrimental to 

the RNA in the sample. Subsequent efforts involved placing liquid Nitrogen in 

the mortar dish prior to addition of the tissue pellet. The tissue is then 

homogenised under liquid Nitrogen and the homegenate is transferred back into 

an eppendorf tube. Much of the sample is however lost in this transfer step. In 

addition, this procedure results in very poor sample throughput due to the fact that 

the pestle and mortar must be DEPC treated and autoclaved between each sample.

3.2.5.4 Tube pestles

The most effective, reproducible and user friendly method of tissue 

homogenisation involves use of tube pellet mixers (Treff Lab), which are 

disposable pestles specifically designed to fit into 1.5ml eppendorf tubes. Once 

again the tissue is deparaffinised and rehydrated through graded alcohols. The 

appropriate volume of lysis buffer is added to the tissue pellet and the eppendorf 

is then immersed in liquid Nitrogen until the tissue/buffer is snap frozen. The 

tube pestles are then used to grind the tissue and the homogenate can then be used 

in the subsequent extraction procedure.
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3.2.6 M o d if ie d  PROTOCOL FOR R N A  e x t r a c t io n  f r o m f f p e  m a t e r ia l

The protocol for RNA extraction contains a number of changes to that 

recommended by the manufacturer (Flowgen PureScript, Centra Systems Inc.). Sections 

(2xl0|^m) are cut and placed in a sterile 1.5ml eppendorf. Xylene (500|il) is added and 

tubes incubated for 5min at room temperature with occasional mixing. The tissue is 

pelleted by centrifugation at 13,000g for 3min and the supernatant is discarded. The 

xylene wash is repeated three times to ensure tissue is completely de-paraffinised. 

Following this, samples are dehydrated by addition of 500)xl of 100%v/v ethanol to each 

tube. Tubes are incubated for 5min at room temperature before pelleting tissue by 

centrifuging at 13,000g and discarding ethanol.

Tissue disruption is achieved by first adding 300fJ,l of cell lysis solution to the de- 

paraffinised tissue homogenate. The tube is immersed in liquid Nitrogen until contents 

are snap frozen and the pellet is homogenised using a sterile tube pestle by grinding. 

Proteinase K (20|ag) is added to each tube and samples incubated overnight, with 

constant rotation at 50“C. The digests are cooled to room temperature and lOOp.1 

protein/DNA precipitation solution is added. The tubes are inverted 10 times and placed 

on ice for 5min. Tubes are centrifuged at 13,000g for 15min to give a tight pellet that 

contains the DNA and proteins.

The RNA-containing supernatant is carefully decanted into a clean sterile 

eppendorf tube containing 300|J.l 100%v/v Isopropanol. At this point, l|al glycogen 

(20|^g/^l), which acts as a carrier, is added to aid precipitation of the smaller fragments of 

RNA. The RNA is pelleted by centrifugation at 13,000g for 15min. The supernatant is 

carefully removed and the pellet washed twice in 70%v/v ethanol before being allowed to 

air dry for 15min. Finally, 25|j.1 of RNA hydration solution is added and samples are 

allowed to rehydrate for at least 30min on ice. RNA samples should be stored at -70  to -  

80°C and vortexed vigorously for 5sec before use.
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5.2.7 CDNA SYNTHESIS

The procedure used for cDNA synthesis using MuLV (Murine Leukaemia Virus) 

is only slightly modified compared to that recommended by the supplier. In a final 

volume o f 2Q\x\, the reaction mixture contains 0.5mM of each deoxyribonuclease 

triphosphate (dNTP), 2.5 units of MuLV Reverse Transcriptase, 1 unit RNAsin and 1 |xl 

random hexamers (2.5fiM). The reactions are heated at 25°C for lOmin and 45°C for Ihr, 

and the reaction was stopped by heating to 95°C for 5min. cDNA is stored at -20°C until 

used for PCR.

3.2 .8  S o l u t io n  P h a s e  R T-PC R  -  A bl  (A +C ) a s s a y

To ensure that the product of the double stranded amplification corresponds to 

mRNA, the primers are designed to span a long intron beyond the amplification possible 

with the PCR. Figure 3.5 outlines the approach taken in designing primers for RT-PCR 

experiments using the c-abl cDNA sequence.

8pmol of oligonucleotide primers corresponding to abl cDNA positions 450- 

474bp of exon 2 ttc age ggc cag tag cat ctg act t̂  ) and 621-650bp of exon 3 tgt gat 

tat age eta aga ccc gga get ttt^) are added to 2)j,l of RNA and expanded to a 25|il reaction 

with Ix EZ Buffer, 2.5mM each dNTP, 2.5U EZrTtH and Mn(0Ac)2 to a final 

concentration of ImM.

The reverse transcription step consists of heating the tubes to 58°C for 45 minutes. 

Following an initial denaturation step of Imin at 94°C, each of the 40 amplification 

cycles consists of denaturation at 94°C for 45sec, primer annealing at 55°C for 45sec and 

extension at 72°C for Imin. The resulting amplicon is 201bp in length.
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3.2.8.1 c-abl 7200 TaqMan® Assay Design

Section 3.1.5.4 outlines the design of TaqMan® primer and probe sets using 

Primer Express Software, PE Biosystems. Using the optimum design parameters as 

default, a suitable primer and probe set were selected for the c-abl TaqMan® Assay 

(Figure 3.5). Once again, primers were designed to span exonic junctions to ensure that 

products generated resulted from amplification of cDNA and not genomic DNA. The 

optimal amplicon size for TaqMan® assays is between 50-150bp. The selected 

oligonucleotides are as follows:

Forward Primer: exon 8 (1755-1787 bases)

 ̂gcc cag aga agg tct atg aac tca^

Reverse Primer: exon 9 (1846-1872 bases)

 ̂gag ata ctg gat tcc tgg aac att gt^

TaqMan Probe: exon 9 (1802-1823 bases)

 ̂ccc tct gac egg ccc tcc ttt ĝ  

5’ label = FAM 

3’ label = TAMRA

Amplicon length: 120bp

3,2.8.2 7200 TaqMan® Assay -  Primer Titration Curve

A primer titration curve is performed on all new TaqMan® primer and probe sets to 

determine the optimal concentration of primers for that assay. A standard master mix is 

prepared as outlined in Table 3.1.
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EXON 2  atgttggagatctgcx:tgaagctggtgggctgcsBatocaagaaggggctgtoctc
421 gtcctccagc tgttatctgg aagaagocct
481 tcagggtctg agtgaagccg ctcgttggaa ctccaaggaa aaccttctcg ctggacocag 
541 tgaaaatgac cccaaccttt tcgttgcact gtatgatttt gtggccagtg gagataocac 
601 tctaagcata actaaag 

EXON 3  gtg aaaagctocg ggtcctagnc tataaccaca aCggggaatg
■ ■ T a V w a ■ ■ ■ m w r k  m m m m m m m m m m m m

661 gtgtgaagoc caaaccaaaa atggccaagg ctgggtccca agcaactaca tcacgccagt 
721 caacagtctg gagaaacact cctggtaoca tgggoctgtg tcocgcaatg ocgctgagta 
781 tccgctgagc agcgggatca atggcagctt cttggtgcgt gagagtgaga gcagtoctag 
841 ccagaggtcc atctcgctga gatacgaagg gagggtgtac cattacagga tcaacactgc 
901 ttctgatggc aag 

EXON 4  ctctacg tctoctooga gagcx:gcttc aacacxrtgg cc^gttggt
961 tcatcatcat tcaacggtgg ccgacgggct catcaccacg ctccattatc cagocccaaa 
1021 gcgcaacaag cccactgtct atggtgtgtc ccccaactac gacaagtggg agatggaacg 
1 (^1 cacggacatc accatgaagc acaagctggg cgggggccag taoggggagg tgtacgaggg 
1141 ogtgtggaag aaatacagcc tgacggtggc cgtgaagacc ttgaag 

EXON 5 gagg a<~.arrgtgja

1201 ggtggaagag ttcttgaaag aagctgcagt catgaaagag atcaaacacc ctaacctagt 
1261 gcagctcctt g 

EXON 6  gggtctgca cxx:gggagoc co c^ c ta t atcatcactg agttcaCgac
1321 ctacgggaac ctcctggact acctgaggga gtgcaacx^gg caggaggtga acgccgtggt 
1381 gctgctgtac atggcxactc agatctcgtc agccatggag tacctagaga agaaaaactt 
1441 catccacag

EXON 7  a gatcttgctg coogaaactg cctggtaggg gagaaccact tggtgaaggt
1501 agctgatttt ggcctgagca ggttgatgac aggggacacc tacacagcoc atgctggagc 
1561 caagttcccc atcaaatgga ctgcacocga gagcctggcc tacaacaagt tctccatcaa 
1621 gtccgacgtc tggg 

EXON 8  catttg gagtattgct ttgggaaatt gctacctatg gcatgtcccc
1681 ttacccggga attgaccgtt ccxaggtgta tgagctgcta gagaaggact acogcatgaa 
1741 gcgcccagaa ggctgcccag agaaggtcta tgaactcatg cgagcat 

EXON 9  gttggcagtggaa
1801 tcoctctgac cggcoctcct ttgctgaaat ccaccaagcc tttgaaacaa tgttccagga 
1861 atccagtatc tcagatjg 

EXON 1 0  aagtg^aaaggagctggggaaacaaggcgtccgtggggctgt
1921 gactaccttg ctgcaggccc cagagctgcc caccaagacg aggacctcca ggagagctgc  ̂
1981 agagcacaga gacaccactg acgtgcctga gatgcctcac tccaagggcc agggagagag 
2041 eg

AM.CAtPJl.Pri'Tlffr?
Abt TaqMan Probe 
Abl TaqMan Primers

Figure 3.5 Strategy for primer design in RT-PCR experiments. The c-abi 

exon boundaries are clearly marked. In both the conventional solution phase 

RT-PCR assay (Abl A+C primers) and the c-ab/ TaqMan® assay, forward and 

reverse primers are located in different exons.
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Reagent Concentration 

(per reaction)

Glycerol 6|xl

Buffer A IX

MgCl2 5mM

DATP 400^M

DGTP 400|uM

DUTP 400^M

DCTP 400^M

AmpIiTaq® Gold 1.25 Units

UNG 0.25 Units

Table 3.1 Mastermix for TaqMan PCR. Final reaction volume is 25/j,l. Glycerol is 

obtained from BDH chemicals, all other reaction components are obtained from PE 

Applied Biosystems.

Every combination of each primer concentration (50, 300 and 900nM) is tested to 

establish the optimal primer concentration for TaqMan® PCR. A negative control is also 

set up at the 300nM forward, 300nM reverse primer concentration. Thermal cycling is 

performed under the following conditions;

94°C X 2min (UNO inactivation) 

40 Cycles
94°C X 15sec 
60°C X Imin

The fluorescent signal generated in each tube is measured using the ABI Prism® 7200 

Sequence Detection Plate Reader (PE Biosystems). Figures 3.10 and 3.11 illustrates the 

results obtained. Optimal amplification is achieved using 300nM of each primer, 

consequently all subsequent assays are performed at this concentration.
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3.2.5.3 c-abl 7200 TaqMan® Assay

The 5’ exonuclease based c-abl RT-PCR is performed using a PE Biosystems 

9600 96-well thermal cycler in the presence of 0.1|J.mol/L of the c-abl specific probe. 

The probe is labelled with FAM at the 5’ end and TAMRA at the 3’ end. A fluorescent 

dye 6-carboxy-X-rhodamine (ROX) is included in the TaqMan® buffer as an internal 

reference. PCR is carried out in 25|il reactions containing IX TaqMan buffer, 5mM 

MgCl2, 400|xM each of dUTP, dATP, dGTP and dCTP, 300nM of each primer, 0.25U of 

AmpErase® urasil-N-glycoylase (UNO) and 1.25U of AmpliTaq® Gold.

The reaction mix is first heated to 50°C to activate the UNG, followed by a 

denaturation step of 95°C for lOmin. The DNA is then subjected to 40 cycles of a two- 

step PCR. Each cycle consists of a 15sec denaturation at 95°C and a Imin combined 

annealing/extension step at 60°C. The ABI Prism® 7200 Sequence Detection System is 

then used to measure the amount of fluorescence generated during PCR.

3.2.8.4 GAPDH 7200 TaqMan® Assay

The control gene TaqMan® Assay is performed using the PE Biosystems GAPDH 

Human Control Reagents kit (P/N 402869) according to the manufacturers protocol. 

Reactions are performed in a final volume of 25(4,1. Thermal cycling is performed under 

the same conditions described for the c-abl TaqMan® assay (section 3.2.S.3) i.e. 40 cycles 

of 95”C for 15sec and 60”C for 60sec. Signal generated is detected using the ABI Prism® 

7200 Sequence Detection System.

3.2.9 A g a r o s e  G e l  E l e c t r o p h o r e s is

PCR products are visualised using agarose gel electrophoresis and ethidium bromide 

staining. A 2%w/v agarose solution in IX TAE buffer is heated until the agarose has 

completely dissolved. The solution is allowed to cool, but before the gel solidifies 

ethidium bromide is added to a final concentration o f 5(xg/L. Horizontal slab gels are
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poured in the Horizon 95 gel rig (Life Technologies) and allowed to set. Samples are 

electrophoresed until the dye front has travelled towards the end o f the gel. Bands are 

visualised under UV light and recorded using the ImageStore gel documentation system.

3.2.10 S t a t is t ic a l  A n a l y s is  o f  7200 SD S®  D a t a

The s ta n d a r d  d ev ia tio n  fro m  the mean  is used widely in statistics to indicate the degree of 

dispersion o f parametric data. It takes into account the deviation o f every value from the 

mean and is found as follows:

(a) The mean, x, o f the set of n values, is first calculated.

(b) The deviation o f each o f these n values from the mean is calculated and the results 

squared, i.e. ( x i^ ^ ;  (x2^ ^ ......... (xn^^ .

(c) The average o f these results is then found and the result is called the variance of 

the set o f observations.

(d) The square root of the variance gives the standard deviation, denoted by the Greek 

letter ‘sigma’:

Standard deviation = c

Data generated using the ABI Prism 7200 End-point SDS is assessed for statistical 

significance using standard deviation measurements. If  AR„ is less than ±2a, the result is 

not considered to be statistically significant. If  AR„ is greater than ±2a, the result is 

considered to be statistically significant.

(K.A. Stroud in “Engineering Mathematics”, Third Edition, Macmillan Publishing, 1992. 

Programme 27 ‘S ta tis t ic s ’', page 805-845).
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3.3 R e su l t s

3.3.1 SOLVTIONP h a s e RT-PCR o p tim is a tio n

RNA was extracted from the HL60 cell line using the RNeasy mini kit, Qiagen, as 

outlined in section 3.2.2. The amplicon generated using the Abl A+C primer pair is 

220 bases in length. Primer titration curves and Manganese acetate curves were 

performed (data not shown) to establish optimal conditions for the RT-PCR reaction. 

Following thermal cycling, 5^1 of each PCR product is applied to a 1.5%w/v agarose 

gel and electrophoresed and the bands visualised by staining with ethidium bromide. 

Figure 3.6 shows the Abl (A+C) amplicon generated under optimal conditions 

outlined in section 3.2.8.

1. lOObp DNA ladder
2. 2(il fipe gastric RNA
3. 1̂ 1 HL60 RNA
4. 1.5^1 HL60 RNA
5. 2.0(11 HL60 RNA
6. Neg. Control

Figure 3.6 Abl (A+C) RT-PCR assay - template titration curve

3.3.2 C-ABL EXPRESSION IN  FORMALIN FIXED PARAFFIN EMBEDDED M ATERIAL

Section 3.2.4 outlines the many RNA extraction protocols and methods of tissue 

homogenisation tested in an attempt to obtam amplifiable RNA from archival 

material. Figure 3.7 illustrates the typical ‘smearing pattern’ observed on amplifying
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RNA from paraffin embedded material. All homogenates are incubated with 20^g 

Proteinase K overnight at 50°C. RNA from samples extracted using the Flowgen kits 

is precipitated in Isopropanol using glycogen as a carrier (section 3.2.6). This 

smearing is in contrast to the sharp, discrete band obtained from HL60 RNA. The 

absence o f any amplification from the RNA extracted from colon (lane 4) may be due 

to the feet that the tissue homogenates tend to block the Qiagen spin columns.

1 2 3 4 5 6 7

Figure 3.7 Abl (A+C) RT-PCR assay -  using RNA from ffpe material as template

Initial optimisation of the Abl (A+C) RT-PCR assay used HL60 RNA as template. 

Due to the fact that RNA extracted from the archival material is at much lower 

concentrations and is considerably more degraded, a manganese acetate curve was 

repeated using RNA from a paraffm embedded gastric carcinoma. Figure 3.8 

demonstrates that amplification is not achieved at any of the manganese acetate 

concentrations tested.

220bp
1. lOObp ladder
2. Neg. Control
3. HL60 RNA -  Qiagen
4. Colon RNA -  Qiagen
5. Gastric RNA -  Flowgen
6. Breast RNA — Flowgen
7. Lymph Node RNA -  Flowgen

3.3.2.1 Manganese acetate curve
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220bp

1. lOObp ladder
2. Neg. control
3. HL60 RNA -  l.OmM Mn(0Ac)2
4. ffpe RNA -  0.6mM Mn(0Ac)2
5. RNA -  0.8niM Mn(0Ac)2
6. fipe RNA -  1 .OmM Mn(0Ac)2
7. ^  RNA -  1,2mM Mn(0Ac)2

Figure 3.8 Abl (A+C) RT-PCR assay -  Manganese acetate curve on fipe material

3.3.2.2 c-abl expression in frozen breast carcinoma cases

Amplifiable RNA is more readily extracted from frozen tissues than tissues which 

have been formalin fixed and paraffin embedded. RNA was extracted from a number 

of frozen breast carcinoma cases using the same protocol as that used for archival 

material (section 3.2.6). Figure 3.9 is typical o f the results obtained following RT- 

PCR.

1 2 3 4 5 6 7

220bp

1. lOObp ladder
2. Neg. control
3. Brl RNA -  frozen
4. Br2 RNA -  frozen
5. Br3 RNA -  frozen
6. Br4 RNA -  frozen
7. H L60RNA

Figure 3.9 Abl (A+C) RT-PCR assay -  c-abl expression in a series of frozen breast 

carcinoma cases
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3.3.3 c-ABL Ta q M a ! ^  7200 A s s a y  P r im e r  C u r v e

Figure 3.10 shows the experimental report for the primer titration curve as 

described in section 3.2.8.1. All samples are prepared in duplicate, and the assay 

performed in triplicate. The assay is performed using end-point determination. This 

involves measuring the fluorescence of each sample at the end of the TaqMan® PCR 

using the ABI Prism® 7200 Sequence Detection System (SDS).

The SDS® software records and analyses the data and generates an 

Experimental Report for the assay as shown in Figure 3.10. The first column gives 

the well position of each sample within the plate. The second column gives 

information on the sample type, i.e. whether it is a negative control (NTC), a standard 

(STD) of known concentration of starting template or a sample of unknown (UNKN) 

concentration of starting template. Samples are named according to the 

concentrations of forward and reverse primer used in the reaction. For example, well 

A5 on the experimental report (Figure 3.10) contains a sample name 50/300 which 

indicates that the sample was is ampUfied using 50nM forward primer and 300nM 

reverse primer. If replicates of the same sample are performed, this is noted in the 

fourth column (replicate). In this particular assay, the PCR column is not applicable. 

In some subsequent assays however, this column will denote whether amplification of 

the target of interest has taken place using a +/- scoring system (Figure 3.10). The 

relative fluorescent (Rn) value for each sample is displayed, along with the standard 

deviation (St. Dev.) and mean for each set of rephcates.

The raw spectra for each of the samples is shown in Figure 3.11. The 7200 

Sequence Detection System® captures emissions between 500nm and 650nm. The 

raw spectra represents a plot of the fluorescent intensity (Y-axis) o f each sample at 

each wavelength within this range (X-axis). The abl TaqMan® probe is labelled with 

FAM and has an emission maxima at 515nm. There is a significant difference in the 

fluorescent intensity of the samples at 515nm compared to that of the NTC’s 

(Spectrum A1 8c A2).
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Sample Information

Well Type Sample Name Replicate PCR Ea St«L Dev. Mean

AT NTC A1 a No Amp 11.88 0.21 11.73

A2 hTTC A2 a No Amp 11.58 0.21 11.73

A3 UNKN 50/50 b No Amp 26.41 0.60 26.83

A4 UNKN 50/50 b No Amp 27.25 0.60 26.83

A5 UNKN 50/300 c No Amp 25.32 0.40 25.60

A6 UNKN 50/300 c No Amp 25.88 0.40 25.60

A7 UNKN 50/900 d No Amp 27.25 0.10 27.18

A8 UNKN 50/900 d No Amp 27.11 0.10 27.18

A9 UNKN 300/50 e No Amp 27.05 0.30 27.26

A10 UNKN 300/50 e No Amp 27.48 0.30 27.26

A ll UNKN 300/300 f No Amp 27.68 0.07 27.73

A12 UNKN 300/300 f No Amp 27.78 0.07 27.73

B1 UNKN 300/900 9 No Amp 27.74 1.25 26.85

B2 UNKN 300/900 9 No Amp 25.97 1.25 26.85

B3 UNKN 900/50 h No Amp 28.22 0.43 27.91

B4 UNKN 900/50 h No Amp 27.61 0.43 27.91

B5 UNKN 900/300 1 No Amp 28.77 0.31 28.99

B6 UNKN 900/300 i No Amp 29.22 0.31 28.99

87 UNKN 900/900 i No Amp 27.79 0.65 27.33

B8 UNKN 900/900 j No Amp 26.87 0.65 27.33

Figure 3.10 c-abl TaqMan® Assay -  Primer titration curve Experimental Report. 

Corresponding Figure 3.11 illustrates the raw spectra observed for each sample and 

no template controls.

Raw Spectra - primer curve 23/1.98
10000

8000 ■

5000 - S

H -i44
500 510 520 530

— Data S e rie s ---------------

IS Spectrum - A1 H

[S] Spectrum - A2 s
H  Spectrum - A3 [' j

E l Spectrum - A5 i l i

IS  Spectrum - A7 [ | [ j

^  Spectrum - A9 IHl
S  Spectrum - A ll m

^  Spectrum - B1 H

S  Spectrum - 83 jHI
[S Spectrum - 85 jj|[|

540 550 560 570 580 590 600 610 620 630 640 650 660 ,

Wavelength (nm) Spectra;

figure 3.11 c-abl TaqMan® Assay -  Primer titration curve Raw Spectra. Arrow 

indicates the emission spectra for the Negative control samples (NTCs).
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3 .3 .4  C-ABL T a q M a n ^  A ssa  y  te m p la  t e  t i t r a  t io n

A template titration curve was performed using serial dilutions of RNA from 

formalin fixed paraffin embedded gastric carcinoma tissue. The results demonstrate 

that quantities of RNA present in extractions from parafFm embedded tissue sections 

is such that no fiirther dilutions of template are necessary. Figure 3.12 illustrates the 

Experimental report generated performing c-abl TaqMan® RT-PCR on serial dilutions 

of the extracted RNA.

PE Apphed Biosystems ®
File Name: template titration P late  Type: 7200 Smgle Reporterl]

U se r: Jenny 

D ate : Fri, Oct 1, 1999 

Com m ents:

Sample information 

W ell Tvoe SimDle Name
A1 MTC A1
A2 NTC A2
A3 NTC A3
A4 MTC A4
A S UNKN neat
A6 UNKN neat
A7 UNKN neat
A8 UNKN neat
A9 UNKN 1/10

AlO UNKN 1/10
A ll UNKN 1/10
A12 UNKN 1/10

B1 UNCN 1/100
B2 UNKN 1/100
S3 UNKN 1/100

B4 UNKN 1/100
BS UNKN 1/1000

86 UNKN 1/1000

87 UNKN 1/1000

88 UM(N 1/1000

89 UNKN 89
810 UNKN 810
811 UNKN 811
812 UNKN B12

fi£jBlj£al£. PCR &a Std. Dev. Mean
No Amp 8.21 0.00 8.21
No Amp 8.40 0.00 8.40
No Amp 8.28 0.00 8.28
No Amp 8.21 0.00 8.21
No Amp 21.40 0.00 21.40
No Amp 20.97 0.00 20.97
No Amp 21.33 0.00 21.33
No Amp 21.28 0.00 21.28
No Amp 8.32 0.00 8.32
No Amp 8.40 0.00 8.40
No Amp 8.54 0.00 8.54
No Amp 8.65 0.00 8.65
No Amp 8.17 0.00 8.17
No Amp 8.14 0.00 8.14
No Amp 8.32 0.00 8.32
No Amp 8.40 0.00 8.40
No Amp 8.0S 0.00 8.08
No Amp 8.06 0.00 8.06
No Amp 8.53 0.00 8.53
No Amp 8.43 0.00 8.43
No Amp 7.93 0.00 7.93
No Amp 8.07 0.00 8.07
No Amp 7.89 0.00 7.89
No Amp 7.79 0.00 7.79

Figure 3.12 c-abl TaqMan® Assay -  Template titration curve Experimental Report. 

The dilution factor of each sample is displayed in the sample name column of the 

experimental report. Corresponding Figure 3.13 shows the raw spectra observed for 

each of the samples. The average Rn value of the neat RNA sample is 21.25 

compared to an Rn value of between 8.06 and 8.65 for all other dilutions and the ‘no 

template controls’ (NTCs).

71



C h a p t e r s

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

0

1 1 i  I

1 i !
i1 •

T ^ F - 1  ■ 
■■

1 1 -] * f r h
i nI f ! \
i j r t T | t i  if

!i 1 1 .

1

•5 . . .

- f 1 1 liti tow

[—“Data S«rie«

S  Spectrum - A1 

E ] Spectrum - A2 

E l Spectrum - A3 

S  Spectrum - A4 

[S  Spectrum - A S  ' •»
Spectrum -  A9 

S I  Spectrum • B1 

S I  Spectrum • 85 

SI Spectrum - B9 □

Wavelength (nm) Spectra:|^

Figure 3.13 c-ab/ TaqMan® Assay -  Template titration curve Raw Spectra. This 

figure illustrates the emission spectra generated for a series o f RNA samples as shown 

in corresponding Figure 3.12. The arrow indicates the difference in fluorescent 

intensity observed between the sample containing neat RNA (pink spectrum) from 

paraffin embedded gastric tissue and those in which the RNA had been diluted.

i . i . 5  c -a b l Ta q M a ^  A ssa y  S tandard  C u rve

The 7200 SDS end-point TaqMan® RT-PCR assay used in this study employs a two- 

step RT-PCR methodology. Extracted RNA is initially reverse transcribed using 

MuLV Reverse Transcriptase. In a separate reaction then, the generated cDNA is 

amplified using Taq® polymerase. It is important to verify that the assay is linear 

with respect to the reverse transcription step and subsequently to the TaqMan® PCR 

step. The linear range of the assay is established by constructing a standard curve o f 

RNA concentration versus fluorescent intensity (end-point measurement using the 

7200 Sequence Detection System). Each concentration of RNA is assayed in 

triplicate and representative results are shown in the Experimental Report (Figure 

3.14). The data is accompanied by the corresponding raw spectra as shown in Figiore 

3.15.

72



Chapters

PF. AppUed Biosystcms ' ‘
File Name; HL60 RNA Std Curve P la te  Type; 7200 Sinj^e ReporterD

U se r: Jennifer 
D a te ; Mon. Aug 9, 1999 

C om m ents; Standard Curve of HL60 cDNA using abl T a< ^n  Assay

Sam ple Inform ation

W ell T ype Sample Name R ep lica te PCR &XL Std. Dev. Mean

A1 NTC A1 - 12.62 0.00 12.62

A2 NTC A2 - 11.67 0.00 11.67

A3 NTC AS - 11.84 0.00 11.84

A4 NTC A4 - 11.61 0.00 11.61

A5 NTC AS - 11.94 0.00 11.94

A6 NTC A6 - 11.25 0.00 11.25

A7 NTC A7 - 11.92 0.00 11.92

A8 NTC A8 - 12.19 0.00 12.19

A9 UNKN Neat + 28.39 0.00 28.39

AlO UNKN 1/2 + 26.80 0.00 26.80

A ll UNKN 1/4 + 26.52 0.00 26.52

A12 UNKN 1/8 + 27.22 0.00 27.22

B1 UNKN 1/16 + 25.35 0.00 25.35

B2 UNKN 1/32 + 24.99 0.00 24.99

B3 UNKN 1/64 + 23.56 0.00 23.56

84 UNKN 1/128 + 22.02 0.00 22.02

85 UNKN Negative - 11.81 0.00 11.81

Figure 3.14 c-abl TaqMan® Assay -  Standard Curve Experimental Report. This 

report shows the Rn values generated from series o f  HL60 RNA samples. The 

dilution factor of the RNA is given in the sample name column. The corresponding 

RNA concentration (ng/|il) is given in corresponding Table 3.2.

 ,....

•» »  

ii

560 570^m 520

Figure 3.15 c-abl TaqMan Assay -  Standard Curve Raw Spectra. This figure show 

the spread o f fluorescent emission intensities observed at a maxima o f 515nm
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corresponding to the Rn values illustrated in the corresponding experimental report 
(Figure 3.14)

The results obtained are summarised in Table 3.2. From this data, a plot o f RNA 

concentration and log RNA concentration versus Rn value can be prepared (Figure 
3.16 & 3.17 respectively).

RNA Conc. (ng/ul) logRNACona Rn Value (Next Day)
112 2.04921802 28.5
56 1.74818803 27.43
28 1.44715803 26.52
14 1.14612804 26.05

7 0.84509804 25.41
3.5 0.54406804 24.91

1.75 0.24303805 23.88
0.875 -0.0579919 22.58

Table 3.2 Summary of results obtained for TaqMan Standard Curve

T iqM u Studard Cirre for c*iU cDNA 
Plot of log RNA ConceDtratkHi vtrsiis Rb Value

2 7 -
S 26--I 2 5 -

24- .ea y=15571x + 23.114 
R==0:9809

22  -  

21 -

320

logRNACoBceBfratfcrn

Figure 3.16 Plot of log RNA conc. Versus Rn Value

TaqMan Standard Carve for c-abi cDNA 
Plot o f RNA ConcefltratkHi versos R i  V a h e

£3 • 0
28^
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27-
•
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« 26
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1  25-
•Sy.

#

- •
*  23- 0

22 •
21 ■ 
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RNA Coiceatratloii ( ig / i l)

Figure 3.17 Plot of RNA conc. Versus Rn Value
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3.3.6 c-a b lT A Q M A i^  a s s a y  o n  f f p e  m a t e r ia l

RNA previously extracted from a variety of formalin fixed paraffin embedded tissues 

was assayed for c-abl using TaqMan® PCR using appropriate controls. The number 

of cases from which it was possible to reproducibly amplify c-abl mRNA by 

TaqMan® RT-PCR is summarised in Table 3.3

Tissue type Fixation No. of cases 

investigated
No. of cases 

amplified for c-abl

Chondrosarcoma filpe 20 5

Liposarcoma ffpe 15 2

Gastric carcinoma ffpe 11 9

Breast carcinoma frozen 15 15

Table 3.3 Effect of tissue type and fixation on RNA extraction. All extractions were 

performed in triplicate and subsequently analysed in tripUcate using the c-abl 

TaqMan® assay described in section 3.2.8.3.

3.3.7 c-abl Ta q M ai^  A s s a y - S t u d y  OF A s e r ie s  o f  g a s t r ic  c a r c in o m a

Table 3.3 indicates that amplifiable RNA is extracted more efficiently from gastric 

tissue than any of the other ffpe materials investigated in this study. The experimental 

report (Figure 3.18) shows c-abl expression as measured using the c-abl TaqMan® 

assay described previously. In order to normalise the results for variations in starting 

quantity of RNA, a GAPDH assay is performed in parallel (as outlined in section 

3.2.8.4) and the resultant experimental report shown in Figure 3.19.
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CS:A.

PE Applied Biosystems sequence D e tec tio n  System s 1.6
File Name: Abt New Plate T y p e :  7 2 0 0  Single ReporterO

U ser: Jenny 
D ate: Mon. Oct 4, 1999 

Com m ents: Abl expreslon in a series of Gastric cardnoma cases using TaqMan RT-PCR

Sample In form ation 
W ell Tvoe Samoie Name Reolicate PCR &1L Std. Dev, Mean

A1 NIC A1 - 12.48 0.00 12.48
AZ wrc A2 - 12.55 0.00 12.55
A3 NTC A3 - 12.16 0.00 12.16
Cl UNKN H.60 + 26.99 0.00 26.99
C2 UNKN HL60 + 29.49 0.00 29.49
C3 UNKN Gastric 1 + 13.83 0.00 13.83
C4 UNKN Gastric 2 + 13.81 0.00 13.81
C5 UNKN Gastric 3 + 13.59 0.00 13.59
C6 UNKN Gastric 4 + 13.64 0.00 13.64
C7 UNKN Gastric 5 - 13.21 0.00 13.21
ca UNKN Gastric 6 + 14.27 0.00 14.27
C9 UNKN Gastric 7 + 14.70 0.00 14.70
CIO UNKN Gasuic 8 13.96 0.00 13.96
cn UNKN Gastric 9 - 13.21 0.00 13.21
Cl 2 UNKN Gastric 10 + 13.97 0.00 13.97
D1 UNKN Gastric 11 + 14.17 0.00 14.17
D5 NTC D5 - i2.sa 0.00 12.58
D6 NTC D6 - 12.28 0.00 12.28

Figure 3.18 c-ab/ TaqMan® Assay in a series o f gastric carcinoma cases. 

Experimental report shows the Rn values obtained following c-ab/ amplification of 

RNA from 11 gastric carcinoma cases by TaqMan® RT-PCR

PE Applied Biosystems
File Name: Gpadh new 

U ser: Jenny 
D ate : Mon, Oct 4, 1999 

Comments:

Sequence D etection  Systems 1.6 

Plate Type: 7200 Single ReporterO

Sample inform ation

W ell Tvoe Samole Name Reolicate PCR B it Std. Dev. Mean
£1 NTC El 0.88 0.00 0.88
E2 NTC E2 0.85 0.00 0.85
E3 NTC E3 0.85 0.00 0.85
E4 NTC E4 0,85 0.00 0.85
E5 NTC E5 0.83 0.00 0.83
G1 UNKN HL60 + 7.25 0.00 7.25
G2 UNKN HL60 + 7.69 0.00 7.69
G3 UNKN Gastric 1 + 1.21 0.00 1.21
G4 UNKN Gastric 2 + 0.95 0.00 0.95
G5 UNKN Gastric 3 + 1,16 0.00 1.16
G6 UNKN Gastric 4 0.90 0.00 0.90
G7 UNKN Gastric 5 - 0.83 0.00 0.83
G8 UNKN Gastric 6 •f 1.04 0.00 1.04
G9 UNKN Gastric 7 + 1.05 0.00 1.05
GIO UNKN Gastric 8 + 1.06 0.00 1.06
G il UNKN Gastric 9 + 1.35 0.00 1.35
G12 UNKN Gastric 10 + 1.13 0.00 1.13
Hi UNKN Gastric 11 0.94 0.00 0.94

Figure 3.19 GAPDH TaqMan® Assay in a series o f gastric carcinoma cases. 

Experimental report shows the Rn values obtained following GAPDH amplification 

of RNA from 11 gastric carcinoma cases by TaqMan RT-PCR
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The results are summarised in Table 3.4 along with the relative ratio of GAPDH;abl 

for each sample.

Case Abl
(ARn)

GAPDH
(ARn)

Ratio

Gastric 1 13.83 1.21 11.43

Gastric 2 13.81 0.95 14.54

Gastric 3 13.59 1.16 11.72

Gastric 4 13.64 Neg N/A

Gastric 5 Neg Neg N/A

Gastric 6 14.27 1.04 13.72

Gastric 7 14.70 1.05 14.00

Gastric 8 13.96 1.06 13.17

Gastric 9 Neg 1.35 N/A

Gastric 10 13.97 1.13 12.35

Gastric 11 14.17 Neg N/A

Table 3.4 Normalised results for c-abl expression in gastric carcinoma by TaqMan® 

RT-PCR. Neg indicates that a negative result was obtained and as such no 

amplification of the target gene was achieved. Where no amplification o f either 

GAPDH or c-abl was recorded, it is not possible to calculate a relative ratio value 

(N/A).
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3.4 D isc u ssio n

3.4.1 R N A  A n a l y s is

Thus far, differential expression of the abl gene has been assessed at the protein 

level using immunohistochemistry. It would be of interest to determine whether the 

apparent upregulation of abl expression, for example, in tumour microvessels of myxoid 

liposarcoma, is at the level of transcription (mRNA) or translation (protein). mRNA 

extraction from formalin fixed paraffin embedded material proved to be extremely 

difficult and very much tumour type dependent. Conventional SP RT-PCR was the initial 

method o f choice for examining gene expression at the mRNA level. Primer pairs were 

designed to amplify a Iragment of 220 bases in length (section 3.2.7). An exhaustive 

amount o f optimisation went into every stage of RNA extraction and amplification in an 

attempt to achieve good, reproducible and informative PCR results. However it appears 

that the RNA extracted fi'om archival material is degraded to such an extent that it is 

difficult to amplify fragments of this length. This is supported by the fact that some of 

the RNA extracted could not be amplified for c-abl by SP RT-PCR but could be 

subsequently amplified for c-abl using TaqMan RT-PCR (in which amplicon lengths are 

only approximately 120 bases).

Throughout the course of this study a number of RNA extraction protocols were 

assessed (3.2.4). The Qiagen RNeasy mini kit is the method of choice for extracting 

RNA from cell lines. Cells are first homogenised using the QIAshredder columns, 

Qiagen, which consist of a biopolymer shredding system in a microcentrifuge spin 

column format. Using this protocol (3.2.2), very high yields of good quality RNA can be 

obtained. In addition, the RNeasy spin columns facilitate multiple, simultaneous 

processing of samples in less than 30 minutes. This is considerably faster and less 

tedious than many existing techniques such as alcohol precipitation or CsCl gradient 

ultracentrifugation. In addition, it does not involve the use of toxic chemicals such as 

phenol and/or chloroform (Boom et al, 1990; Coates et a/, 1991).
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The QIAshredder columns and RNeasy mini kits are not however suitable for 

RNA extraction from tissues (either frozen or paraffin embedded). Both are column 

based techniques and the tissue homogenates tend to remain on top of the column resin, 

unable to pass through even during centrifugation. In addition, the RNeasy mini kits 

enrich for mRNA and prevent mispriming events by excluding RNAs below 200bp in 

length. Given the template degradation and consequent smaller fragment size which is 

characteristic of formalin fixed paraffin embedded tissues, it is unlikely that the RNeasy 

mini-kits are suitable for RNA extraction from such tissues. Once again, exhaustive 

optimisation of a number of RNA extraction procedures (section 3.2.4) was performed in 

order to maximise the quantity and quality of extractable RNA from formalin-fixed 

paraffin embedded tissues. Ultimately, the Flowgen Gentra VmsScripts RNA isolation 

kit (3.2.6) was proven to be the most effective method for RNA isolation fi-om tissues. 

Adequate tissue homogenisation is pivotal to the success of this technique -  the methods 

of tissue homogenisation are discussed elsewhere (3.2.5). The manufacturers guidelines 

suggest digesting tissue homogenates with Proteinase K for 1 hour, however in our hands 

an overnight digestion significantly increased RNA jdelds. As mentioned previously, the 

RNA fragments attainable from archival material are quite small and may be difficult to 

precipitate. Therefore glycogen, which acts as a carrier molecule, is added to the 

Isopropanol to aid in the precipitation of the smaller fragments. The protocol which 

reproducibly gave the best RNA yields from tissues is outlined in section 3.2.6. It is 

important to note that RNA yields were so low that they could not be measured using UV 

spectrophotmetry (section 3.1.3) or by simply visualing on an ethidium bromide stained 

agarose gel (section 3.2.9). The only way to determine if RNA had been successfully 

extracted was to subject all RNAs to solution phase RT-PCR and look for amplification, 

if any, o f PCR products.

3.4.2 S o l u t io n  P h a s e  RT-PCR

The Abl (A+C) RT-PCR assay was designed as outlined in section 3.2.8 for the 

amplification of a 220bp fragment of the c-abl mRNA. Despite extensive optimisation it 

is not possible to reproducibly amplify the RNA extracted from formalin-fixed paraffin
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embedded tissues by solution phase RT-PCR. Every RNA sample was assayed using the 

Abl (A+C) RT-PCR assay and PCR products visualised by agarose gel electrophoresis. 

Invariably, the degraded template resulted in either reaction failure or a smeared, 

undefined band on the agarose gel (Figure 3.7). This is in contrast to the discrete bands 

observed when amplifiying RNA from cell lines (Figure 3.6) and selected frozen breast 

cancer cases (Figure 3.9). It may therefore be concluded that conventional solution phase 

RT-PCR is not suitable for determining levels o f c-abl mRNA expression from formalin 

fixed tissues. The most significant factor resulting in the failure of this technique is 

believed to be amplicon size. The solution phase assay is designed to amplify a fragment 

of c-abl mRNA 220bp in length, and it is likely that the RNA extracted from formalin 

fixed tissues is degraded to such an extent that fragments of this size are not present. The 

previously described Abl TaqMan® assay (section 3.2.8.3) is designed detect an amplicon 

which is 120bp in length (Figure 3.5). It was expected that TaqMan® RT-PCR may allow 

amplification of RNA extractions whose fi-agments proved to small to amplify and detect 

by conventional SP-PCR and agaraose gel electrophoresis.

3.4.3 T aqM an®  RT-PCR A n a ly s is  

3.4.3.1 TaqMan® Primer Curve

In order to optimise the TaqMan® End-Point RT-PCR assay, a primer titration 

curve was performed using the abl TaqMan® primer and probe set as outlined in section 

3.2.8.1. It is evident from the experimental report (Figure 3.12) that the efficiency o f the 

TaqMan® assay is not greatly affected by varying the concentration of either of the 

primers, suggesting a robust assay has been designed. The data is accompanied by the 

raw spectra for each concentration combination (Figure 3.13). The Rn values range from 

25.32-29.22, with the smallest standard deviation between duplicates observed when 

300nm of each primer is used. The mean Rn value at this primer concentration is 27.73, 

superseded only slightly by of the reactions containing 900nM of forward primer. 

Consequently it was decided that the optimum primer concentration for use in the abl
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TaqMan® assay is 300nM of both forward and reverse primer. This provides a balanced 

PCR, with maximum Rn values and minimum standard deviation between replicates.

3.4.3.2 TaqMan® Template Curve

As with any PCR assay, optimisation of template concentration is central to the 

efficiency o f the reaction. RNA extracted from formalin fixed paraffin embedded gastric 

carcinoma was reverse transcribed as previously described (section 3.2.7). A ‘template 

titration curve’ was performed using 2|ul of each dilution o f the cDNA (neat, 1/10, 1/100, 

1/1000) and the assay conditions as outlined in section 3.3.4. The experimental report 

(Figure 3.12) outlines the Rn values obtained at each dilution -  showing that a positive 

reading (at the 99.7% confidence limit) is only observed in samples containing the 

undiluted cDNA as template. Consequently all future assays use 2^1 of neat cDNA 

unless otherwise stated.

3.4.3.3 TaqMan® Standard Curve

It is important to establish the relationship which exists between the amount of 

RNA present in a sample and the fluorescent intensity observed for that sample in a 

TaqMan® assay. Such analyses comprise a two step process; firstly, the reverse 

transcription of RNA to cDNA and secondly, the exponential amplification of the cDNA 

in the presence of Taq polymerase and the specific TaqMan® probe. The aim of this 

experiment is to establish if the reverse transcription step is in fact linear with respect to 

starting concentration of RNA and also to determine the linear range of the abl TaqMan® 

assay.

Serial dilutions of HL60 RNA were performed (range: 112mM -  875|aM) and 

each sample was then reverse transcribed as in section 3.2.7. 2)0,1 of cDNA from each 

reaction was then used in a subsequent TaqMan® assay using the abl primer and probe 

set. The experimental report for the assay is shown in Figure 3.14. Wells A1-A8 are no 

template controls (NTC’s), wells A9-B4 are varying concentrations o f HL60 RNA. The
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sample Rn values recorded are analysed using the 99.7% confidence interval. Figure 

3.15 shows the raw spectra for each of the above mentioned wells -  there is a significant 

difference in the emission intensity of the samples compared to that of the NTC’s. Table 

3.2 summarises the Rn values obtained for each concentration of RNA. From this data a 

plot of log RNA concentration versus Rn value was prepared (Figure 3.16), giving a 

correlation co-efficient of 0.9809. The results clearly suggest that a linear relationship 

exists between the starting quantity of RNA and the fluorescent intensity recorded within 

the concentration range examined.

3.4.4 E f f e c t  OF TISSUE TYPE ON RNA y ie l d s

TaqMan SDS technology was applied to the RNA samples which had previously 

proved impossible to detect by RT-PCR and agarose gel electrophoresis. Table 3.3 

summarises the types of tumours studied and the number of cases fi'om which RNA was 

successfully amplified by TaqMan® RT-PCR followed by 7200 End-Point detection. 

Clearly extreme difficulty was encountered with the cases of chondrosarcoma where 

RNA was amplified in only 25% of cases (5/20). There are a number o f features of this 

tumour group which may account for such a poor success rate. Firstly, there is a very 

high nuclease content in the stroma of chondrosarcoma so much of the RNA may have 

been degraded prior to fixation. Secondly, many of the chondrosarcoma cases studied 

had undergone acid decalcification as part of their processing that would have 

undoubtedly had a detrimental effect on the RNA. This group of samples highlights an 

important factor for consideration when performing a retrospective study on archival 

material -  while every precaution may be taken during the extraction step to preserve the 

integrity o f the RNA, much of the degradation may have occurred prior to fixation over 

which the researcher has no control.

Poor success rates were also associated with the cases of liposarcoma studied 

(2/15). The mature adipocytes of the low grade liposarcoma are quite large and as such 

the number cells per section is considerably less than in other grades of liposarcoma (e.g. 

round cell) and in other tissue types. This also has the effect of limiting the amount of
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RNA available for extraction. The RNA extraction protocol was much more efficient 

when applied to a series of formalin fixed paraffin embedded gastric carcinoma.

3.4.5 c-abl EXPRESSION IN GASTRIC CARCINOMA CASES USING TAQMAN® 7200 RT-PCR

Eleven cases of gastric carcinoma were selected for study on the basis of strong 

Abl expression as demonstrated by immunohistochemistry (unpublished data, O ’Neill et 

al). RNA was extracted and reversed transcribed as previously described, abl expression 

was assessed using the TaqMan® assay at the 99.7% confidence interval. The 

experimental report (Figure 3.18) demonstrates that c-abl expression is detected in 9 of 

the 11 cases under investigation. RNA from the same extractions is also assayed for 

GAPDH using the appropriate assay conditions (Figure 3.19). On this occasion, positive 

Rn values are obtained in 8 of the 11 cases.

Table 3.4 is a summary of the results obtained in this experiment. Clearly, in the 

absence o f GAPDH readings, a number of samples cannot be normalised and as such no 

meaningful interpretation can be assigned to the abl expression data for each sample. 

The importance of normalisation with a house-keeping gene is highlighted in sample 2, 

which despite having a relatively low abl expression (Rn 13.81), has the highest ratio 

index value (14.54). There are insufficient cases of gastric carcinoma in this study to 

establish any pattern in abl expression with respect to tumour grade, differentiation and 

extent of apoptosis.

It is interesting to consider why GAPDH did not amplify in a number of samples 

from which c-abl was successfully amplified. The primers and probe for the Abl 

TaqMan® Assay were designed using Primer Express® software according to the 

guidelines outlined in section 3.1.5.4. One of the most critical factors in the design of 

such oligonucleotides is amplicon size, which should ideally be between 50-150bp. 

Consequently we designed the c-abl assay to generate and amplicon of 120bp in length. 

The GAPDH primers and probe set were obtained from PE Biosystems in the form of the
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TaqMan® GAPDH Human Control Reagents kit (P/N 402869). On consultation with PE 

Biosystems it was discovered that the control kit results in the generation o f a GAPDH 

fragment 227bp in length, whereas the c-abl primer pair results in an amplicon of 120bp. 

We have previously discussed the problems encountered when trying to amplify a 220bp 

fragment using conventional RT-PCR (section 3.4.2) and this would explain why some 

samples showed amplification of c-abl but not GAPDH.

3.5 C o n c l u sio n

In summary, it may be concluded that RNA can be extracted from archival gastric 

carcinoma material with greater efficiency than RNA from cases of chondrosarcoma and 

liposarcoma. The results obtained from the various tissues examined indicate that the 

success o f RNA extraction is at least partly tumour type and micro-architecture 

dependent. Unfortunately, due to the relatively small numbers of chondrosarcoma and 

liposarcoma cases from which RNA was successfully extracted and amplified, it is not 

possible at this stage to correlate expression of c-abl mRNA with that of the Abl protein 

as observed by immunohistochemistry. During the course of this study however, 

advancements in technology led to the development o f a new generation o f sequence 

detection instuments (ABl PRISM® 7700 SDS technology, PE Biosystems). This 

technology monitors fluorescent signal generation in Real-Time, permitting a more 

sensitive, accurate and quantitaive determination of mRNA levels. End-Point 7200 

TaqMan® assays enabled us to detect c-abl mRNA in a number of archival tissue 

specimens. It did not however allow us to assign any quantitative significance to the 

results obtained. We hypothesised that Real-Time TaqMan® RT-PCR would enable 

quantification of c-abl message in the samples under investigation.
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4.1 I n t r o d u c t io n

Chapter 3 clearly demonstrates that RNA can be succesfully extracted and 

amplified from formalin-fixed paraffin embedded material. Unfortunately, extreme 

difficulties are encountered in trying to interpret the results from both soultion phase RT- 

PCR assays and TaqMan® 7200 end point determinations. The 7200 SDS® measures the 

total amount of fluorescence generated after 40 cycles of PCR. At this stage, however 

the samples are no longer in the exponential phase of amplification. In order to 

accurately quantitate the levels of c-abl mRNA in the sample material, careful 

consideration must be given to the fundamental criteria o f quantitative RT-PCR assays.

4.1.1 Q u a n t it a  t iv e  PCR

The term quantitative PCR refers to any PCR technique which allows a reliable 

measurement of a specific nucleic acid target in a biological sample. Many experiments 

often only require a semi-quantitative estimate of genetic material rather than an absolute 

determination of copy number. Relative quantitation is quite a common procedure used 

to compare differences in nucleic acid targets among different samples. This may be 

achieved by assaying a reference gene such as GAPDH separately or together with the 

unknown target and thus evaluating the level of expression as a simple ratio. 

Alternatively a calibration sample may be used, which allows the evaluation of a 

biological effect in terms of percent variation in comparison to a basal condition. This is 

the approach used most frequently for in vitro studies in which it is expected that changes 

in gene expression will be induced by some experimental conditions.

Absolute quantitative PCR determines the exact number of copies of nucleic acid 

target in a sample. This can only be performed using a reference material with specific 

properties. It should be as close as possible in size and chemical structure to the target, 

allowing an amplification efficiency comparable to the target. In addition, its’ 

concentration should be accurately quantitated.
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4.1.1.1 Factors affecting the quantitative power of PCR

Optimisation o f the amplification process is one o f the key factors in attaining a 

quantitative assay. It is important to minimise non-specific hybridisation events that 

often happen in the early cycles and can lead to erroneous results. To this end ‘hot-start 

PCR’ is now widely used. This procedure involves omitting addition o f one o f the 

reaction components (usually Taq® polymerase) until the sample tubes have been heated 

to the permissive temperature.

The linear range of amplification is another crucial factor for consideration in the 

development o f quantitative PCR assays. Theoretically, if  the amplification proceeds 

with 100% efficiency, the amount of amplicons is doubling at each cycle. However in 

most PCR assays the overall efficiency may be as low as 70-80% during the exponential 

phase o f the reaction (Wang et al, 1996). This increase in the amount o f  amplicon 

remains exponential for only a limited number o f cycles before a ‘plateau’ is reached 

(Figure 4.1).

Amount of 
PCR product

0 10 20 30  40 50
C ycle

Figure 4.1 Sigmoidal amplification plot characteristic o f the polymerase chain reaction

The plateau phenomenon arises from limiting factors including substrate saturation o f the 

enzyme, incomplete product strand separation and exhaustion o f reaction components. In 

the plateau phase of a PCR reaction, the amount o f product formed is no longer

P la teau

Threshold

B aseline
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proportional to the amount of starting material. It is therefore imperative that any 

quantitative strategy clearly identifies the window in which the amplification is at 

constant efficiency and in an exponential phase (a major limitation of the 7200 TaqMan® 

End-Point Assay, Chapter 3).

4.1.1.2 Double stranded DNA Binding Dyes

The analysis o f PCR kinetics was pioneered by Higuchi et al, 1992, by constructing a 

system that detects PCR products as they accumulate. A number of different chemistries 

have been employed in real-time quantitation o f DNA. Small dyes that bind to double

stranded DNA can be sub-divided into two classes: intercalators and minor groove 

binders (Nielsen, 1991). Higuchi et al, 1992, used the intercalator ethidium bromide for 

their real-time detection of PCR products. A widely used example o f a minor groove 

binding dye is Hoeschst 33258, whose fluorescence increases over 100 fold when bound 

to double-stranded DNA (Searle and Embrey, 1990). The two fundamental criteria for 

any DNA binding dye are increased intensity o f  fluorescence when bound to double 

stranded DNA, and no effect on the efficiency o f the PCR reaction. One chemistiy which 

has recently been developed as a DNA binding dye is the SYBR® Green I dye by PE 

Biosystems. The precise mode of action o f SYBR® Green I remains unclear and it is yet 

unclassified as either an intercalator or a DNA binding agent. However, it is certain that 

SYBR® Green binds only to double-stranded DNA, without inhibiting PCR.

A B

Figure 4.2 SYBR® Green I binding to double stranded DNA. The SYBR® Green dye 

is unable to bind to single stranded DNA (Panel A). When bound to double-stranded to 

DNA, a 100-fold increase in fluorescence intensity is observed (B).

87



C h a pt e r  4

The ability of DNA binding dyes to bind to any double stranded DNA molecule is both a 

major advantage and a major pitfall of these techniques. The generic DNA binding dyes 

can be used to detect any amplified product, regardless of sequence, providing a 

universal, versatile and relatively inexpensive assay. It is no longer necessary to 

purchase specific oligonucleotide probes for every newly designed PCR assay. However, 

the fact that SYBR green and other DNA binding dyes are not specific increases the risk 

of false positives and inaccuracies in the data generated. This is particularly problematic 

if the PCR results in the formation of any primer dimers or non-specific PCR product. It 

is not possible to differentiate between the fluorescence generated from specific 

amplification of the target sequence and that arising from any mis-priming event which 

would normally be detected as a spurious band on an electrophoretic gel.

In addition, multiple dyes bind to a single amplified molecule, which increases the 

sensitivity for detection amplification products. Consequently, if  the amplification 

efficiencies are the same, amplification of a longer product will generate more signal than 

a shorter one. This is in contrast to the use of fluorogenic probes in which a single 

fluorophore is released for each molecule synthesised, regardless of length.

4.1.1.3 LightCycIer® System Instrument, Roche Molecular Biochemicals

The LightCycIer® from Roche Molecular Biochemicals is a system for qualitative 

and quantitative PCR, permitting Real-Time monitoring of PCR reactions. The 

LightCycIer® is capable of monitoring and subsequently evaluating PCR products formed 

using either (a) DNA binding dyes such as SYBR Green I or (b) fluorophores coupled to 

sequence specific oligonucleotide hybridisation probed that only bind certain PCR 

products (e.g. LightCycIer -  Red 640, LightCycIer -  Red 705 and Fluorescein). The 

optical unit of the LightCycIer, a micro-volume fluorimeter, can measure fluorescence in 

three separate channels simultaneously. In the LightCycIer system, PCR temperature 

cycling is achieved using circulating air as opposed to a conventional thermal block. The 

specificity and sensitivity of SYBR Green I detection can be monitored by performing a 

melting curve analysis after the amplification reaction. The advantages of real-time
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detection over end-point determinations have been discussed previously (section 4.1.1). 

However, the LightCycler is also capable of providing sequence confirmation o f the 

amplified product through melting curve analysis. Combining amplification with melting 

curve analysis can enhance specificity and sensitivity o f amplification reactions. Each 

dsDNA product has its own specific melting temperature (Tm), which is defined as the 

temperature at which 50% of the DNA becomes single stranded and 50% remains double 

stranded. By performing a melting curve analysis after the run, the identity o f the PCR 

product can be confirmed by confirming its Tm with the Tm o f a positive control (Figure 

4.3). This technology allows easy differentiation o f specific primer PCR product fi'om 

non-specific products such as primer-dimers, without the need for DNA sequencing.

Figure 4 3  Sample melting curve o f a 1 OObp P-actin PCR fi-agment on the LightCycler 

System. After PCR, products are slowly heated from 55 to 95°C, and the fluorescence 

measured at 0.2°C intervals. In Panel A, a sharp drop in fluorescence is noted as the 

product is denatured. The melting temperature is easily visualised by taking the first 

derivative (-dF/dT) o f the melting curve (Panel B), resulting in a fragment specific Tm 

peak.
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CHAPTER 4

4.1.2 TAQMAif" R e a l -T im e  ASSAYS

The principles o f  TaqMan® PCR have been discussed previouly (section 3.1.5.3). 

Briefly, PCR is performed in the presence o f a TaqMan® probe, consisting o f an 

oligonucleotide 20-30 bases m length with a 5’ reporter dye, a 3’ quencher dye and a 3 ’ 

blocking phosphate. During PCR, if the target of interest is present, the probe will 

specifically anneal between the forward and reverse primer. Due to the nucleolytic 

activity o f the AmpliTaq DNA Polymerase, the probe is cleaved between the reporter and 

quencher sequence resulting in the emission o f a fluorescence signal. Earlier work 

presented in this thesis utilised the 7200 SDS®, which measured the amount o f 

fluorescence generated at the end of the thermal cylcling process. However, a new 

generation o f SDS® instruments enable measurement o f fluorescence generated in real

time, thus providing a more accurate determination of starting template. In this type o f 

assay, the fluorescent signal generated during PCR is monitored in real-time using the 

ABI Prism® 7700 Sequence Detection System (PE Applied Biosystems, Foster City, CA, 

USA). Figure 4.4 illustrates the key components o f the 7700 SDS fluorescent detection 

system.

lia i Mil

L e m

Figure 4.4 Components of ABI PRISM 7700 Sequence Detection System
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During PCR the multiplexer directs an argon ion laser through fibre optic cables 

which are positioned directly above each position of a 96-well plate causing excitation of 

electrons in the fluorescein reporter molecules. The emissions between 500nm and 

660nm are captured through fibre optic cables and focused by a dichroic mirror into a 

spectrograph. The light is separated according to wavelength by the CCD camera and the 

data analysed by the software’s algorithms. The 7700 technology permits complete data 

collection from all wells approximately once every 7 seconds.

During the PCR reaction, the emission intensities o f  both the reporter and 

quencher dyes are evaluated. The intensity o f the latter remaining relatively constant 

during PCR and as such is used to normalise variations in reporter emission intensities. 

The software calculates a value termed ARn (or ARQ) using the following equation: ARn 

= (Rn^) — (Rn‘), where Rn^ is the emission intensity o f the reporter/ emission intensity o f 

the quencher at any given time in a reaction tube, and Rn‘ is the emission intensity o f the 

reporter/ emission intensity of the quencher prior to amplification in that same reaction 

tube.

A TaqMan® amplification plot displays the typical sigmoidal shape amplification 

plot characterisitic of any PCR (Figure 4.5).

o n '

Ul

in
Sample

Figure 4 . 5  Typical amplification curve observed in a TaqMan® PCR assay. The threshold 
Cycle ( C t )  represents the point at which fluorescent intensity rises above the threshold 
level.
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In the initial cycles, insufficient reporter is cleaved to elevate the emission intensity 

above baseline. After a certain number o f amplification cycles ( C t )  probe cleavage is 

such that reporter emission intensity rises above the baseline -  this is referred to as the 

threshold cycle. C t is dependent on the starting template copy number, the efficiency of 

amplification and the cleavage of the TaqMan® probe. An inverse relationship is 

observed between the amount of template present and the threshold cycle for that reaction 

-  this is expected because reactions with fewer starting copies o f the target molecule 

require greater amplification cycles to generate a detectable signal. Consequently C t can 

be used as a quantitative measurement of the input target number.

3.000

2.500 -

2,000 -

c
1.500 -

<]
1.000 -

Stalling Quantity (copy numbers)
0.500 -

0.000

-0.500 H
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Cycle

Figure 4.6 Plot o f Starting quantity of template (copy number) versus threshold cycle 
( C t ) .

4.1.3 S t a n d a r d s  f o r  Q uantita  t iv e  PCR

In order to evaluate the linear range o f amplification, standard samples o f known 

concentration and similar composition to the test samples are also analysed. Standards 

may be either external or internal. In the case o f external samples, the standards are 

amplified in separate PCR tubes and the data used to generate a standard curve from 

which sample concentration may be extrapolated. Alternatively, a co-amplification o f the 

reference standard and the target sequence may be performed. In this case, any variations
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in amplification efficiency can be compensated for through normalisation with the 

internal standard. A prerequisite for this type o f analysis is that the amplification of the 

standard must not compromise that of the target or vice versa. In addition, both targets 

should amplify with the same efficiency.

It is important to note that DNA standards are not always appropriate for the 

quantitation of RNA targets as they do not take into account variations in the reverse 

transcription step. Therefore it is preferable to use known concentrations of RNA or 

cRNA (copy RNA) as standards in such assay systems. cRNA may be generated through 

cloning the cDNA fragment of interest into an appropriate vector containing a 

transcription site.

4.1.4 R e l a t iv e  Q u a n t it a t io n  o f  Ge n e  E x p r e s s io n

Relative quantitation of gene expression by TaqMan ® RT-PCR is achieved using the 

Comparative Ct method according to the recommended guidelines in User Bulletin #2: 

ABI Prism® 7700 Sequence Detection System. The expression level of the target gene is 

normalised to a house-keeping gene (e.g. GAPDH), and compared to that of a calibrator 

or reference sample. The equation used in the comparative Ct method is

2-AACt

where ACt is the difference between the target gene Ct and the reference gene Ct,

AACt is the difference between the sample ACt and the calibrator or reference ACt 

(See Appendix 1 for deriviation of the Comparative Ct formula).
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We hypothesise that TaqMan® Real-Time RT-PCR will enable us to evaluate c-abl 

expression levels in mRNA extracted from fromalin-fixed, paraffin embedded material. 

A newly designed GAPDH primer and probe set (80bp amplicon, Section 4.2.3) should 

ensure that basal RNA levels can be detected even in those samples which could not be 

detected using the larger GAPDH fragment and 7200 end-point determinations. 

Measurement of Ct instead of Rn values will provide a much more accurate assessment 

of mRNA levels. The Comparative Ct method of Index calculations will also facilitate 

accurate interpretation of the data obtained and allow a direct comparaison to be made 

between c-abl mRNA levels in different grade tumours.
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4.2 M a t e r ia l s  & M eth ods

4.2.1 CDNA SYNTHESIS

RNA is extracted from formalin fixed paraffin embedded tissues (see section 3.2.1) 

using the Centra VmtScript™ method described in section 3.2.6. Reverse 

transcriptions are performed in duplicate using the MuLV reverse transcriptase 

enzyme. In a final volume of 20|j.l, the reaction mixture contains 9|il paraffin- 

extracted RNA, 0.5mM each dNTP, 2.5U MuLV, l.OU RNAsin, 125nM random 

hexamers and dH20 as required. The reactions are heated at 25°C for lOmin, held at 

45°C for Ihr and the reactions stopped at 95°C for 5min. cDNA is stored at -20°C 

until ready for use.

4.2.2 c-ablR e a l -T im e  7700 SDS Ta q M a n ® A s s a y

All variables of this assay were previously optimised as described in section 3.2.8.3. 

Table 4.1 outlines the composition of each reaction using the c-abl TaqMan primer 

and probe set (section 3.2.8.1)

Component ConcentrationA^olume

c-abl Forward Primer 

c-abl Reverse Primer 

c-abl TaqMan® Probe 

cDNA

dNTPs (A,G,C,U) 

AmpliTaq Gold 

MgCb
PE TaqMan® Buffer

Urasil-A^-Glycosylase

dH20

Final Volume

400|aM each

As required 

25^1

300nM

300nM

lOOnM

2|al

1.25U

5mM

IX

0.25U

Table 4.1 Composition of c-abl TaqMan Assay reactions
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The optimal thermal cycling conditions for this assay were found to be an initial hold 

at 50°C for 2min followed by lOmin at 95°C. 45 cycles of 95°C for 15sec and 60°C 

for Imin are then performed.

4.2.3 GAPDH R eal-Tim e  7700 SDS TaqM a n ® A ssa y

The need to create an altemative GAPDH primer and probe set which will give rise to 

an amplicon of the desired length for TaqMan® PCR (less than 150bp) has already 

been discussed (section 3.4.5). GAPDH primers and TaqMan® probe were designed 

using Primer Express Software, PE Biosystems as outlined in section 3.1.5.4. The 

resultant primer/probe set is outlined in Table 4.2.

Oligonucleotide Sequence Amplicon 
Size, bp

GAPDH Forward Primer 

GAPDH Reverse Primer 

GAPDH TaqMan® Probe

’̂t g t t c c a a t a t g a t t c c a c c c a ’̂

’̂t t g a t g a c a a g c t t c c c g t t c ’̂

’̂t t c c a t g g c a c c g t c a a g g c t g ’̂ 80bp

Table 4.2 Sequences of the primer and probe set used for GAPDH amplification, as 

designed using Primer Express® Software.

The optimal composition of each reaction using the GAPDH TaqMan® primer and 

probe set is shown in Table 4.3.
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Component ConcentrationA^ olume

GAPDH Forward Primer 300nM

GAPDH Reverse Primer 300nM

GAPDH TaqMan® Probe lOOnM

cDNA 2|il

dNTPs (A,G,C,U) 400|aM each

AmpliTaq Gold 1.25U

MgCl2 5mM

PE TaqMan® Buffer IX

Urasil-A^-Glycosylase 0.25U

dHzO As required

Final Volume 25}j,l

Table 4.3 Composition of GAPDH TaqMan® Assay reactions

The optimal thermal cycling conditions for this assay were found to be an initial hold 

at 50°C for 2min followed by lOmin at 95“C. 45 cycles of 95“C for 15sec and 60°C 

for Imin are then performed.

Relative quantitation of gene expression is performed using the comparative Ct 

method as defined previously (section 4.1.4).

4.2.4 P o s t -P C R  M a n ip u l a t io n

In order to verify that the amplicon generated during PCR is precisely that for which 

the primer set was designed, post PCR products are sequenced using the ABI 

PRISM® 310 Genetic Analyzer. Initially, products are visualised by agarose gel 

electrophoresis. The bands are cut from the gel and the DNA isolated using 

GenElute™ Agarose Spin columns according to the manfacturers protocol. The 

purified DNA fi-agment is cloned into a plasmid cloning vector using the Invitrogen 

TopoTA™ Cloning kit as described in the accompanying User Manual. The cloned
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fragment is removed from the plasmid by restriction digest with the restriction 

endonuclease Eco R1 (Boehringer Mannheim, Inc.) and is then ready for sequencing.

4.2.5 A B I  P r is m  310 Ge n e t ic  A n a l y se r

4.2.5.1 Sample Preparation using Big Dye (BD) Chemistry

The following is a brief outline of the protocol for DNA sequencing (using M l3 and 

M-13 primers supplied in ABI Prism® Big Dye™ Terminator v3.0 Cycle Sequencing 

kit, P/N 4390236, PE Biosystems).

Sequencing Reaction Primer
DNA template 
Seq. MasterMix:
Water_________
Total Vol.

5pmol
200-500ng DNA 
8)il
as required 
20^1

Thermocycling conditions: 96°C x lOsec
50°C X 5 sec 
60°C X 4min

for 25 cycles

Unincorporated dyes may be removed using a simple isopropanol precipitation step or 

using DyeEx Spin columns.

4.2.S.2 DyeEx Spin Columns

Qiagen DyeEx Spin kits are designed for fast and easy removal of unincorporated dye

terminators directly from sequencing reactions. The recommended protocol is as 

follows:

1. The spin column is gently vortexed to resuspend the resin

2. The cap of the column should be loosened one quarter turn to avoid a vacuum

inside the spin column
3. The bottom closure of the spin column is snapped off and the column placed in a

2ml collection tube
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4. A centrifugation step at 3000 rpm for 3min is then performed

5. The spin column is then carefully transferred into a clean eppendorf The 20|al 

sequencing reaction is then slowly applied to the gel bed

6. Again, the column is centrifuged for 3min at SOOOrpm

7. After centrifugation, the spin column is removed from the eppendorf The eluate 

contains the purified DNA

8. Samples are dried in a vacuum centrifuge and resuspended in TSR (Template 

Suppression Reagent)

9. Samples are denatured by heating for 2min at 95°C and chilled immediately on ice 

to prevent reannealing

4.2.S.3 ABI Prism 310 sequencing

Sequencing was performed on the ABI Prism® 310 Genetic Analyser, PE Biosystems 

as outlined in User Manual Bulletin 4317588 (PE Biosystems, March 1997). As PCR 

products to be sequenced were less than 600bp in length, the short read green 

capillary (47cm x 50|^m, P/N 402839) was used. Before use, a matrix file had to be 

created for the dye set in use to account for spectral overlap and individual dye 

retardation within the capillary. dRhodamine Matrix Standards were purchased from 

PE Biosystems (P/N 403047). Refer to User Bulletin Dye Terminator Sequencing 

using Performance Optimised Polymer 6 and the 1.0ml Syringe (PE Biosystems, 

March 1997) for details on how to generate a matrix file.

4.2.6 Laser Capture Microdissection

Individual cells were selected and removed from tissues sections using the 

PixCell II™ Laser Capture Microdissection System, Acturus Engineering Inc. 

Standard protocols for preparation of cell smears and tissue sections are followed 

using standard microscopy slides. The sample is visualised through the video monitor 

and the CapSure™ caps placed over the cell(s) of interest. Pulsing the low power 

infrared laser (25mW, 1.5mS) allows the cells within the laser beam to adhere to the 

transfer film. The cap is then lifted with the desired cell(s) attached to the transfer
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film while the surrounding tissue remains in tact. The cap is placed directly onto a 

standard microcentifuge tube containing the extraction buffer. The cellular DNA, 

RNA or protein are ready for molecular analysis. The accompanying PixCell II™ 

Image Archiving Workstation permits accurate monitoring and documentation of cell 

transfers.
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4.3 R e s u l t s

The terms below are used throughout this results section and may be defined as follows;

Rn: Relative ratio of target gene to housekeeping gene. A simple ratio based on

threshold cycles of both target and housekeeping PCR reactions, normalised against a 

passive internal reference (section 3.1.5.5). An inverse relationship exist between Rn 

values and starting concentration of target template.

Ct value: Threshold cycle. This value represents the cycle at which the fluorescence

emission intensity of a sample rises above the baseline. Ct is dependent on the starting 

template copy number, the efficiency of amplification and cleavage of the TaqMan® 

probe. An inverse relationship is observed between the amount of template present and 

the threshold cycle for that reaction (section 4.1.2)

Act: Delta Ct value. This figure represents the difference between the

threshold cycle observed for the target gene and that observed for the reference gene.

AACt: Delta, delta Ct value. AACt is the difference between the sample ACt and

the calibrator or reference ACt. A direct relationship exists here; the greater the AACt, 

the greater the difference in target gene expression between the sample and the calibrator 

or reference sample.

Index: The Index value enables a direct comparison of samples to be made. The

index value is calculated from the AACt value, as described in section 4.1.4. In all cases, 

expression of the target gene in the calibrator or reference sample obtains an index value 

of 1, and the expression of the target gene in all other samples is expressed relative to 

this. The equation is linear, such that an index value o f 10, for example, represents a 10- 

fold difference in target gene expression between test and control samples.
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4.3.1 c-abl EXPRESSION IN CHONDROSARCOMA B Y  7700 S D ^  TECHNOLOGY

RNA was extracted from 14 cases of chondrosarcoma and reversed transcribed as 

outlined previously (section 3.2.6 and 3.2.7). c-abl and GAPDH expression were 

quantitated simultaneously using the previously optimised TaqMan® 7700 SDS assays 

(section 4.2.2 and 4.2.3). Average Ct values were recorded and Index values calculated 

using the comparative Ct method as described in section 4.1.4. Amplification plots for 

GAPDH and c-abl are shown (Figure 4.7 and 4.8 respectively). Table 4.4 summarises the 

Relative Ratio (Rn) and Delta Ct (ACt) value for each case analysed.

Case Histology Grade Ave, 
c-abl Ct

Ave. 
GAPDH Ct

Rn
Value

ACt
Value

1 Grade 1, dedifferentiated 30.46 38.13 0.80 -7.67

2 Grade 1, myxoid 31.29 36.61 0.85 -5.33

3 Grade 1 30.77 34.43 0.89 -3.66

4 Grade 1 31.52 33.02 0.95 -1.50

5 Grade 1 33.21 33.29 1.00 -0.07

6 Grade 2 31.63 36.91 0.86 -5.28

7 Grade 2 29.82 33.34 0.89 -3.53

8 Grade 2 32.14 35.51 0.91 -3.37

9 Grade 2 T IM 29.72 0.92 -2.25

10 Grade 3 30.86 31.39 0.98 -0.52

11 Grade 3 30.95 30.31 1.02 0.64

12 Grade 3 32.10 30.85 1.04 1.25

13 Grade 3, cellular 29.75 25.28 1.18 4.47

14 Grade 3, undifferentiated 33.29 28.63 1.16 4.67

Table 4.4 TaqMan® analysis of c-abl expression in chondrosarcoma with resultant 

average Ct values for GAPDH and c-abl, ACt and Rn values. Corresponding Figure 

4.7 and 4.8 illustrates amplification plots for GAPDH and c-abl in chondrosarcoma 

respectively. An inverse relationship exists between Rn and expression levels, i.e. a 

higher Rn value is indicative of lower c-abl expression.
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Index values are assigned to the different grades of tumour using the compartive Ct 

equation as described in section 4.1.4. The average ACt value is calculated for each 

grade o f tumour. AACt values are then calculated using Grade 1 (average ACt) values as 

the reference value. From this the Index of each grade chondrosarcoma can be calculated. 

Table 4.5 summarises the results.

Chondrosarcoma Ave. ACt AACt Index

Grade 1 -3.646 0 1.00

Grade 2 -3.6075 0.0385 0.97

Grade 3 2.102 5.748 0.02

Table 4.5 Normalisation of c-abl expression in chondrosarcoma using the 

comparative Ct method. Grade 1 chondrosarcoma is assigned an index value of 1 and 

is used as the reference population in calculating indices for the other populations (i.e. 

Grade 2 and Grade 3 chondrosarcoma). Average ACt value for Grade 1 tumours is 

shown to be -3.646, with a standard deviation of 3.017. Based on ±2 standard deviations, 

the ACt o f case 13 and 14 (Table 4.4) are deemed to be statistically significant.
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Figure 4.7 TaqMan® amplification plot for GAPDH expression in a series o f formalin 

fixed paraffin embedded chondrosarcoma cases. The arrow points to amplification curves 

of four HL60 cell line control RNA samples. Remaining amplification plots correspond 

to samples 1-14 (in triplicate), average Ct values for each sample recorded in Table 4.4.
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Figure 4.8 TaqMan® amplification plot for c-abl expression in a series o f formalin 

fixed paraffin embedded chondrosarcoma cases. Again, the arrows point to amplification 

curves o f four HL60 cell line control RNA samples. Remaining amplification plots 

correspond to samples 1-14 (in triplicate), average Ct values for each sample recorded in 

Table 4.4. Due to the high levels o f c-abl expression in the four control RNAs, the 

amplification plots appear scaled down in this illustration. In addition, the very low 

levels o f c-abl mRNA in the paraffin embedded tissues results in a less steep 

amplification curve compared to the cell line mRNA extracts.
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4.3.2 c-abl EXPRESSION i n  g a s t r i c  c a r c in o m a  b y  7700 SDS t e c h n o l o g y

RNA was extracted from 11 cases of gastric carcinoma (6 diffuse type and 5 intestinal 

type) and reversed transcribed as outlined previously (section 3.2.6 and 3.2.7). c-abl and 

GAPDH expression were quantitated simultaneously using the previously optimised 

TaqMan 7700 SDS assays (section 4.2.2 and 4.2.3 respectively). Average Ct values 

were recorded and Index values calculated using the comparative Ct method as described 

in section 4.1.4. Amplification plots for GAPDH and c-abl are shown (Figure 4.9 and 

4.10 respectively). Table 4.6 summarises the Relative Ratio (Rn) and Delta Ct (ACt) 

value for each case analysed.

Case Histology Grade Ave. 

c-abl Ct

Ave. 

GAPDH Ct

Rn

Value

A C t

Value

1 Diffuse type 33.18 28.17 1.18 5.01

2 Diffuse type 31.07 27.46 1.15 3.61

3 Diffuse type 33.01 27.81 1.19 5.20

4 Diffuse type 31.20 27.52 1.15 3.68

5 Diffuse type 31.26 29.01 1.10 2.25

6 Intestinal type 31.46 28.95 1.09 2.11

7 Intestinal type 33.29 30.37 1.11 2.92

8 Intestinal type 31.89 29.01 1.07 2.88

9 Intestinal type 33.35 30.08 1.11 3.27

10 Intestinal type 30.08 32.84 0.93 -2.76

11 Intestinal type neg neg - -

Table 4.6 TaqMan® analysis of c-abl expression in gastric carcinoma with resultant 

average Ct values for GAPDH and c-abl, ACt and Rn values. Insufficient RNA (neg) 

was extracted from case 11 to detect either c-abl or GAPDH mRNA Corresponding 

Figures 4.9 and 4.10 illustrate TaqMan amplification plots for GAPDH and c-abl in 

gastric carcinoma.
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Index values are assigned to the tumour cases using the compartive Ct equation as 

described in section 4.1.4. The average ACt value is calculated for each case and AACt 

values are then calculated using case 1 as the reference value. From this the Index of 

each type o f  gastric carcinoma can be calculated. Table 4.7 summarises the results.

Case Histology Grade 
Adenocarcinoma

A c t
Value

AACt
Value

Index

1 Diffuse type 5.01 0 1.00

2 Diffuse type 3.61 1.40 0.38

3 Diffuse type 5.20 -1.19 1.14

4 Diffuse type 3.68 1.33 0.40

5 Diffuse type 2.25 2.76 0.15

6 Intestinal type 2.11 2.90 0.13

7 Intestinal type 2.92 2.09 0.23

8 Intestinal type 2.88 2.23 0.21

9 Intestinal type 3.27 1.74 0.30

10 Intestinal type -2.76 7.77 0.005

11 Intestinal type - - -

Table 4.7 Normalisation of c-abl expression in gastric carcinoma using the comparative 

Ct method. Average index value for diffuse type gastric carcinoma is 0.614 (Std. Dev 

0.43) compared with an average index value o f 0.17 (Std. Dev. 0.11) for intestinal type.
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Figure 4.9 TaqMan amplification plot for GAPDH expression in a series o f  formalin 

fixed paraffin embedded gastric carcinoma cases. The black arrows point to amplification 

curves o f  four HL60 cell line control RNA samples. Remaining amplification plots 

correspond to gastric carcinoma cases 1-11 (in triplicate). The average Ct values for each 

sample recorded in Table 4.6. The red arrow points to the amplification plots for sample 

3, which with an average Ct value o f 40 is deemed to be a negative result.
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Figure 4.10 TaqMan amplification plot for c-abl expression in a series o f  formalin 

fixed paraffin embedded gastric carcinoma cases. The black arrows point to amplification 

curves o f four HL60 cell line control RNA samples. Remaining amplification plots 

correspond to gastric carcinoma cases 1-11 (in triplicate). The average Ct values for each 

sample recorded in Table 4.6. Again, the scale o f the sample amplification plots is 

minimised due to the high c-obl levels in the HL60 cell line RNA.
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4.3.3 c-abl EXPRESSION in  liposarcoma b y  7700 Ta qM a n ® A ssa y

RNA was extracted from 12 cases of liposarcoma and reversed transcribed as outlined 

previously (section 3.2.6 and 3.2.7). RNA was also extracted from 1 case o f hibernoma, 

a benign tumour, for control purposes, c-abl and GAPDH expression were quantitated 

simultaneously using the previously optimised TaqMan® 7700 SDS assays (section 4.2.2 

and 4.2.3 respectively). Average Ct values were recorded and Index values calculated 

using the comparative Q  method as described in section 4.1.4. Amplification plot for c- 

abl is shown (Figure 4.11). Table 4.8 summarises the Relative Ratio (Rn) and Delta Q  

(ACt) value for each case analysed.

Case Histology Grade Ave. 
c-abl Ct

Ave. 
GAPDH Ct

Rn
Value

A C t
Value

1 Grade 1, well differentiated 30.11 32.41 0.92 -1.30

2 Grade 1, well differentiated 30.46 33.68 0.90 -3.33

3 Grade 1, well differentiated 31.79 30.08 1.05 +1.71

4 Grade 1, well differentiated 32.33 31.93 1.02 +0.40

5 Grade 1, well differentiated 29.76 32.47 0.91 -2.71

6 Grade 1, well d iff, myxoid 29.94 28.04 1.06 +1.90

7 Grade 1, myxoid, vessels 28.89 27.31 1.05 +1.58

8 Grade 2, cellular myxoid 31.00 32.45 0.95 -1.45

9 Grade 2, areas grade 3 30.56 28.98 1.05 +1.58

10 Grade 3, pleomorphic 29.89 30.65 0.97 -0.76

11 Grade 3, myxoid 30.50 29.65 1.02 +0.85

12 Pure myxoid 27.79 27.56 1.00 +0.23

13 Hibernoma 25.20 25.05 1.00 +0.15

Table 4.8 TaqMan® analysis of c-abl expression in liposarcoma with resultant 

average Ct values for GAPDH and c-abl, ACt and Rn values. Corresponding Figure 

4.11 illustrates amplification plots for c-abl in liposarcoma.
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Index values are assigned to the different grades of liposarcoma using the comparative Ct 

equation as described in section 4.1.4. The average ACt value is calculated for each 

grade o f tumour. AACt values are then calculated using Grade 1 (average ACt) values as 

the reference value. From this the Index of each grade liposarcoma can be calculated. 

Table 4.9 summarises the results.

Liposarcoma Ave. ACt AACt Index

Grade 1 -0.23 0 1.00

Grade 2 +0.065 +0.295 0.82

Grade 3 +0.106 +0.129 0.91

Hibernoma +0.150 +0.380 0.78

Table 4.9 Normalisation of c-abl expression in liposarcoma using the comparative 

Ct method. Grade 1 liposarcoma is assigned an index value of 1 and is used as the 

reference population in calculating indices for the other populations (i.e. Grade 2 and 

Grade 3 liposarcoma). Average ACt value for Grade 1 tumours is shown to be -0.23, 

with a standard deviation of 2.168. Based on ±2 standard deviations, the changes in c-abl 

expression indices calculated in Table 4.9 are not deemed to be statistically significant.
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Figure 4.11 TaqMan® amplification plots for c-abl expression in formalin fixed paraffm 

embedded liposarcoma. All samples were assayed in triplicate Average Ct values were 

calculated using the accompanying SDS® software and are shown in Table 4.8.
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4.3.4 A B I P r is \ ^  310 S e q u e n c in g  o f P C R  p r o d u c t s

To confirm the sequence of the PCR generated amplicons, PCR products were cloned 

using the TOPO TA™ cloning kit, Invitrogen Inc. DNA sequencing is performed using 

Big Dye terminator chemistry and the ABI PRISM® 310 Genetic Analyser (section 

4.2.5). Each plasmid is sequenced bidirectionally and in triplicate. The sequence 

generated from one of the plasmids containing the ‘c-abl TaqMan insert’ is shown in 

Figure 4.12. The sequence is then aligned to the known sequence as obtained from the 

GenBank database to verify the origin of the sequence.

4 .3 .5  L a s e r  Ca p t u r e  M ic r o d is s e c t io n

Individual cells from selected formalin-fixed paraffin embedded tissue sections 

were micro-dissected using the PixCell™ Laser Capture Microdissection System, Acturus 

Engineering Inc. (section 4.2.6). RNA was extracted (section 3.2.6) and amplified for 

both c-abl and GAPDH using TaqMan® RT-PCR (sections 4.2.2 and 4.2.3 respectively). 

However, there was insufficient mRNA in the extracts to accurately quantify using Real- 

Time Quantitative RT-PCR.

110



C T  C C T T 6 G G N C N C  T G G T G T T  T A A G A  T  C N  A A G C T  T G C  T C A A G

C T T G G T A C C G A G  C T C G G A T C C A C  T A G T A A C  G G C  C G C C A G T  G T  G C  T  ( 
S0 60 70 80

G A A T T C G C C C T T j G A G A T A C T G G A T T C C T  G G  A A C A T  T G T T  r C A  
90 l i f t

Taqman
,  Insert »

A A G G C T T G G T G G A T T T C A G C A A G G  G A G G G C C G G T C A G  A G  
1 ^0 140 150

F igure 4 .12  Big Dye™ Terminator Sequencing of c-abl TaqMan® Product. This figure 
illustrates the sequencing results obtained from the ABI Prism® 310 Genetic Analyser 
using the methods described in section 4.2.5.3. All plasmids were sequenced bi- 
directionally and in triplicate, and results compared to published sequences.
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4.4 D is c u s s io n

The development of Real-Time fluorescent based TaqMan® Assays represents 

a significant advancement in the field of quantitative RT-PCR. Real-Time TaqMan® 

assays record the threshold cycle, or Ct value, for each sample which enables the data 

to be interpreted using the comparative Ct method (section 4.1.4). Determining Ct 

values by following real-time kinetics of PCR eliminates the need for a competitor to 

be co-amplified with the target template. Compared to end-point measurements, the 

use of Ct values also expands the dynamic range of quantitation because data is 

collected for every cycle of PCR. A linear relationship between Ct and the initial 

amount of RNA has been demonstrated for five orders of magnitude, compared to the 

one or two orders of magnitude typically observed with an end-point assay (ABI 

PRISM® 7700 SDS data).

The early cycles of the PCR are characterised by an exponential increase in 

target amplification. A key advantage if the 7700 SDS® is that the threshold cycle is 

observed when the amphfication is still in exponential phase and has not reached a 

plateau. Thus the Ct is a more accurate and reliable indication of the starting copy 

number than the amount of PCR product accumulated. As the reaction components 

are not rate limiting during the exponential phase of the reaction, Ct values are very 

reproducible for reactions with the same starting gene copy number. Thus, the 

precision and sensitivity of RNA quantitation is enormously enhanced compared to 

standard end-point detection.

Using the 7700 SDS® system, it was possible to amplify both c-abl and 

GAPDH mRNA in all fourteen cases of chondrosarcoma studied (Table 4.4). For 

each case, multiple extractions were performed and analysed, yielding consistent and 

reproducible results. This is in total contrast to the data obtained using End-Point 

determinations in which amplification was recorded in only 25% of cases (Table 3.3). 

Table 4.5 shows normalised c-abl expression in each grade of chondrosarcoma. 

Grade 1 chondrosarcoma are used as the reference population resulting in an index 

value of 1 for this group. There is little difference between c-abl expression in grade 

1 and grade 2 chondrosarcoma which have an Index value of 0.97. These two grades
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of chondrosarcoma are also relatively close morphologically. Grade 3 

chondrosarcoma, however, appears to have significantly reduced levels (Index = 0.02) 

of c-abl mRNA compared to the grade 1 tumours. This correlates specifically with 

the findings in Chapter 2 in which grade 1 tumours displayed intense staining for the 

Abl oncoprotein but the more poorly differentiated chondrocytes of grade 3 

chondrosarcoma showing minimal and more diffuse Abl expression (section 2.4.2).

In order to perform statistical analysis on the data obtained, the experimental 

design would have to incorporate multiple RNA extractions (min. n=3) of each 

sample, and analysis o f each RNA in triplicate by TaqMan® RT-PCR. In this study, 

RNA was extracted from 5 consecutive sections (n=5) of the paraffin embedded tissue 

of interest. Unfortunately, due to the extremely low concentrations of mRNA in each 

extraction, it was not possible to perform multiple analyses on each extraction. 

Consequently, it was not possible to apply the one sided paired Student t-test which is 

normally used to analyse data generated on the 7700 SDS® system. Based on 

standard deviation calculations, however, it was possible to determine that at least two 

of the grade 3 chondrosarcoma had significantly lower c-abl mRNA levels than the 

grade 1 chondrosarcoma.

RNA was successfully extracted and cimplified in 10 of 11 cases of gastric 

carcinoma investigated for c-abl expression. Only 8 of these cases could be amplified 

and detected using end-point assays (Table 3.3). In total, the study comprised 6 cases 

of diffuse type signet ring carcinoma of stomach and 5 cases of intestinal type gastric 

adenocarcinoma. The diffuse type signet ring adenocarcinoma show index values 

ranging from 0.15 to 1.14 (mean 0.614, std. deviation 0.43). This is considerably 

higher than the index values of intestinal type adenocarcinoma, which range from 

0.005 to 0.30 (mean 0.17, std. deviation O.II). This again correlates with the 

observations of Abl protein expression in which intense Abl immunoreactivity was 

observed in diffuse carcinoma of the stomach with weaker Abl staining associated 

with the intestinal type (section 2.3.5).

The effect of tissue type on RNA yields have previously been discussed and it 

has been demonstrated that least success was achieved in extracting and amplifying 

RNA from formalin fixed paraffin embedded liposarcoma (section 3.3.6). End-point
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determinations succeeded in detecting c-abl rtiRNA in only 2 of 15 cases (Table 3.3). 

Using Real-Time 7700 TaqMan® RT-PCR it was possible to amplify c-abl in 100% of 

liposarcoma cases. Data was analysed using the comparative Ct method. No 

statistically significant difference in c-abl expression was noted between the different 

grades of liposarcoma tumour. This is not surprising given that although there were 

differences in Abl immunostaining between high and low grade liposarcoma (section 

2.3.3), the contrast was not as significant as that observed between the different 

grades o f chondrosarcoma. I have also commented previously on the relatively small 

number o f mature adipocytes per section of liposarcoma, thus limiting the amount of 

RNA available for extraction. As such, a considerable upregulation of c-abl 

expression in each cell would be required to significantly alter total net c-abl 

measured.

The PCR products generated were cloned into Topo TA™ cloning vectors 

(Invitrogen Inc.) according to the manufacturers protocol and sequenced on the ABI 

PRISM® 310 genetic analyser to confirm the specificity of the amplification. Figure 

4.12 shows a sample printout from the ABI Prism 310 genetic analyser. In this 

sample, the plasmid contains an insert of the cDNA generated using a primer set 

which flank the ‘abl TaqMan amplicon’. Sequencing was performed independently 

using both the forward and reverse sequencing primers fi-om the Invitrogen Topo™ 

TA cloning kit. Bases are determined by the accompanying Sequence Analysis 

Software (PE Biosystems). The results confirmed that the c-abl product amplified 

during TaqMan® RT-PCR is as expected for the given primer set used.

In conclusion, Real-Time 7700® TaqMan RT-PCR offers a sensitive, reliable 

and accurate method of gene quantitation. It has facilitated measurement of c-abl 

mRNA in a series of archival paraffin embedded tissues that could not previously be 

quantitated using end-point assay systems. I have successfully demonstrated that c- 

abl mRNA is significantly lower in high-grade chondrosarcoma than in low-grade 

chondrosarcoma. The results support the expression of Abl oncoprotein in 

chondrosarcoma described in section 2.3.2. I have also shown that c-abl mRNA 

levels are higher in diffuse (signet ring) carcinoma of the stomach relative to intestinal 

type gastric adenocarcinoma. This is again in keeping with the immunohistochemical 

staining patterns for Abl protein in this tumour group. In an early part o f this study
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(section 3..6), liposarcoma proved to be the most difficult tissue from which to extract 

amphfiable mRNA. Using the 7700 SDS®, we have achieved 100% success in 

amplifying c-abl and GAPDH mRNA from formalin fixed paraffin embedded 

liposarcoma.

The specificity of the amplification has been verified by sequencing products 

formed using Big Dye terminator sequencing reactions and the ABI PRISM® 310 

genetic analyser. It is not possible to sequence TaqMan® assay products directly as 

the reporter and quencher molecules interfere with the fluorescence dyes used in Big 

Dye™ terminator sequencing (e.g. Rox, Tamra). Consequently, parallel PCR
• (S)reactions were run with the omission of the TaqMan probe and these reaction 

products were sequenced using the ABI PRISM® 310 instrument. All products were 

sequenced bi-directionally and in triplicate. Figure 4.12 shows the output data fi-om 

the sequencing of a c-abl TaqMan® amplicon.

The ability to identify the exact contribution of individual cell types to the 

total mRNA extracted from a tissue section would provide valuable information on 

cell specific gene expression pattems. Attempts were made to localise c-abl mRNA 

to individual cells using Laser Capture Microdissection (LCM). LCM is based on the 

adherence of visually selected cells to a thermoplastic membrane, which overlies the 

dehydrated tissue section and is focally melted by triggering of a low energy infi-ared 

laser pulse. The melted area forms a composite with the selected cells, which can 

then be simply removed by lifting the membrane. Although the laser transiently 

raises the temperature of the transfer film to 90°C, its energy is absorbed by the film 

and is poorly absorbed by biological tissue. Nucleic acids and proteins recovered 

from these cells should not therefore be degraded by heat conduction (Goldstein et al, 

1998). Unfortunately, analysis of mRNA post-LCM proved unsuccessful in our 

hands. It is believed that the minute quantities of mRNA from the selected individual 

cells are lost during the extraction process. This is not unexpected given the very low 

signals attainable from RNA which has been extracted from two consecutive 10pm 

sections of formalin fixed paraffin embedded tissues. An alternative method of 

determining expression of c-abl mRNA in specific cell types within a tissue section is
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in-situ RT-PCR. It is proposed to further investigate c-abl gene expression in tumour 

cells and the endothelial cells of tumour microvessels using in-cell amplification.
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5.1 I n t r o d u c t io n

Thus far, Abl protein expression has been investigated in a variety of normal 

tissue and tumour types by immunohistochemistry. Staining patterns observed suggest 

possible roles for Abl in tumour cell differentiation, inhibition of apoptosis and 

angiogenesis. Real-Time quantitative RT-PCR has enabled us to confirm c-abl 

upregulation at the mRNA level, following extraction o f RNA from tissue sections. Of 

greater significance, however, would be the ability to localise c-abl mRNA expression to 

individual cells within the tissue sections. It is hypothesised that in-situ RT-PCR may 

provide the means by which identification of c-abl expression in specific cells can be 

achieved.

5.1.1 B a c k g r o u n d

Solution phase polymerase chain reaction is a highly specific and sensitive 

technique for the detection of nucleic acid sequences in vitro. It has the ability to amplify 

single copy genes, which may then be detected by such methods as Southern blotting, 

agarose gel electrophoresis and TaqMan® PCR. A prerequisite to this methodology is the 

necessity to extract the nucleic acid from the tissue or biological sample through 

destruction of the individual cells. In the case of tissues where a mixed population of 

cells may be present, it is impossible to determine the contribution of each cell type to the 

total mRNA extracted. Thus a major limitation of solution phase PCR is the inability to 

visualise and localise amplified product within cellular and tissue specimens. In addition, 

data previously presented (section 3.4.4) highlights the difficulties encountered in 

extracting RNA from tissues which have been formalin fixed and paraffin embedded.

In-situ Hybridisation (ISH) can be used to detect both DNA and RNA targets at 

the cellular level by the hybridisation of a specifically designed nucleotide probe. This 

technique boasts high specificity and preserves tissue morphology enabling precise 

localisation o f nucleic acids in intact cells. The draw-back with the in-situ hybridisation
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technique is the relatively low detection limits, the threshold level for non-isotopic ISH 

estimated to be about 20 copies per cell (Nuovo et al, 1991a; Bates et al, 1997).

5.1.2 P r in c ip l e s  o f  i n -s it u  PCR

The in-situ PCR technique allows the polymerase chain reaction to be performed 

in non-disrupted cells and tissue sections, increasing nucleic acid copy numbers to levels 

readily detectable by ISH or immunohistochemistry. As a result, the technique offers the 

combined sensitivity of the PCR with the sub-cellular localisation o f ISH using a target 

specific probe. In-situ amplification of RNA templates provides a means by which 

cytoplasmic message can be localised, permitting evaluation o f gene expression in 

different cells and tissues. The first person to report a successful PCR in-situ 

hybridisation technique was Dr. Ashley Haase. This pioneering work, which employed 

radioactive probes, multiple primer pairs and a fixed cell suspension, was described in 

1990 (Haase et al, 1990). Non-radioactive labels such as biotin, digoxigenin or 

fluorescein are now taking preference in most laboratories over radioactive labels (^^P, 

^^S), primarily for safety reasons. In general, two different strategies employed for in-cell 

amplification: direct and indirect (Figure 5.1).

5.1.3 D i r e c t iN -siT U  PCR

Direct in-situ PCR involves the incorporation of a label directly into the amplicon 

during the thermal cycling process. This may be achieved through use of a hapten label 

attached to a nucleoside analogue (e.g. biotin-11-dUTP, digoxigenin-11-dUTP or 

fluorescein) or via hapten labelled primers (Figure 5.1). Direct labelling incorporation 

results in the labelling of all nucleic acids that are synthesised during the PCR process, 

resulting in high sensitivity and single copy gene detection. It also obviates the need for 

a hybridisation step. However, incorporation of the hapten-labelled nucleoside into 

damaged or ‘nicked’ DNA by Taq polymerase can lead to very high background signals 

or even false positive results. Using labelled primers does help to reduce this 

phenomenon but as there is less hapten per PCR product, this method tends to be less
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sensitive. Where fluorescein has been incorporated onto the oligonucleotides it has been 

observed that autofluorescence, which increases with every round of PCR, is difficult to 

overcome (Embleton et al, 1992).

5.1.4 I n d ir e c t PCR-ISH

The indirect method, PCR in-situ hybridisation or PCR-ISH, requires 

amplification of the target sequence in the absence o f any labels followed by in-situ 

hybridisation o f the amplified product with a labelled probe (Figure 5.1). RT-PCR-ISH 

refers to the amplification of mRNA sequences, first requiring generation of cDNA (copy 

DNA) template using reverse transcriptase, followed by a brief fixing of the specimen to 

maintain localisation o f PCR product. The amplicon may then be detected using a 

suitably labelled probe. The indirect method overcomes the problem of DNA repair and 

mis-priming, however it may be prone to high backgrounds due to non-specific probe 

hybridisation. RT-PCR may be performed in two single steps or using a one-step 

approach. The former employs a reverse transcriptase enzyme such as MMLV or AMV 

to generate the cDNA strand from the mRNA template and the cDNA is then amplified 

using Taq polymerase. The one-step approach utilises the recombinant Thermus 

thermophilus (rTth) polymerase, which possesses both reverse transcriptase and DNA 

polymerase activities. Indirect RT-PCR-ISH generally takes longer than the direct 

labelling method to perform due to the additional hybridisation and stringent washes 

which must be performed.

5.1.5 iN -siT U  Ta  qM a n ® PCR

TaqMan® PCR enables detection of low copy number specific nucleic acid 

sequences, based on a 5’ exonuclease assay system (section 3.1.5.3). Hybridisation o f the 

fluorescently labelled probe within the target sequence occurs in real time and the signal 

generated is proportional to the quantity of original starting material. Thus in cell 

TaqMan® RT-PCR (Figure 5.1) provides a method of measurement of gene expression 

within cells, once again combining the sensitivity of PCR with the specificity o f in-situ 

hybridisation techniques. The generation of fluorescence signal within the cells is
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monitored by fluorescent microscopy. Slides must be photographed as soon as possible 

after thermal cycling as the signal fades with time and fluorophores can diffuse from the 

cell. This is in contrast to the in-situ techniques employing hapten labels such as dig-11- 

dUTP in which the slides can be stored long term without any signifcant fading of 

signals.

Using these methods of direct in-situ RT-PCR, RT-PCR-ISH and in-cell 

TaqMan® RT-PCR, it is proposed to localise c-abl expression to individual cells within 

formalin fixed paraffin embedded tissue sections.
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5 .2  M a t e r ia l s  &  M e t h o d s

5.2.1 Ce l l  P repara  tion

Tissue culture cells or other single cell suspensions can be used for in-situ RT-PCR. 

Cells must be washed twice in IX PBS, pH7.4. The cells are the resuspended in IX 

PBS, pH7.4 at a concentration of 2 x lO^cells/ml. Approximately 25|j.l of cell 

suspension is added to each area of the slide using a micropipette and spread evenly 

across the surface of the slide. Alternatively, cell cytospins can be prepared. The 

slides are allowed to air-dry in a laminar-flow hood. Cells are then fixed and 

permeabilised using O rth o  PermeaFix (O r t h o  Diagnostic Systems) according to the 

following protocol:

- Slides are incubated in IX  O r t h o  PermeaFix for 90min

The following washes must then be performed:

40%v/v ethanol x 30min

60%v/v ethanol x 30min

80%v/v ethanol x 30min

100%v/v ethanol x 30min

Slides are stored in 100%v/v ethanol at -70°C for up to one month until ready for 

staining. Slides must be allowed to air-dry fully before applying PCR mix.

5.2.2 F r o z e n  S e c t io n s

Frozen sections (6|^m) are cut and mounted on APES coated PE In-Situ PCR glass 

slides. Sections are washed twice in sterile IX PBS, pH7.4 at 4°C to remove all traces 

of the embedding medium (OCT compound). This material binds many of the 

detection reagents and normally results in very high backgrounds. Sections may be 

fixed and permeabilised in O r th o  PermeaFix as outlined in section 5.2.1. 

Alternatively, sections can be fixed in 4%w/v paraformaldehyde in PBS for 30min. 

After fixation, slides are rinsed in IX PBS, pH7.4 for 5min. Slides are then immersed 

in O.IM Tris-HCl, pH7.2 containing 0.25%v/v Triton X-100 for 5min. Sections are
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digested with 0.4mg/ml proteinase K for 15 min at 37°C. Slides are then washed in 

O.IM Tris-HCl, pH7.2 for 5min. SHdes are briefly immersed in 20%v/v aqueous 

acetic acid at 4°C for 15sec. Once again, slides are washed in O.IM Tris-HCl, pH7.2 

for 5min. Finally, slides are rinsed in two changes o f DEPC treated water for lOmin 

each.

5.2.3 P a r a f f i n -e m b e d d e d  t is s u e s

‘Cross-linking’ fixatives such as formalin or paraformaldehyde necessitate

considerable pretreatment of tissue sections before they become permeable to PCR

reagents. The following steps are those that permit reagent entry to the cells while 

also favouring preservation of morphology and retention o f signal:

Sections (6|am) are cut onto APES coated In-Situ PCR glass slides (PE 

Biosystems)

Slides are incubated on a hotplate for Ihr at 50°C and then overnight in a 

dry oven, again at 50°C, to achieve maximum section adhesion 

The following washes are performed at room temperature unless otherwise 

stated:

• Xylene (2x1 Omin)

• 100%v/v ethanol (2x5min)

• 75%v/v ethanol (2min)

• 50%v/v ethanol (2min)

• 0.1 %v/v DEPC water (5min)

• 0.2M HCl(10min)

(At this point, the Proteinase K solution (300|ag/ml) should be prepared 

and and pre-heated to 37°C)

• IX PBS, pH7.2 (2min)

• 0.01 %v/v Triton X -100 (2min)

• IX PBS, pH7.2 (2min)

• Proteinase K solution (18. 5min at 3 7°C)

• 0.2%w/v glycine (5min)
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• IX PBS, pH7.2 (15min)

• 20%v/v acetic acid (15 sec)

• 0.01%v/v DEPC water (2 x lOmin)

- Slides must be allowed to air-dry fully before applying PCR mix

5.2.4 P r o b e  Ge n e r a t io n

DNA probes can be generated using previously optimised solution phase PCR 

conditions and a labelled nucleotide analogue such as biotin-11-dUTP or dig-11- 

dUTP (Enzo Diagnostics Inc.). Dig-11-dUTP is used as a substrate for Taq DNA 

polymerase and reverse transcriptase (AMV and MuLV) and can replace dTTP in 

nick translation reactions and in random primed DNA labelling (Feinberg et al, 1983). 

The PCR reaction should contain a ratio of 35% dig-11-dUTP and 65% dTTP. 

Separation of unincorporated nucleotides from labelled probes can be achieved using 

a simple ethanol precipitation step.

5.2.5 A m p l if ic a t io n

The concentrations of many of the reagents in the amplifying solution for RT-PCR in- 

situ hybridisation differ greatly to those for solution phase RT-PCR. The enzyme 

buffer is the exception with the same concentration used for both techniques. The 

following is the approximate composition of the amplifying solution, which must be 

further optimised for each primer set or individual assay:

Mn(0ac)2 1.0-5.0mM

Buffer (IX) 50mM Bicine, 115mM potassium acetate, 40%w/v glycerol, 

pH8.2

dNTP’s 200-400^iM

Primers 0.2-1.0)J.M each

EZrTth 5-10U/50|^1 reaction

Sufficient mastermix is prepared to enable 50[j,l to be added to each well of the slides.
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5.2.6 M a s te r m ix  C o m p o s itio n  f o r  in  s i t u  RT-PCR: Abl (A+C) p r im e r s

Reagent Stock Cone. Volume Final Cone.

Forward Primer (MWG Biotech) 30pmol/|4,l 2^1 0.24|xM

Reverse Primer (MWG Biotech) 30pmol/)^l 2^1 0.24|aM

5X rTth Buffer (PE Biosystems) 5X 10^1 IX

EZrTth Polymerase (PE Biosystems) 2.5U/^il 3^1 7.5U

dNTP mix •k 8^1 lOOuM

Manganese Acetate (PE Biosystems) 25mM 7^1 3.5mM

SF dH20 - IS^il -

Final Volume - SÔ il -

Table 5.1 Mastermix composition for in-situ RT-PCR using Abl (A+C) Primers

*Labelled dNTP mix prepared as foHows; *UnJabelled dNTP mix prepared as follows: 

12^1x2.5mMdATP 12^1 x 2.5mM dATP

12^1 X 2.5mM dGTP 12^1 x 2.5mM dGTP

12^1 x 2.5mM dCTP 12^1 x 2.5mM dCTP

8^1 X 2.5mM dTTP 12^1 x 2.5mM dXTP

4^1 X dig-11-dUTP (Inmol/^], Boehringer Mannheim)

5.2.6.1 Thermal Cycling conditions for In situ RT-PCR: Abl (A+C)

primers

Slides are reverse transcribed at 58“C for 45min and denatured for Imin at 94"C. This 

is followed by 25 cycles of 94“C for 45sec, 58°C for 45sec and 72“C for Imin. A 

final elongation step o f 72°C for 3min is then performed before holding slides at 4°C 

until ready for detection.

123



C h a p t e r  5

5 .2 .7  M a s te r m ix  C o m p o s i t io n  f o r  I n  s i t u  T aqM an ®  RT-PCR: A b l  TaqM an®

PRIMERS

The optimal reaction component concentrations for in-situ TaqMan® RT-PCR using 

the c-abl primer and probe set are given in Table 5.2 The reactions are performed 

using a one-step approach employing the EZrTth polymerase enzyme.

Reagent Stock Cone. Volume Final Cone.

Forward Primer 10pmol/|j,l 2^1 0.42)aM

Reverse Primer 10pmol/)j,l 2^1 0.42|iM

5X rTth Buffer 5X 10|il IX

EZrTth Polymerase 2.5U/^1 3^1 7.5U

dNTP’s (A, G, C & U) 2.5mM each 8|̂ 1 lOO^M

Manganese Acetate 25mM 7|al 3.5mM

TaqMan® Probe 5|aM 1.5^1 150nM

SF dHzO - 16.5|al -

Final Volume - 50^1 -

Table 5.2 Mastermix composition for in-situ TaqMan® RT-PCR. All reagents 

supplied by PE Applied Biosystems, U.K.

5.2.8 Th e r m a l  C y c l in g  c o n d it io n s  f o r  I n  s it u  Ta q M a n ® RT-PCR: c-a b l  

Ta q M a n ® p r im e r  a n d  p r o b e  s e t

Slides are reverse transcribed at 58T  for 45min and denatured for 5min at 94°C. 

Samples are then subjected to 25-30 cycles of 94°C for 15sec followed by 60°C for 

60sec. Slides are held at 4°C until ready for detection.
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5.2.9 S ig n a l  D e t e c t io n

Following thermal cycling, the amplicover clip/discs are disassembled and the slides 

transfered to preheated 2X SSC at 37°C for lOmin followed by 5min in 4X SSC at 

room temperature. Slides that have undergone in situ TaqMan® RT-PCR are rinsed in 

DEPC treated water and mounted in 25|j,l o f a water-based fluorescent microscopy 

mounting medium. In order to preserve fluorescence for short-term storage, slides 

can be wrapped in tinfoil and stored at 4°C in the dark. Slides which have been 

labelled directly with dig-ll-dUTP or have still to undergo a probe hybridisation step 

need to be dehydrated through graded alcohols: 50%v/v ethanol (2min), 75%v/v 

ethanol (2min) and 100%v/v ethanol (5min). Allow slides to air-dry before applying 

the probe hybridisation mixture or detection reagents.

5.2.9.1 Probe Hybridisation (RT-PCR-ISH)

Ideally, sections should be covered with 50^1 of a labelled oligonucleotide probe 

(section 5.2.4) at a concentration of l-1.5ng/ml. Probes are prepared in hybridisation 

(Blotto) buffer containing:

1ml 4%w/v dried milk powder in distilled water

5ml 5%w/v dextran sulphate

2ml 20X SSC

2ml Distilled water

10ml Formamide

The probe should be applied directly onto sections and coverslipped to prevent 

evaporation. Slides are placed onto a preheated hot plate and incubated at 90-95°C 

for lOmin to denature both probe and target. The slides can then be transfered to a 

humidified chamber and incubated overnight at 37-42°C.

5.2.9.2 Post-hybridisation Washes

Following removal of the coverslips, the sections are subjected to a series o f stringent 

washes:
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2X SSC at RT for lOmin

2X SSC at 60^0 for lOmin

0.2X SSC at 55°C for 5min

0.2X SSC at 42*’C for 5min

O.IX SSC at RT for 5min

This is followed by lOmin incubation in blocking buffer (5%w/v BSA in O.IM Tris- 

HCl, pH9.5, O.IM NaCl, 50mM, M gCy.

S.2.9.3 Detection of digoxigenin-labelled probes

Slides are incubated in alkaline-phosphatase conjugated anti-digoxigenin antibody 

(Boehringer Mannheim, diluted 1/600 in TBT) for 30min at room temperature. Two 

washes in TBS for 5min each are then performed. Signals are developed using Sigma 

FAST™, Fast Red TR/Napthol AS-MX Alkaline Phosphatase substrate tablets, for 

lOmin and washed under running tap water for lOmin. Finally, slides are 

coverslipped with aqueous mountant and viewed by light microscopy.
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5.3 R e s u l t s

5.3.1 IN-SITURT-PCR INHL60 CELLS

In-situ RT-PCR techniques were successfully applied to HL60 leukemic cells which had 

been fixed and permeabilised in O r t h o  PermeaFix™ as outlined in section 5.2.1. Direct 

incorporation of dig-11-dUTP during amplification of c-abl is illustrated in Figure 5.4. 

The signal specificity is confirmed by the absence o f staining in the corresponding 

negative control (Figure 5.2). Indirect in-situ RT-PCR was also performed on HL60 cells 

using a digoxigenin labelled c-abl specific probe (section 5.2.4). Optimisation of the cell 

permeabilisation step is critical to ensure entry of the labelled probe, without resulting in 

diffusion o f PCR products from the cells. Figure 5.3 shows c-abl expression in HL60 

cells by indirect in-situ RT-PCR. The absence of any background staining confirms the 

target specificity of the dig-labelled c-abl probe.

5 .3 .2  IN-SITURT-PCR IN FORMALIN-FIXED PARAFFIN EMBEDDED TISSUES

Application of the direct and indirect in-situ RT-PCR techniques to formalin-fixed 

paraffin embedded tissues required the addition of numerous tissue pre-treatment steps 

(section 5.2.3). Despite extensive optimization however, these additional steps often 

proved detrimental to tissue morphology and adherence to the PCR slides. In practice, 

results could only be generated on formalin-fixed paraffin embedded tissues using the 

direct labeling method, c-abl mRNA was detected in breast carcinoma cells and tumour 

microvessels using direct in-situ RT-PCR (Figures 5.5 & 5.7). c-abl mRNA was also 

detected in the villi of early (6-7wks) placenta (Figure 5.6), in the nuclei of mature 

adipocytes of well-differentiated liposarcoma (Figure 5.8) and arterial endothelial cells in 

gastric carcinoma (Figure 5.9).
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5.3.3 IN-SITU TaqMan® RT-PCR

In-situ TaqMan® RT-PCR (section 5.2.8) was successfully performed on HuVec 

endothelial cells which had been fixed and permeabilised in O r t h o  PermeaFix™ (section 

5.2.1). Maximum signal intensity was observed after 30 cycles o f PCR (Figure 5.10, 

panel D). Subsequent cycles result in quenching o f the fluorescence signal due to the 

close proximity o f the reporter and quencher molecules within the cell. Once again, this 

technique proved extremely difficult to transfer onto formalin-fixed paraffin embedded 

tissues. The repeated thermal cycling o f tissues resulted in considerable auto- 

fluorescence within the tissue sections, which made it impossible to accurately interpret 

the results (data not shown). Consequently, in-cell TaqMan® RT-PCR proved unsuitable 

for the detection o f c-abl mRNA in formalin-fixed tissues for the purpose o f this study.
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Figure 5.2 c-abl mRNA expression in HL60 cells by direct labelling in-situ RT-PCR: 
negative control.

Figure 5.3 c-abl mRNA expression in HL60 cells by indirect RT-PCR-ISH using a 
digoxigenin labelled probe.
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Figure 5.4 c-abl mRNA expression in HL60 cells by direct labelling m-situ RT-PCR, 
using dig-11 -dUTP (Boehringer Mannheim).

Figure Localisation of c-abl mRNA expression to the endothelium of a tumour
microvessel in breast carcinoma. Arrow indicates nuclear staining in endothelial cells.
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Figure 5.6 c-abl mRNA expression human placenta Intense nuclear staining is 
observed in villus of early placenta (7wks)

Figure 5.7 c-abl mRNA expression in nucleus of breast carcinoma tumour cells.
There is weak staining of the endotiielial cells of the tumour micro vessel (arrow).
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Figure 5.8 c-abl mRNA expression in well differentiated liposarcoma using direct 
labelling in-situ RT-PCR. Arrow indicates nuclear staining of mature adipocytes.

Figure 5.9 c-abl expression in gastric carcinoma by direct in-situ RT-PCR. 
Localisation of c-abl mRNA to arterial endothelial cells.
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Figure 5.10 c-abl expression in HuVec endothelial cells by in-situ TaqMan® RT-PCR
A. Negative control, omission of Taq® polymerase
B. Fluorescence signal after 20 cycles of TaqMan® RT-PCR
C. FluorescOTce signal after 25 cycles of TaqMan® RT-PCR
D. Fluorescence signal after 3 0 cycles of T aqMan® RT -PCR
After 30 cycles, the close proximity of released reporter and quraicher
molecules due to the spacial confines of tiie cell, results in a decrease in 
signal intensity due to quenching. Diffusion of fluorescent molecules 
from the cell is also observed. The results show that, as expected, c-abl 
mRNA is predominantly localised to tfie nucleus of endotfielid cells.
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5 .4  D isc u ssio n

The ability to detect target sequences within individual cells and within sub

populations of cells is a valuable tool in the study of cell specific gene expression, 

latent viral infections and in the monitoring of disease progression. Various in-situ 

PCR methods have been successfully described for the detection of DNA sequences 

including lentivirus (Haase et al, 1990), hantavirus (Nuovo et al, 1996), 

papillomavirus (O’Leary et al, 1994), HHV-8 (O’Leary et al, 2000) and KSHV 

(Boshoff et al, 1995). Although there have been fewer reports for the detection of 

RNA sequences, in-situ RT-PCR has been described for pyruvate dehydrogenase 

mRNA (Uhlmann et al, 1998b), vitamin D receptor mRNA (Mee et al, 1997) and 

measles virus mRNA (Ray et al, 1996).

Data previously presented highlighted variations in c-abl mRNA expression in 

some tumour cells, during cell differentiation and apoptosis and in the neovasculature 

during enchondral ossification and angiogenesis. Localisation of differential c-abl 

expression was initially described at the protein level using immunohistochemistry 

(section 2.2.7.4). Subsequent studies verified these observations at the mRNA level 

by solution phase TaqMan® RT-PCR (section 4.4). However, Chapter 3 clearly 

outlines the difficulties encountered in extracting and successfially amplifying mRNA 

fi*om formalin-fixed paraffin embedded tissues. In addition, the data fails to address 

the contribution of each cell type in a tissue section to the overall levels of c-abl 

mRNA measured. Of particular interest to this study was the possibility of detecting 

c-abl message in the endothelial cells of tumour microvessels. Given the limited 

sensitivity o f existing in situ hybridisation techniques, it was hypothesised that in-situ 

RT-PCR might provide a more sensitive alternative for detecting c-abl mRNA 

transcripts in tissue sections.

Although there are many publications on the technique, in-situ RT-PCR on 

paraffin wax-embedded material remains difficult, labour intensive and technically 

challenging. It seems that no universally applicable protocol is available and 

considerable optimisation of reaction conditions is required. A key step in the 

procedure is controlled proteinase treatment to permeabilise cells, permitting entry of
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higher concentrations of primers, Magnesium and/or DNA polymerase when 

compared to traditional PCR protocols (section 5.2.5). The use of “PermeaFix” for 

cell fixation and permeabilisation, the use of rTth DNA polymerase and an exon 

junctional primer approach, all help to reduce the time required to perform in cell 

RNA amplification.

One possible criticism of IS-RT-PCR is that, as amplification is required to 

detect mRNA, the original levels of transcripts are insignificant with respect to 

cellular function emd any positive results are therefore meaningless. However, 

previous evidence (Komminoth et al, 1992a; Uhlmann et al, 2000; O’Leary et al, 

2000) has suggested that amplification is not as efficient as that obtained in 

conventional SP-PCR and follows a more linear amplification of template.

Accurate interpretation and meaningful comparisons o f the results obtained 

from different published in-situ PCR protocols require adequate consideration of 

technical difficulties including type of starting material, quality and type of target 

sequence, amplification system, detection system and the use of adequate controls. 

Uhlmann et al, 1998a, provide a comprehensive review of in cell amplification 

techniques and give expert analysis of the stages involved, problems encountered and 

controls required.

Figures 5.3 -  5.4, demonstrate that c-abl mRNA has been successfiilly 

amplified in-situ in the HL60 leukemia cell line using both the indirect and direct 

labelling methods respectively. Evidently, the permeabilisation step is sufficiently 

optimised to ensure entry of reagents into the cells without resulting in diffusion of 

PCR products from the cells. The negative controls show no signal for both the direct 

and indirect labelling techniques (Figure 5.2). High background staining would not 

be expected in cell lines if  the cells have been fixed correctly, as there should be little 

degradation or ‘nicks’ in the nucleic acids. The absence of staining in the control for 

ISH method would indicate that the digoxigenin labelled Abl probe generated (section 

5.2.4) displays a high level of specificity for its target sequence.

Figure 5.10 shows c-abl mRNA expression in endothelial cells by TaqMan® 

RT-PCR. Target amplification is monitored by fluorescent microscopy at five cycle
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intervals. Nuclear localisation of c-abl is clearly evident after 20 cycles o f PCR 

(Figure 5.10, B), with signal intensities increasing over the next 10 cycles (Figure 

5.10, C+D). The optimal number of cycles depends on the individual assay, although 

where possible cycle number is kept to a minimum in order to prevent diffusion 

problems and preserve tissue or cell morphology, hi addition, as the cycle number 

increases, the proximity of the free reporter and quencher molecules within the 

limited volume of the cell increases and can lead to a reduction of signal strength.

Once the amplification and detection methods had been fully optimised on cell 

lines, the three different strategies were then applied to formalin-fixed paraffin 

embedded tissues (section 5.2.3). Despite extensive optimisation of tissue pre

treatment steps, extreme difficulty was encountered in preserving tissue morphology 

and preventing tissue sections from lifting off the slides during the thermal cycling 

process. This was particularly true in the cases o f chondrosarcoma and liposarcoma. 

Insufficient protease digestion resulted in reaction failure, yet increased digestion was 

at the expense of morphology. In-cell TaqMan® RT-PCR proved unsuitable for use 

on formalin-fixed paraffin embedded tissues due to an unacceptable signal-to-noise 

ratio. This was due to the high levels of autofluorescence within the tissue sections, 

which increased with thermal cycling. The direct labelling technique proved most 

successful in our hands, due to the fact that the slides did not have to be subjected to 

the additional processing steps incurred during the ISH stages. However it must be 

noted that non-specific incorporation of nucleotides by Taq polymerase into damaged 

DNA is undoubtedly a major contributor to false positive results using the direct in- 

situ RT-PCR technique.

The results obtained demonstrate that we have successfully detected c-abl 

mRNA in breast cancer cells and in the adjacent endothelial cells of a tumour 

microvessel (Figure 5.7). We have also demonstrated intense nuclear staining for c- 

abl in the villi of early placental villi (Figure 5.6), a finding which is in keeping with 

the intense c-Abl protein expression in develeloping endothelium and connective 

tissues m placenta at 7wks. (section 2.3.6). In gastric carcinoma, it was possible to 

detect c-abl mRNA in the endothelium of blood vessels as illustrated in Figure 5.9. 

Possibly the most striking evidence of c-abl mRNA in endothelial cells is seen in 

Figure 5.5 which illustrates strong nuclear staining for c-abl in the endothelial cells of
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a tumour microvessel in breast carcinoma. Overall, the results serve to validate, at the 

molecular level, that c-abl is upregulated in certain tumour cell types, during cellular 

differentiation and in endothelial cells during tumour angiogenesis.
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6.1 In t r o d u c t io n

Angiogenesis is the process which results in the formation of new blood 

vessels. In normal life, angiogenesis plays a vital role in reproduction, 

embryogenesis, menstruation and wound healing and repair. Under normal 

physiological conditions, vascular endothelial cells are quiescent and the process of 

angiogenesis is strictly controlled (Hobson et al, 1984; Chavakis & Dimmeter, 2002). 

A significant body of work indicates that neoplastic lesions must develop angiogenic 

ability to progress. Its importance was first recognised by Folkman in 1971, when he 

suggested that the continued growth of tumours was dependent on angiogenesis. 

Without neovascularization, solid tumours would grow only until passive diffusion 

was unable to provide the tumour cells with the necessary conditions for proliferation. 

In the absence of angiogenesis, tumour spheroids in vivo only grow to a size of 

approximately 2mm (Gimbrone et al, 1972; Beecken et al, 2002). Further growth 

does not occur unless the spheroids become vascularised. However, this hypothesis 

has recently been challenged (Pezzella et al, 2001) with evidence that if  a tumour can 

obtain a sufficient nutrients from the existing blood supply then it could grow without 

the need for production of new vessels. This has important implications in the design 

of anti-angiogenic therapies for the treatment o f both primary tumour growth and 

metastatic spread.

Receptor tyrosine kinases and their ligands have important roles in the 

regulation of normal and tumour angiogenesis. Following specific stimuli, 

endothelial cells have the ability to re-enter the cell cycle, dissolve their underlying 

basement membrane, proliferate and migrate to form capillary outgrowths projecting 

into the surrounding tissue (Mustonen & Alitalo, 1995). A number of tyrosine 

kinases may contribute to angiogenesis and/or endothelial cell function including 

vascular endothelial growth factor (VEGF), fibroblast growth factor receptor (FGFR) 

and platelet derived growth factor receptor p (PDGFR(3), which are all widely 

expressed (Kolibaba & Druker, 1997, Rosen, 2002). Others such as TIE (tyrosine 

kinase with immunoglobulin and epidermal growth factor homology domains; 

Partanen et al, 1990) and TEK (tunica internal endothelial kinase; Dumont et al, 

1992) are expressed predominantly in endothelial cells. However, despite the
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apparent importance of tyrosine kinases in angiogenesis, no particular role for c-Abl 

in angiogenesis has been identified to date.

I have presented evidence that the Abl oncoprotein is selectively expressed in 

physiological angiogenesis, during early placental villi and in the proliferating vessels 

during enchondral ossification. We have also demonstrated intense Abl expression in 

tumour microvessels of liposarcoma, breast carcinoma and gastric adenocarcinoma. 

The results support a previously undescribed role for Abl as either a direct or an 

indirect modulator of angiogenesis. It is proposed to examine expression of c-abl in 

endothelial cells following exposure to a number o f external stimuli.

c-Abl tyrosine kinase activity is tightly regulated in vivo. c-Abl can be 

triggered by stimuli such as DNA damaging agents (Kharbanda et al, 1995 a; Liu et al,

1996) and integrin mediated cell adhesion (Lewis, 1996). An important factor of c- 

Abl activation is cell cycle arrest; overexpression of c-Abl blocks cell cycle Gi/S 

transition (Sawyers et al, 1994) and cells with compromised c-Abl function have 

deregulated cell cycle (Daniel et al, 1996). Another important factor o f c-Abl 

activation is induction of apoptosis. Overexpression of c-Abl induces apoptosis, and 

c-Abl is apparently required for DNA-damage induced apoptosis (Yuan et al, 1997, 

1998 & 1999).

Cells exposed to ionizing radiation and other DNA damaging agents respond 

with activation of c-Abl (Kharbanda et al, 1995(a), (b) & 1996; Liu et al, 1987; 

Yoshida et al\ 2002). The activation of c-Abl in response to genotoxic stress is 

associated with the interaction of c-Abl with the p53 protein, and its homolog p73, in 

the G1 arrest response (Yuan et al, 1999). Signals downstream of c-Abl activation 

include induction of the stress-activated proapoptotic SAPK/JNK and p38 mitogen- 

activated protein kinase (Kharbanda et al, 1995b; Pandey et al, 1996). One issue 

concerning the genotoxic stress response is how DNA damage is converted into 

informational intracellular signals that effect behaviour. In a potential feedback 

mechanism, c-Abl phosphorylates and inhibits DNA-PK activity (Kharbanda et al,

1997). In addition, it has been demonstrated that c-Abl interacts with the ATM gene 

and that ATM may be responsible for the activation of c-Abl in response to genotoxic 

stress (Baskaran et al, 1997; Shafman et al, 1997). It was proposed to expose HuVec
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endothelial cells to heat shock and serum deprivation to determine the effect on 

expression of c-abl.

The DNA'PK and ATM are related to members of the phospatidylinositol-3 

(PI-3) kinase family (Hartley et al, 1995) involved in cell cycle control and DNA 

repair. PI-3K is tyrosine phosphorylated, and subsequently activated, by various 

RTKs and receptor-associated PTKs. PI-3K is a heterodimeric protein containing an 

85 kDa and 110 kDa subunits. The p85 subunit contains SH2 domains that interact 

with activated receptors or other receptor-associated PTKs and is itself subsequently 

tyrosine phosphorylated and activated. The 85 kDa subunit is non-catalytic, however, 

it does contain a domain homologous to GTPase activating (GAP) proteins. It is the 

110 kDa subunit that is enzymatically active. PI-3K associates with and is activated 

by, the PDGF, EGF, insulin, IGF-1, HGF and NGF receptors.

Studies have shown that c-Abl phosphorylates p85 and thereby inhibits PI-3K 

activity in the apoptotic response to DNA damage (Yuan et al, 1987). Wortmannin 

has been shown to have an inhibitory effect on PI-3 kinase at nanomolar 

concentrations (Arcaro et al, 1993), with a reported IC50 value between 1 and lOnM 

(Woscholski et al, 1994). BCR/ABL binds to adaptor proteins Grb-2 and She 

resulting in p21ras activation and also activation of the PI 3-kinase pathway. In this 

way BCR-ABL could influence the expression of genes belonging to the PI 3-kinase 

family such as ATM and DNA-PKcs (Skorski et al, 1992). Wortmannin, a potent 

inhibitor o f the p i 10 catalytic subunit of PI3-kinase, inhibits proliferation of Ph^ cell 

lines and colony formation by CML primary cells (Skorski et al, 1995). Inhibition of 

PI3K blocks proliferation of BCR-ABL-dependent cells, establishing the importance 

of PI3K for BCR-ABL activity.

A recent study, (Manna et al, 2000) has shown that the inhibitory effect o f 

wortmannin is found not to be cell type-specific. Wortmannin has also been reported 

to inhibit a number of other kinases (Bonser et al, 1991, Cross et al, 1995) but only at 

concentrations greater than those reported to inhibit PI 3-kinase (lOOnM range). It is 

proposed to investigate the effect of wortmannin on c-abl expression in endothelial 

cells by TaqMan® RT-PCR.
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The production of reactive oxidative species (ROS) is a natural by-product of 

cellular metabolism. The cellular response to genotoxic stress includes release of 

mitochondrial cytochrome C and then induction of apoptosis (Kharbanda et al, 1997; 

Takeyama et al\ 2002). Sun et al, 2000(b), demonstrates that the cytoplasmic but not 

nuclear c-Abl is activated in C0S7 cells by treatment with reactive oxidative species. 

In addition, cytoplasmic H2O2 induces cytochrome C release by a c-Abl dependent 

mechanism. Recent work has shown that c-Abl phosphorylates protein kinase C 

(PKC) 5 in COST cells treated with H2 O2 (Sun et al, 2000(a)). It is proposed to 

investigate the effect of reactive oxidative species on c-abl mRNA and c-Abl kinase 

activity in endothelial cells using TaqMan® RT-PCR and phosphotyrosine 

immunoblotting respectively.

The presence of the c-Abl protein in the neovasculature during enchondral 

ossification and in tumour microvessels was an unexpected and significant finding. 

The aim of this part of the study was to investigate more fully the events leading to c- 

Abl upregulation in endothelial cells in vitro. A number of external stimuli were 

investigated including heat shock, serum deprivation, reactive oxidative species 

(H2O2) and wortmannin. The secretion of a number o f growth factors and other by

products of metabolism from tumour cells themselves may play a role in the 

modulation of c-Abl in adjacent endothelial cells. To investigate this, endothelial 

cells were cultured in media from a number of tumour cell lines and the effect on c- 

Abl expression established.
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Chapter 6

6.2 M a t e r i a l s  &  M e t h o d s  

6.2.1 S o u r c e  OF Ce l l  L in e s

Cell lines were obtained from the European Collection of Animal Cell Cultures 

(ECACC), Porton Down, Salisbury, UK, as outlined in Table 6.1.

Designation Source Number Description Medium

CRL-1596.2 ECACC U-937 Histiocytic

Lymphoma

R PM I1640

ECV304 ECACC HuVEC Human

Endothelial

Medium 199

K562 ECACC K562 Leukemia, 

Human Myeloid

RPMI 1640

HL60 ECACC HL60 Leukemia,

Human

RPMI 1640

Table 6.1 Designated cell lines, source and media used for in vitro studies.

6.2.1.1 Initiation of Cultures

Upon receipt, frozen cultures are stored in liquid nitrogen vapour phase until 

ready for use. The vial is thawed by gentle agitation in a 37°C water bath or incubator. 

Thawing should be rapid (less than 2min). Vials are decontaminated by spraying with 

70%v/v ethanol. Cells are added to sterile universal and 10ml resuscitation medium 

(culture medium + 10%v/v PCS) is added drop-wise on ice. The cryoprotective agent is 

removed by centrifuging cells at 125g for 5min. Supernatant is discarded and the pellet 

resuspended in 1ml resuscitation media. An appropriate volume of fresh medium is 

added and cells transfered to an appropriate size vessel.
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6.2.1.2 Maintenance of Cell Cultures

Cells are maintained in tissue culture flasks at 37°C in 5%v/v CO2 and inspected 

daily by phase contrast microscopy. Depending on seeding densities, cells are split every 

2-4 days or harvested for experimental purposes. Once the adherent cell lines become 

confluent they are trypsinised in IX  trypsin EDTA. Cells must first be rinsed in serum 

free media as B.S.A. is known to inhibit the activity o f trypsin. Cells are incubated in the 

trypsin for 15min at 37°C or until the cells have detached from the base o f the flask. 5ml 

o f growth media containing B.S.A. is added to each flask to halt the activity of the trypsin 

and prevent cell damage. The contents of each flask are pelleted by centrifugation at 

1200g for lOmin and cell number and viability assessed as outlined in section 6.2.1.3.

6.2.1.3 Enumeration of Cells and Cell viability

Ethidium bromide and acridine orange staining (EB/AO) staining (Lee et al, 

1975) is employed to assess cell viability and number. Cells are pelleted by 

centrifugation at 1200g for 8min and resuspended in an appropriate volume o f  culture 

medium. Cells are mixed with EB/AO dye solution (1.6ng/ml EB and 0.4)uig/ml AO in 

O.IM PBS pH7.3) in a 1:2 ratio and immediately loaded under a coverslip on a N eubauer 

haemocytometer (Hudson and Hay, 1976). Fluorescent cells are viewed using a Leitz 

Dialux 20 EB microscope with UV filter. Under UV light viable cells fluoresce green 

due to the presence o f EB while non-viable cells emit red fluorescence due to the 

presence o f  AO.

6 .2 .2  I s o l a t i o n  OF p r o t e in s  f o r  P r o t e in  T y r o s in e  P h o s p h o r y l a t io n  A s s a y

Approximately 5 x 1 0 ^  cells per sample are harvested by centrifugation at 600g 

for 5min. Cell pellets are washed in PBS, pH7.2, containing ImM  sodium orthovanadate 

and centrifuged for 5min at 600g. The supernatant is discarded and the cell pellet is 

resuspended in 100[4,1 ice-cold lysis buffer (IX , New England BioLabs Inc.). Lysates are 

incubated on ice for 20min and then centrifuged at top speed for lOmin. Following 

centrifugation, the supernatant should be removed and transfered to a fresh tube. 

Samples can be frozen and stored at -7 0  C for up to two weeks.
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6.2.3 I s o l a t i o n  o f R N A  f o r  T a q M a t^ R T - P C R  a n a l y s i s

Total RNA is extracted from cell lines using the QIAshredder unit and RNeasy 

Mini Kit (Qiagen Ltd.) as described in section 3.2.2. All extractions are performed in 

triplicate. RNA samples are stored at -70°C in RNase free water.

6.2.4 P r e p a r a t i o n  o f  c e l l  s m e a r s  f o r  i m m u n o h i s t o c h e m i s t r y  a n d  in  s i t u  R T -  

P C R  a n a l y s i s

Cell are washed twice in IX PBS, pH7.4 at 37“C centrifuged for 5min at 600g. 

Pellets are resuspended in IX PBS, pH7.4 at a concentration of 2 x lO^cells/ml. 

Approximately 25|il of cell suspension is applied directly onto either APES coated glass 

microscopy slides {Select Propper Ltd) or APES coated PE In-Situ PCR glass slides. 

Alternatively, cell cytospins can be prepared. Slides can be left to air-dry in a laminar 

flow hood.

6.2.5 B r a d f o r d  A s s a y  f o r  P r o t e i n  D e t e r m i n a t i o n

A stock B.S.A. solution at a concentration of lOmg/ml is prepared in dH20. From 

this, a 1:100 dilution in dH20 is prepared giving a working stock of 100|ag/ml B.S.A. A 

range of B.S.A. standards (0-50|J,g/ml) are prepared in duplicate in dH20. At this point, 

500|al o f each standard is added to 500|al of Bradford reagent (Sigma) and mixed 

thoroughly. Standards (lOOfxl) are pipetted in duplicate into a 96 well plate and the 

absorbance measured at 595nm. Absorbance readings must be taken within 60min of 

addition o f the Bradford Reagent.

6.2.6 M o l e c u l a r  W e i g h t  S t a n d a r d s  a n d  S a m p le  P r e p a r a t i o n  f o r  S D S -P A G E

Molecular Weight (Kaleidoscope Prestained) standards were obtained from Bio- 

Rad, the composition of which is given in Table 6.2
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Protein Molecular Weight (Da)

Aprotinin 7,600
Lysozyme 17,000

Soybean trypsin inhibitor 32,000
Carbonic anhydrase 43,800

Bovine serum albumin 86,000
P-galactosidase 132,000

Myosin 212,000

Table 6.2 Composition of molecular weight standards for SDS-PAGE

Protein samples for SDS-PAGE are isolated as outlined in section 6.2.2. Samples and 

standards are resuspended in an equal volume (check) of IX  sample buffer (composition) 

and aliquoted in 20|o,l volumes. Incubate at 95”C in a water bath for 5-lOmin and then 

centrifuge briefly to precipitate any dissolved solids. Samples and standards can be 

stored at -20°C until required.

6.2.7 P r e p a r a t io n  OF SDS-PAGE Ge l s

Glass plates should be washed thoroughly with 100%v/v ethanol to remove traces 

of proteins, which might interfere with the running of the gel, and are allowed to air-dry. 

The composition of the gel mix is dependent on the molecular weight o f the protein(s) o f 

interest, however in this case a 10%w/v gel is sufficient.

Component Resolving Gel (ml) Stacking Gel (ml)

30%v/v Acrylamide mix 13.3 1.3

1.5M Tris, pH8.8 10.0 -

l.OM Tris, pH6.8 - 1.0

Distilled water 15.9 5.5

10%w/v SDS 0.4 0.08

10%w/v Ammonium persulfate 0.4 0.08

TEMED 0.016 0.008

Table 6.3 Composition o f 10%w/v SDS-PAGE Gel mix (sufficient for 4 gels).
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The APS solution must be prepared fresh on a daily basis. The APS and TEMED  

are added last with gentle swirling as excessive agitation incorporates oxygen which 

inhibits polymerisation. The resolving gel is first poured into the cast and covered in a 

layer o f  water-saturated butanol preventing contact with oxygen. Gel polymerisation 

takes up to Ihr at room temperature. The butanol water is poured o ff and the top o f  the 

gel washed with water until no traces o f  butanol remain. Stacking gel is then prepared as 

in Table 6.3 and each cast filled to overflowing and a clean comb inserted into the 

polymerising gel. Stacking gel polymerisation takes up to 30min. Before electrophoresis, 

the comb, rubber seal and clips are removed. Unpolymerised gel is removed by gently 

rinsing the w ells with distilled water, and the w ells are straightened using a gel-loading 

tip.

6.2.8 We s t e r n  B l o t  M e a s u r e  o f  P r o t e in  T y r o s in e  P h o s p h o r y l a t io n

Protein concentration in each sample is determined using a standard Bradford 

assay (Bradford, 1976). Equal amounts o f protein (40-50(o,g) are loaded onto a 10%w/v 

SDS-polyacrylamide gel and run at 80V through the stacking gel and 120V through the 

resolving gel. The proteins are transferred onto PVDF membrane using a wet transfer gel 

apparatus. The gel is first equilibrated in transfer buffer (25mM tris, 192mM glycine, 

10%v/v methanol) for 15min at room temperature. PVDF membrane is cut to size and 

soaked in 100%v/v methanol for 15sec, washed in UPH2O for 2min before soaking in 

transfer buffer for 5min. The transfer sandwich is assembled and proteins transferred at 

BOV, 90mAmp overnight at 4°C with constant agitation o f  the transfer buffer using a 

stirring bar. Once the transfer is complete, the PVDF membrane and gel are processed  

seperately. Efficiency o f  transfer can be assessed by Coomassie staining the gel post 

transfer (section 6.2.8.1). The membrane is blocked for 2hr at room temperature with 

TBS containing 5%w/v fatty acid free BSA. After blocking, the membrane is washed in 

two changes o f  TBST for 2min each. Membranes are probed at room temperature for 2hr 

with anti-phosphotyrosine primary antibody (PT-03, Calbiochem), diluted 1/100 in TBST  

containing l% w/v fatty acid free BSA. Three further washes in TBST are performed 

(2x5min, IxlOmin). Membranes are then probed with secondary biotinylated antibody 

(goat anfi-mouse IgG, diluted 1/1000 in TBST containing l% w/v BSA ) for Ihr at room
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temperature. Wash membranes 2x5min, IxlOmin, 2x5min in TBST, followed by a final 

wash in TBS for 5min. Enhanced Chemiluminescence Detection (ECL, Amersham) is 

used to visualize the cross-reacting bands.

6.2.8.1 Coomassie Blue Staining of PAGE Gel

The stacking gel is removed and the resolving gel placed in a plastic tray 

containing 0.1%w/v Coomassie Blue R-250 and allowed to stain overnight at room 

temperature. Approximately 10 volumes o f stain per gel are recommended. After 

staining is complete, excess stain is removed by diffusion destaining. The destaining 

solution (40%v/v MeOH, 7%v/v Acetic Acid, 53%v/v H2O) is renewed until an 

acceptable level o f background is achieved. Destained gels can be stored in sealed plastic 

bags containing 7%v/v acetic acid.

6.2.5.2 Ponceau S Staining

Equal protein loading per well and even transfer to the membrane may be verified 

by briefly staining the membrane in Ponceau S stain, immediately after transfer and 

before any antigen detection takes place.

6.2.5.3 Enhanced Chemiluminescence Detection (ECL)

Membranes are blocked with l%w/v BSA in PBS/Tween for Ihr with mixing on 

a platform. The membrane is rinsed briefly in two changes o f PBS/Tween, and then one 

wash o f 15min and two of 5min in fresh changes o f  the wash buffer. Following 

incubation with appropriate primary and secondary antibodies (section 6.2.8), blots are 

washed in two changes o f PBS for 15min each. ECL detection kits (Amersham) are then 

used to detect signals. Briefly, solutions A and B are mixed in a 1 ;40 ratio, and 5ml 

placed on thmembranes for up to lOmin. Membranes are placed face down in cling film, 

any air bubbles carefully excluded and the membrane carefully wrapped. Expose blots to 

X-ray film (Sigma) for 5-30sec. Exposed films are then developed, fixed and allowed to

air-dry.
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6.2.9 c-ablR e a l -T im e  7700SDS Ta q M a n ® A s s a y

The TaqMan® assay is as described in section 4.1.2. However, the introduction of 

the PE Applied Biosystems Universal TaqMan® Mastermix considerably simplifies 

sample set-up (Table 6.4). Incorporation of AmpErase® uracil N-glycosylase and dUTP 

provide protection against carryover contamination.

Component Concentration/Volume

c-abl Forward Primer 300nM

c-abl Reverse Primer 300nM

c-abl TaqMan® Probe lOOnM

Universal Mastermix (2X) I2.5[il

cDNA 2)4,1

dH20 As required

Final Volume 25^1

Table 6.4 c-abl TaqMan® Assay set-up using Universal Mastermix (PE Applied 

Biosystems)

6.2.10 S t a t is t ic a l  A n a l y s is  of ABI  PRISM 7700 SD S®  D a t a

All samples analysed on the ABI Prism 7700 SDS® were performed in triplicate. 

Relative quantitation data can be statistically analysed using one-sided test as described 

by Walpole and Meyers in “Probability and Statistics for Engineers and Scientists”, 

Macmillan Publishing, 1972. The formula is:

Test = (xl -  x2) -  TS  ( sq r(l/n l +  l /n 2 ) )

Where: x l = mean of group 1

x2 = mean of group 2 

T = t value
5 = sqr ( (  (n l- l)S l ' + (n2-l)S2^ / (nl + n2 -  2)
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Sqr = square root 

n l = number in group 1 

n2 = number in group 2

51 = standard deviation of group 1

52 = standard deviation of group 2

If the result of the equation is less than or equal to zero, then the observed differences are 

not considered to be statistically significant. In other words, the likelihood that the 

results were caused by a significant event cannot be distinguished from the likelihood 

that the results were merely the result of random variation in the assay. If the result is 

found to be greater than zero, the differences are considered statistically significant.
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6.3 R e s u l t s

6 .3 .1  C o n t r o l  g e n e  e x p r e s s io n

c-abl expression in a series of samples (section 2.2) was assessed using the 7700 

SDS®. Expression of three different proposed control genes: Glyceraldehyde-3- 

phosphate dehydrogenase (GAPDH), p-2-microglobulin (P2M) and human 

phosphoglycerokinase (PGK), was also examined in these samples by 7700 TaqMan® 

RT-PCR. The raw data is shown in Figure A2.1 and A2.2 (Appenix A2). Table 6.5 

summarises the Index value calculated for each sample using the comparative Ct 

method o f analysis (section 4.1.4). The statistical significance o f the results is 

determined using a one-sided paired T-test as described previously (section 6.2.9).

S a m p l e

GAPDH

C o n t r o l  g e n e  

(P2M) PGK

H2 O2 treated endothelial cells 1.058* 1.055* I .0 3 f

H2 O2  control 0.561* 0.619" 0.471*

Serum deprived endothelial cells 1.038 1.143 1.004

Serum control 1.322 1.391 1.208

Heat shocked endothelial cells 1.092 0.991 0.941

Heat shock control 1.434 0.769 1.210

Table 6.5 shows c-abl Index values normalised against three different proposed house 

keeping genes. ‘Results are statistically significant, i.e. there is a significant increase 

in c-abl expression in endothelial cells treated with l.OmM H2O2 for 30min, using 

either GAPDH or PGK as controls. *'The resuh obtained using p2M as control is not 

statistically significant, due primarily to a lot o f variation between replicates (raw data 

in Appendix A2). All other results show no changes in c-abl expression between 

treated cells and untreated controls, regardless o f housekeeping gene used to 

normalise results. Corresponding Figure 6.1 illustrates the c-abl TaqMan® 

amplification plots in these six test samples.
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Using the same data, it is possible to confirm that GAPDH expression is unaffected 

by the selected experimental treatments by normalising the GAPDH Ct against PKG 

Ct values. Table 6.6 shows GAPDH indices calculated using the comparative Ct 

method using PKG as the reference.

S a m p l e GAPDH
(In d e x )

H2 O2 treated endothelial cells 1.13

H2 O2 control 1.16

Serum deprived endothelial cells 0.96

Serum control 0.91

Heat shock endothelial cells 0.86

Heat shock control 0.88

Table 6.6 Comparison of GAPDH levels in treated and untreated endothelial 

cells, using PKG as an endogenous reference gene. The results clearly indicate that 

GAPDH is unaffected by any of the experimental conditions under investigation. 

GAPDH levels remained constant even in those samples which previously displayed 

significant increases in c-abl expression in response to treatment with H2 O2 (Table 

6.5).

6.3.2 c - a b l  BASELINE DETERMINATION

It is important to ascertain if there are any variations in c-abl expression in endothelial 

cells due to culture, RNA extraction, cDNA synthesis or any other experimental 

variable. Endothelial cells were cultured in 6 well plates until confluent and RNA 

extracted in duplicate from each well. cDNA was prepared in duplicate fi-om each 

RNA sample under identical experimental conditions. Each cDNA was then 

analysed, in triplicate, for GAPDH and c-abl using TaqMan® PCR as previously 

described (section 4.2.2 and 4.2.2). Figure 6.2 shows the raw spectra obtained, raw 

data not shown. All data was analysed using the comparative Ct method and 

statistical significance evaluated based on the one-sided paired T-test. Normalising 

each sample to its own replicate RNA sample yielded the data shown in Table 6.7
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Figure 6.1 TaqMan® amplification curves for c-abl expression in three different test 

and control samples (outlined in Table 6.5). The red arrow indicates the H2O2 treated 

sample (in triplicate), which has an average Ct value of 24.16. The black arrow points 

to all the other amplification plots whose Ct values range from 20.12 to 21.85. This 

group includes the corresponding untreated control for the H2O2 treated samples. The 

figure clearly illustrates a significant decrease in c-abl mRNA following treatment 

with H2O2 (corresponding with index values shown in Table 6.5)
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Figure 6.2 c-abl baseline expression TaqMan® amplification curves. This figure 

illustrates the amplification plots observed from 12 replicate endothelial cell RNA 

samples, assayed in triplicate for c-abl mRNA. All Ct values range from 20.29 to 

20.61 (raw data not shown). Table 6.7 displays sample indices calculated using the 

comparative Ct method.
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S a m p l e In d e x S a m p l e In d e x

Well 1, replicate 1 1.00 Well 4, replicate 1 1.00

Well 1, replicate 2 1.10 Well 4, repUcate 2 1.14

Well 2, replicate 1 1.00 Well 5, replicate 1 1.00

Well 2, replicate 2 1.13 Well 5, replicate 2 0.89

Well 3, replicate 1 1.00 Well 6, replicate 1 1.00

Well 3, replicate 2 1.13 Well 6, replicate 2 0.91

Table 6.7 Baseline c-abl expression in endothelial cells under standard cell 

culture conditions. The results indicate that there is no statistically significant 

difference in c-abl mRNA levels as a result o f any constant experimental variable. 

Normalising all replicates against well 1, replicate 1 further confirms that a steady 

baseline o f c-abl expression exists under normal culture conditons.

6 .3 .3  c - a b l  EXPRESSION i n  e n d o t h e l i a l  c e l l s  i n  r e s p o n s e  t o  r e a c t i v e

OXIDATIVE SPECIES (H 2O 2 TREATMENT)

HuVec endothelial cells were cultured in Medium M l99 (Sigma) in T25 flasks. After 

48hr cells were incubated with varying concentrations of H2O2 (0, 0.5, 1.0 and 

1.5mM) for either 30min or 60min. Each combination o f parameters was investigated 

in triplicate. RNA was extracted, reverse transcribed (section 3.2.7) and analysed in 

triplicate for GAPDH and c-abl using the 7700 SDS TaqMan® assays. Index values 

for c-abl expression normalised against GAPDH are calculated using the comparative 

Ct method and statistical analysis o f Indices performed using the paired student t-test 

(section 6.2.9). Table 6.8 summarises the results obtained.
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H2O2 CONC. In d ic e s O n e -S id e d I n d e x

(A y e . o f  t r ip l ic a t e s ) T -T e s t (A v e .)

30min. OmM 0.9839 Reference 0.9066
0.8753 -0.43 (control)
0.8608 -0.83

0.5mM 0.3866 +0.08 0.3459
0.3359 +0.07 Significant
0.3151 +0.14

l.OmM 0.4079 +0.07 0.3994
0.3808 +0.12 Significant
0.4094 +0.03

1.5mM 0.3189 +0.13 0.3302
0.2853 +0.17 Significant
0.3863 +0.07

60min. OmM 0.9696 Reference 1.0077
1.0229 -0.73 (control)
1.0308 -0.55

0.5mM 0.5207 -0.11 0.5440
0.5307 -0.07 Not Significant
0.5805 -0.15

l.OmM 0.3386 +0.18 0.2565
0.1376 +0.38 Significant
0.2934 +0.22

1.5mM 0.2019 +0.12 0.1874
0.2012 +0.29 Significant
0.1591 +0.35

Table 6.8 c-abl expression in endothelial cells following treatment with H 2O 2.

NormaHsation o f c-abl results with GAPDH endogenous control gene using the 

untreated control (OmM) as a calibrator to give an overall average index value. 

Applying the one-sided t-test to relative quantitation yields a test value which if  

negative or zero the result is not significant. If the test value is positive then the index 

is deemed statistically significant (99% Confidence Interval). The data presented 

clearly demonstrates a marked decrease in c-abl mRNA in response to reactive 

oxidative species at all concentrations of H2O2 investigated after 30min. After 60min, 

the levels o f  c-abl has increased marginally in the 0.5mM sample, such that the 

observed decrease in expression is no longer statistically significant. However, at the
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higher concentrations of H2O2 , c-abl has decreased even more dramatically after 

60min than after 30min.
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Figure 6.3 c-abl TaqMan® amplification plots following treatment of endothelial 

cells with varying concentrations of H2O2 (0-1.5mM) for 30min. Ct values range 

from 20.89 to 23.87 (raw data not shown). Each sample was normalised against 

GAPDH (Figure 6.4) and Indices calculated using the comparative Ct method (Table 

6.8). The slight increase in baseline Rn value in the last 5 cycles is due to partial 

degradation of the TaqMan® probe due to long term storage of the probes which have 

a limited ‘shelf-life’ of approximately 6mths.
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Figure 6.4 GAPDH TaqMan® amplification plots following treatment o f endothelial 

cells with varying concentrations of H2O2 (0-1.5mM) for 30min. Ct values range 

fi’om 15.76 to 16.03 (raw data not shown). Indices calculated are shown in Table 6.8
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6.3.4 c-abl e x p r e s s i o n  i n  e n d o t h e l ia l  c e l l s  i n  r e s p o n s e  t o  s e r u m

DEPRIVATION

HuVec cells were cultured in T75 tissue culture flasks and serum deprived for 24, 48 

or 72hr (in triplicate, with corresponding controls). Harvested RNA was reverse 

transcribed and analysed using TaqMan® RT-PCR assays (section 4.2). At each time 

point, serum deprived data is normalised against the corresponding control (i.e. with 

serum) for that timepoint. Indices are calculated using the comparative Ct method 

and a one-sided paired t-test performed to determine statistical significance of results. 

Table 6.9 summarises the response of c-abl expression in response to serum

deprivation.

S e r u m

D e p r iv a t io n

I n d ic e s  

(A v e . o f  t r ip l ic a t e s )

O n e -S id e d

T -T e s t

I n d e x

(A v e .)

24hr

+serum 1.05 Reference 1.01
0.96 -0.81 (control)
1.03 -1.09

-serum 1.20 -0.77 1.32
1.29 -0.87 Not Significant
1.48 -1.09

48hr
+serum 1.09 Reference 1.03

0.90 -0.82 (control)
1.01 -1.02

-serum 1.22 -1.22 1.80
2.61 -3.22 Not Significant
1.46 -0.98

72hr 1.00
+serum 1.82 Reference 1.30

1.10 -2.38 (control)
-1.04

1.28
-serum 1.86 -0.82 1.35

0.92 -1.39 Not significant
-1.04

Table 6.9 c-abl expression in endothelial cells in response to serum deprivation.

The results celarly indicate that serum starvation does not result in any significant 

change in c-abl mRNA levels in endothelial cells as determined by Real-Time
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TaqMan® RT-PCR. Corresponding Figure 6.5 and Figure 6.6 illustrate approximate 

c-abl Ct values of 23 for all samples and GAPDH Ct values of 16.
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Figure 6.5 c-abl TaqMan® amplification plots following treatment of endothelial 

cells with Serum Deprivation for 0, 24,48 and 72hr, and the corresponding controls. 

All samples were assayed in triplicate and showed approximate average Ct values of 

23. Index values for each sample are shown in Table 6.9
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Figure 6.6 GAPDH TaqMan® amplification plots following treatment of endothelial 

cells with Serum Deprivation for 0, 24,48 and 72hr, and the corresponding controls. 

All samples were assayed in triplicate and showed approximate average Ct values of 

16. Index values for each sample are shown in Table 6.9
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6 .3 .5  c -a b l  EXPRESSION in  e n d o t h e l ia l  c e l l s  i n  r e s p o n s e  to  t r e a t m e n t  w ith  

WORTMANNIN

Wortmaimin and its structural analogue demethoxyviridin (DMV) have been reported 

to be inhibitors of phosphatidylinositol-3-kinase (PI-3-kinase activity) at nanomolar 

concentrations (Cross et al, 1995). At low concentrations, Wortmannin only inhibits 

PI-3-kinase but at higher concentrations such as lOOnM, other kinases may also be 

inhibited. Wortmannin (C23H24O8) was obtained from Calbiochem®, USA. HuVec 

endothelial cells were cultured in T25 flasks and treated with 0, 25, 50 and lOOnM 

Wortmannin for 2, 24 or 48hr. RNA was then extracted from the cells and assayed 

for c-abl expression using the TaqMan® 7700 SDS Assay. All parameters were 

investigated in triplicates and the data statistically evaluated using the one-sided 

paired t-test. Table 6.10 summarises the results obtained.

Wortmannin

concentation

Treatment time T-test Index

(Average)

OnM 2 hr Control 1.03

25nM 2 hr -0.0969 0.87

50nM 2 hr -0.0978 0.73

lOOnM 2 hr -0 . 6 8 8 6 0.59

OnM 24hr Control 0.99

25nM 24hr -0.7644 0.93

50nM 24hr -0.9783 0.85

lOOnM 24hr -0.8976 0.62

OnM 48hr Control 0.99

25nM 48hr -0.1639 0.92

50nM 48hr -0.3145 1.03

lOOnM 48hr +0.3145* 0.54*

Table 6.10 c -a b l  expression in endothelial cells in response to treatment with 

Wortmannin. *A two-fold decrease in c-abl expression (99% confidence interval) is
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observed when endothelial cells are incubated with lOOnM Wortmannin for 48hr. 

Although a decrease in expression is observed with lOOnM Wortmannin at the earlier 

sampling times, the effect did not approach statistical significance.

6 .3 .6  c -a b l EXPRESSION IN ENDOTHELIAL CELLS IN RESPONSE TO HE A T SHOCK

Endothelial cells were cultured in T25 flasks and subjected to heat-shock at 40°C for 

60sec (parameters selected based on preliminary study in which U-937 lymphoma 

cells were subjected to heat shock for 0, 15, 30, 45, 60, 90 and 120sec at 40°C, 42°C, 

45°C and 50°C; data not shown). U-937 lymphoma cells demonstrate a 5-fold 

increase in c-abl mRNA after Shrs when heat shocked at 40°C for 60sec). Following 

heat-shock, cells were returned to incubator and RNA harvested after 1, 8, 12 and 

24hr. c-abl and GAPDH levels were assessed using the 7700 SDS TaqMan® assays. 

The results obtained are outlined in Table 6.11.

Sample IhrIndex 

(Ave.)

8hrIndex 

(Ave.)

12hrIndex 

(Ave.)

24hrIndex 

(Ave.)

Control 1.10 1.09 1.05 0.99

Heat-shock 1.15 0.77 1.06 1.03

T-test -0.11 -0.29 -2.26 -0.68

Table 6.11 c-abl expression endothelial cells in response to heat-shock. The

results indicate that c-abl mRNA levels are unaffected by subjecting HuVec 

endothelial cells to temperatures of 40 C for 60sec.

6.3.7 c -a b l EXPRESSION IN ENDOTHELIAL CELLS FOLLOWING TUMOUR MEDIA 

TITRATION

In this experiment, endothelial cells were cultured in culture media obtained 

from a number of other different cell lines including PC3 (prostate adenocarcinoma 

cell line), MCF-7 (human breast tumourigenic cell line), U-937 (histiocytic lymphoma 

cell line), K562 and HL60 (leukemic cell lines). All o f these cell lines are cultured in
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RPMI 1640, as are the ECV-304 endothelial cell line. Cell lines were intiated and 

grown in fresh media until cultures were firmly established. Media was removed 

from the above-mentioned cell lines and any cells or cellular debris removed by 

centrifugation at 600g for 5min. The supernatant (‘tumour cell line media’) was then 

placed into the flasks containing proliferating endothelial cells. Initial experiments 

(data not shown), demonstrated that a 50:50 ratio of fi'csh RPMI 1640 to tumour cell 

line media is sufficient to maintain cell growth while allowing the desired effects to 

be observed. Endothelial cells were then harvested after 16, 24, and 48hr and the 

effect of tumour media titration expression in c-abl expression evalutated by TaqMan 

®RT-PCR.

As with all of the gene expression studies described in this thesis, all 

experiments were performed in triplicate. Unfortunately however, the results from 

the repeated sets of experiments proved extremely variable and unreproducible. Table 

6.12 summarises the range of results obtained, and whether the observed changes in c- 

abl expression in each TaqMan assay were statisitically significant. The Index 

values shown were calculated using the Comparative Ct Method (section 4.1.4), using 

average Ct values for each sample. Statisitical significance was determined using the 

one-sided paired T-test (section 6.2.9). A negative or zero Test result indicates that 

the result is not significant, a positive results means that the result is significant at 

99% Confidence Interval (raw data not shown).
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Cell line  media T ime Replicate
Index

(Average) Result

A 1.02 Control
ECV-304 18hr B 1.13
(Control) C 1.06

A 0.32 Significant
PC3 18hr B 0.96 Not Significant

C 0.70 Significant

A 1.14 Not Significant

MCF-7 18hr B 1.05 Not Significant

C 0.37 Significant

A 0.68 Significant

U-937 24hr B 1.10 Not Significant
C 0.98 Not Significant

A 1.81 Significant

HL60 24hr B 1.07 Not significant
C 1.33 Not significant

A 1.03 No Significant

K562 24hr B 1.64 Significant

C 1.99 Significant

Table 6.12 c-abl expression in endothelial cells following tumour media titration. 

The data presented in this table are the average results of three independent repeat 

experiments (A, B & C). Within each individual experiment (A, B or C) each 

variable was assayed in triplicate and each sample in turn assayed in triplicate by 

TaqMan® RT-PCR (giving rise to the average Index values shown above). No intra

sample variations in Ct value was observed. However, under these identical 

experimental conditions, significant changes in c-abl mRNA were detected in some 

samples by TaqMan® RT-PCR, while repeat experiments showed no change in c-abl 

expression in corresponding samples.
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6 .3 .8  A b L  a c t i v i t y  d e t e r m i n a t i o n  b y  PHOSPHOTYROSINE i m m u n o b l o t t i n g  

6.3.8.1 Optimisation of blocking step of phosphotyrosine western blots

Initial attempts to detect phosphorylation of tyrosine residues using the PT03 

antiphosphotyrosine antibody, Calbiochem, resulted in very high levels of background 

signal. In order to ascertain the suitability of the blocking buffer used, a sample was 

run on three different lanes of a SDS-PAGE gel and transferred onto PVDF 

membrane which was then cut in three ‘mini-blots’. Each mini-blot was blocked in 

either A. 5%w/v milk, B. 5%w/v BSA or C. 5%w/v Fatty Acid Free BSA. All three 

blots were then washed and processed simultaneously under identical conditions.

Figure 6.7 Optimisation of blocking buffer for use with PT03 antiphosphotyrosine 

antibody, Calbiochem. Three different buffers were assessed to determine the effect 

on background signal, A. 5%w/v milk, B. 5/ow/v BSA or C. 5/ow/v Fatty Acid Free 

BSA. The results clearly show that Fatty Acid Free BSA is the optimal blocking 

buffer for use with the PT03 antibody.
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6.3.S.2 Abl phosphotyrosine status following treatment with H2O2

212kDa

132kDa

86kDa

43.8kDa

32kDa

A B C D  E

Lane A; O.OmM H2O2

Lane B; 0.5mM H2O2

Lane C: l.OmM H2O2

Lane D: 1.5mMH202
Lane E: MrW Standards

(Table 6.2)

Figure 6.8 Tyrosine phosphorylation of proteins following H2O2 treatment. Films 

were exposed for only 3sec. It is impossible to differentiate between individual 

protein bands due to intense signals in lanes B, C & D. Treatment of endothelial cells 

with H2O2 has resulted in phosphorylation o f the majority of proteins.
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6.3.S.3 Ponceau S staining of Western blots to verify equal protein loading
and efficiency of transfer

212kDa

132kDa

^  86kDa

i i 43.8kDa

32kDa

A B C D E

Lane A: O.OmM H2O2

Lane B; 0.5mM H2 O2

Lane C: 1.0mMH202
Lane D: 1.5mM H2 O2

Lane E: MrW Standards
(Table 6.2)

Figure 6.9 Ponceau S stain of H2O2 treated endothelial cell protein extracts. The 

staining confirms that all lanes contain equal protein loading and that the wet transfer 

was successful. Equal loading was further confirmed by probing the blot for actin 

(data not shown).
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Abl phosphorylation following heat-shock treatment

210kb, Abl

A B C D  E F G H
H2 O2  Treated Samples Heat Shock Samples

40“C/30sec
MrW Markers

Lane A: O.OmM H 2O2 

Lane B: 0.5mM H 2 O2 

Lane C: 1 .OmM H2 O2  

LaneD: 1.5mMH202 
MrW Standards 

(Table 6.2) 
Lane E; Ihr 
Lane F; 4hr 
Lane G: 8hr 
Lane H; 18hr

Figure 6.10 Abl tyrosine phosphorylation status following Heat-Shock treatment. 

The left hand side of this immunoblot illustrates another series of samples which have 

been treated with 0-1.5mM H2O2 for 60min. The results mirror those seen in Figure 

6.8. The right hand side of the blot shows protein extracts from a series of samples 

subjected to heat shock at 40“C for 60sec after 1, 4, 8 and 18hr. No change in 

phosphotyrosine levels are detected following heat shock of endothelial cells.
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6.4 D isc ussio n

6.4 .1  C o n t r o l  Ge n e  E x p r e s s io n

Quantitative gene expression assays are typically referenced to an internal control 

gene such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), albumin, actins, 

tubuhns, phosphoglycerokinase (PGK), p-2 microglobulin, 28S and 18S rRNAs, to 

account for differences in starting amount RNA. The amount of RNA assayed may 

fluctuate to differences in tissue mass, fixation, cell number, experimental treatment 

or RNA extraction efficiency. The advent of new technologies such as fluorescence 

based 5’exonuclease assays and TaqMan® technology have significantly improved the 

sensitivity, selectivity and limits of detection of quantitative RT-PCR measurements. 

Consequently, minute changes in gene expression, particularly in those genes hitherto 

referred to as ‘housekeeping’ or ‘reference’ genes can now be detected. Invariable 

such minute changes cannot be seen visually when the PCR products are visualised on 

a standard ethidium bromide-stained agarose gel (Gerard et al, 2000). It would seem 

imperative therefore that the suitability of candidate housekeeping genes be assessed 

for each individual study and that, where possible, more than one reference gene 

should be employed.

Ideally, the conditions of the experiment should not influence the expression 

of the internal control gene. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

is a key enzyme involved in the regulation of glycolysis, catalysing the formation of 

1,3-bisphosphoglycerate, and has been commonly considered as a constitutive 

housekeeping gene on the basis that its level o f expression is unaffected by 

experimental or physiological conditions. However, evidence exists that GAPDH is 

involved in several key biological processes such as endocytosis, control of gene 

expression, DNA replication and repair in neuronal apoptosis (Sirover, 1997). In 

addition, it has been demonstrated that GAPDH expression is substantially increased 

in human cancers of various origins such as the lung (Tokunaga ct cz/, 198 V), pancreas 

(Schek et al, 1988) and cervix (Kim et al, 1998). Recent reports have expressed 

concern at the use of GAPDH as a suitable endogenous control for human carcinoma 

gene expression analysis (Revillion et al, 1998 & 2000). In order to ascertain the 

suitability of GAPDH as a control gene for the ensuing experiments, a series of
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experiments were performed. RNA was extracted and analysed from endothelial cells 

which had been treated with hydrogen peroxide, serum deprivated or exposed to heat 

shock (section 6.3). Real-time 7700 TaqMan® analysis was performed using 

primer/probe sets for the detection o f  c-abl, GAPDH, Human PKG and p-2- 

microglobulin. H2O2 is a treatment which we have previously shown to cause 

changes in c-abl mRNA levels (data not shown), whereas serum deprivation and heat 

shock do not appear to affect c-abl expression. Table 6.5 summarises the result 

obtained. A  high degree of variation between replicates was observed when using the 

P-2-microglobulin primer set, particularly in the H2O2 treated cell samples and in the 

72hr serum deprived samples (raw data not shown). Consequently, P-2-microglobulin 

would not be considered a suitable reference gene for subsequent assays. Abl, Human 

PKG and GAPDH primers all gave very tight, reproducible result (raw data not 

shown). Firstly, c-abl expression was evaluated using Human PKG and GAPDH as 

control genes (Table 6.5) with both sets o f  results yielding identical results. Secondly, 

GAPDH expression was evaluated using Human PKG as the control gene (Table 6.6). 

No variation in GAPDH was observed between treated and untreated samples, even in 

those where changes in abl were recorded. It was therefore concluded that GAPDH is 

a suitable control gene for the proposed experiments.

6.4.2 c-abl b a s e l in e  EXPRESSION IN e n d o t h e l ia l  c e l l s

All experiments using the 7700 SDS® were specifically designed such that all 

parameters were investigated in triplicate and analysed in triplicate via the TaqMan® 

96-well plate assay format to eliminate variability in standard deviations. It was 

important to establish the extent, i f  any, o f  c-abl mRNA variation between replicates. 

The students-t-test (T-test) was used with statistical confidence interval o f  99% in a 

one-sided statistical test equation (section 6.2.9). Table 6.7 clearly illustrates that c- 

abl mRNA expression levels are unaffected by normal cell culture conditions. There 

are no variations in experimental replicates, or are there any variations attributable to 

any assay variable. Consequently, it will be possible m subsequent experiments to 

confidence any statistically significant changes in c-abl expression to 

the experimental parameter under investigation.
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6 .4 .3  c -a b l i n  r e s p o n s e  to  r e  a c t iv e  o x id a  t iv e  s p e c ie s

In this study, endothelial cells were exposed to a range of concentrations of 

H2O2 (0.5-1.OmM) for either 30 or 60min. RNA was extracted and analysed using 

TaqMan® RT-PCR. After 30min there was significant decrease in the c-abl mRNA at 

all concentrations of hydrogen peroxide tested (Table 6.8). Loss of c-abl in cells 

about to undergo apoptosis is expected given our earlier observations in which 

hypertrophic chondrocytes at the growth plate showed a loss of Abl protein 

expression relative to maturing chondrocytes in the bone shaft (section 2.2.1). At this 

time point there was little difference in the amounts of c-abl message observed at the 

different concentrations of H2O2 (section 6.3.3). After 60min, it appears as if the 

endothelial cells treated with the lowest concentration of H2O2 are beginning to 

recover, as the levels of c-abl mRNA are no longer significantly lower than the 

untreated control samples (Table 6.8). At the higher concentrations however, the 

levels of c-abl are even lower than those observed after 30min. The l.OmM treated 

sample has decreased fi'om 0.3994 to 0.2565, while the 1.5mM sample has decreased 

from 0.1874 (Table 6.8). The results clearly demonstrate that c-abl is reduced in 

endothelial cells in response to reactive oxidative species. Sun et al, 2000, 

demonstrate that cytochrome c is released in response to H2O2 and that this effect is 

mediated by a c-Abl -dependent mechanism. Kumar et al, 2003, show that the cell 

death response to oxidative stress can be abrogated through c-Abl inhibition using the 

tyrosine kinase inhibitor STI571.

To determine whether the phosphorylation status of c-Abl is altered in 

response to treatment with H2O2, protein extracts from treated cells were assayed for 

tyrosine phosphorylation by western blotting (section 6.2.8). Figure 6.8 illustrates 

significant increases in tyrosine phosphorylation of the majority o f proteins in the 

cellular extracts following treatment with 0.5 or l.OmM hydrogen peroxide for 

30minutes. At higher concentrations of H2O2 (1.5mM) a lesser degree of tyrosine 

phosphorylation was detected, in confrast with the mRNA results (Table 6.8) in which 

the apparent decrease in c-ahl mRNA is greater in the 1,5mM treated cells. It is likely 

that at this higher concentration of H2O2, the cells were severely injured to such an 

extent that the apoptotic pathways gave way to necrosis and as a result, the role of the 

protein tyrosine kinases is diminished.
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6 .4 .4  c -a b l EXPRESSION i n  e n d o t h e l ia l  c e l l s  i n  RESPONSE TO SERUM 

DEPRIVATION

Endothelial cells were subjected to serum deprivation for 24, 48 or 72hr using 

appropriate controls, c-abl mRNA analysis by TaqMan® RT-PCR showed no 

significant difference in expression o f  c-abl as a result o f  serum deprivation (Table 

6.9). Although not statitistically significant, it is interesting to note an upward trend 

in c-abl expression, particularly after serum deprivation for 48hr (Index values o f  

1.22, 2.61 and 1.46). However, even after 72hr, the endothelial cells did not show any 

morphological signs o f  apoptosis and remained adhered to the tissue culture flask. 

This is in contrast to the observations made after treating the cells with l.OmM or 

1.5mM H2O2 where some loss o f adherence was noted after 60min. It was not 

possible to serum deprive the endothelial cells for any longer than 72hr as the cells 

have already reached confluency at that point. Phosphotyrosine immunoblotting 

(section 6.2.8) showed no change in c-Abl tyrosine phosphorylation status following 

serum deprivation. Therefore, it may be concluded that serum deprivation in vitro has 

no affect on c-Abl expression or activity in endothelial cells.

6 .4 .5  c -a b l EXPRESSION i n  r e s p o n s e  to  TREA TMENT WITH WORTMANNIN

In order to determine the effect o f  wortmannin on c-abl expression in 

endothelial cells, we incubated ECV-304 HuVec cells in growth media containing 0- 

lOOnM wortmannin for 2, 24 and 48hrs. At concentrations o f  0, 25 or 50nM 

wortmannin, no significant change in c-abl expression was observed by TaqMan® 

RT-PCR. A  two-fold decrease in c-abl expression (99% confidence interval) is 

observed when endothelial cells are incubated with lOOnM Wortmannin for 48hr 

(Table 6.10). Although a decrease in expression is observed with lOOnM 

Wortmarmin at the earlier sampling times, the effect did not approach statistical 

significance (Table 6.10). As discussed previously, wortmannin is known to be a 

potent inhibitor o f  PI 3-kinase acfivity (Arcaro et al, 1993). Wortmannin has also 

been reported to inhibit a number o f other kinases (Bonser et al, 1991; Cross et al, 

1995) but only at concentrations greater than those reported to inhibit PI 3-kinase 

(lOOnM range). We have demonstrated a reduction in c-abl expression in endothelial 

cells at a concentration o f lOOnM wortmannin. The results carmot confirm whether
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wortmaimin has directly inhibited c-abl or whether the observed decrease in c-abl is a 

downstream effect of PI-3 kinase inhibition. However, given that PI-3 kinase is likely 

to be inhibited even at the lower concentrations of wortmannin tested, and no 

inhibition of c-abl is evident in these samples, it is likely that wortmannin has directly 

caused a reduction in c-abl levels in endothelial cells. BCR-ABL has been linked to 

activation of PI-3 kinase (Skorski et al, 1995). Inhibition of PI3K blocks proliferation 

of BCR-ABL-dependent cells, establishing the importance of PI3K for BCR-ABL 

activity. The ability to inhibit normal c-abl, suppressing its anti-apoptotic function, 

could conceivably be exploited in the development of apoptosis based treatments for 

malignancy.

6.4.6 c-abl IN RESPONSE TO HEAT SHOCK

HuVec endothelial cells were subjected to heat shock for 60sec and c-abl 

mRNA levels measured after 0, 1, 8,12 and 24hr. In our hands, a five fold increase in 

c-abl expression was noted in U-937 cells after 8hrs following heat shock at 40°C for 

60sec, (preliminary study, data not shown). However, our results indicate that no 

significant changes in c-abl expression are observed in HuVec endothelial cells in 

response to heat-shock. On careful examination of the data obtained after Shrs, an 

apparent decrease in c-abl expression is observed (Index = 0.77), and while this result 

is not statistically significant, the downward trend was observed in all three replicate 

experiments performed. However, no change in Abl tyrosine phosphorylation status 

was observed in any of the samples by western blot analysis (Figure 6.10). The 

results therefore would suggest that c-abl expression, but in particular c-Abl activity, 

in endothelial cells is unaffected by heat shock. In addition, the results would seem to 

indicate that the response of c-abl mRNA levels to heat shock is cell type specific. 

The results are surprising given that heat-shock is a model form of stress shown to 

cycle progression (Li & Cai, 1999, Nitta ct al, 1997). Heat-shock has been 

shown to activate ERKl/2 (MAP kinase) and induces extensive CTD phosphorylation 

(Venetianer et al, 1995). It is likely that the hyperphosphorylated form of CTD 

contributes to the altered gene expression patterns characteristic of heat shock 

(Dubois, 1999). Both ERKl/2 and c-abl tyrosine kinase are CTD kinases implicated 

in cell cycle regulation, and similar responses to stress factors would be expected.
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6 .4 .7  c -a b l i n  r e s p o n s e  to t u m o u r  m e d ia  t r e a  t m e n t

The ability to induce and sustain angiogenesis seems to be an essential step during 

tumour development. Counterbalancing positive and negative regulatory signals can 

encourage or block angiogenesis (Hanahan and Folkman, 1996). At present there are 

more than two dozen angiogenic inducer and inhibitor factors known (Hanahan & 

Weinberg, 2000), including integrins, adhesion molecules and numerous growth 

factors such as VEGF (vascular endothelial growth factor) and FGF (fibroblast 

growth factor). The dependence of tumour cells on nearby capillaries for survival 

raises the possibility that the tumour cells themselves may develop the ability to 

encourage new blood vessel formation. We investigated the effect of culturing 

HuVec endothelial cells in the presence media obtained from a variety o f tumour cell 

lines to determine the effect, if any, on c-abl expression (section 6.3.7).

The results obtained were inconclusive, given the high degree of variability 

between replicate experiments. The observed differences in c-abl mRNA expression 

were not reproducible under apparently identical experimental conditions. The 

control samples in which HuVec cells were cultured in ordinary growth media 

showed no variations in c-abl expression (Table 6.12). This is expected following the 

c-abl baseline experiments performed previously (section 6.4.2). It is particularly 

interesting to note the differences in the trends observed between the leukaemic cell 

lines and those of solid tumours. Where significant, the solid tumour cell line media 

all resulted in a decrease in c-abl expression in endothelial cells (Table 6.12). The 

PCS prostate carcinoma cell line caused resultant hidex values o f 0.32 and 0.70; the 

MCF-7 breast tumourigenic cell line gave an Index Value of 0.37; and the histiocytic 

lymphoma cell U-937 line gave an Index value of 0.68. In contrast, the HL60 and 

K562 cell lines resulted in increased expression of c-abl in endothelial cells, yielding 

index values of 1.81 and 1.64 or 1.99 respectively (Table 6.12). However, it must be 

emphasised that these observations, while worthy of note, could not be reliably 

reproduced in replicate experiments.

Increased angiogenesis is important in the pathophysiology of solid tumours 

(Chavakis & Dimmeter, 2002; Beecken et al, 2002). Recent studies have shown that 

angiogenesis and angiogenic factors may also play an important role in
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haematological malignancies (Aguayo et al, 2000; Bertolini et al, 2000). Both acute 

myeloid leukaemia (AML) and myelodysplastic syndrome (MDS) are associated with 

a substantial increase in vascularity of the bone marrow and increased levels of 

various angiogenic factors (Albitar, 2001). AML cells produce pro-angiogenic factors 

such as VEGF, a potent inductor of angiogenesis (Hussong et al, 2000). Furthermore, 

elevated levels of basic fibroblast growth factor (b-FGF) are detected in patients with 

acute lymphoblastic leukaemia (Perez-Atayde et al, 1997). The Bcr/abl fusion gene is 

found in the majority of patients with CML. The fusion gene has recently been 

reported in the circulating endothelial cells of patients with CML, thus showing that 

the chromosomal translocation has occurred in medullary hemangioblasts (Hussong et 

al, 2000). These observations suggest that medullar angiogenesis may play a role in 

the proliferation of leukaemic cells. Litwin et al, 2002, suggest that angiogenesis in 

AML is likely to represent a response to micro-environmental factors in vivo rather 

than being an intrinsic property of leukaemic cells. Albitar, 2001, demonstrate that 

most angiogenic factors secreted by haematopoietic cells appear to promote growth 

and proliferation of the leukaemic cells in an autocrine fashion. The results of this 

study support this finding, showing that the angiogenic factors secreted by both the 

HL60 and K562 leukaemic cell line resulted in an increase in c-abl expression in 

HuVec endothelial cells in vitro.
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7. D isc u ssio n

The fundamental elements that define the pathology of human cancer include 

limitless replicative potential, sustained angiogenesis and evasion of apoptosis 

(Hanahan & Weinberg, 2000). A complex and rigorously controlled series of events 

govern the cell cycle and ultimately the fate of the individual cell. A map for cell 

cycle control and DNA repair has been published recently (Kohn, 1999). It is clear 

that such control is as a result of a network of interacting genes and pathways, 

encompassing a multitude of signalling molecules, receptors, growth factors and cell- 

to-cell adhesion/interaction molecules. Tumourigenesis is characterised by the loss o f 

function of any of these key molecules which normally either sense DNA damage or 

commit cells to the apoptotic pathway.

This study focuses on the role of the c-abl proto-oncogene in cellular differentiation, 

apoptosis and tumour angiogenesis. At the outset, it was proposed to address three 

key questions regarding c-abl function in vivo:

1. In  w h a t  t issu e s  is  c-abl e x pr e s se d  a n d  w h a t  r o l e  d o e s  A b l  p l a y  in  

APOPTOSIS, t u m o u r ig e n e sis  AND ANGIOGENESIS IN NON-HAEMATOPOIETIC 

TUMOURS?

Initially, Abl protein expression was determined immunohistochemically in a series of 

formalin fixed paraffin embedded tissues and tumours. Our findings suggest that Abl 

is involved in differentiation and the inhibition of apoptosis in chondrocytes in normal 

fetal cartilage. In addition, Abl is observed in proliferating osteoblasts and the 

formation of new blood vessels at the growth plate (section 2.3.1). It can be 

concluded therefore that Abl may play a pivotal role in the events leading to 

enchondral ossification at the growth plate in human fetal cartilage.

Expression of the c-Abl/Bcr-Abl oncoprotein in chondrosarcoma and 

liposarcoma correlated directly with tumour cell differentiation and apoptosis. Low 

grade, well-differentiated tumours showed strong Abl expression and minimal 

apoptosis. High grade, poorly differentiated tumours showed weak or negative Abl 

staining and noticeably higher levels of apoptosis (section 2.3.2). Thus, the
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importance of c-Abl in cellular differentiation and regulation of apoptosis is further 

substantiated by the observations of Abl expression in chondrosarcoma and 

liposarcoma. Differential expression of Abl in differentiating chondrocytes, 

adipocytes and also in the umbilical cord strongly supports a role for c-Abl in the 

survival o f specific connective tissues.

Despite the importance o f tyrosine kinase family members in general to 

angiogenesis, no particular role for c-Abl in angiogenesis has been identified to date. 

This thesis however, presents strong evidence that c-Abl may be either directly or 

indirectly angiogenic. Strong Abl expression is observed in the tumour microvessels 

o f liposarcoma, breast carcinoma and diffuse type signet ring carcinoma of the 

stomach (section 2.3.3-2.3.5). Abl expression has been demonstrated in early 

placental villi and in umbilical cord blood vessels (section 2.3.6) and also in the 

neovasculature during enchondral ossification (section 2.3.1). Previous work by our 

group has confirmed that c-Abl is not usually expressed in normal adult blood vessels 

(O ’Neill 1997).

In summary, it may be concluded that c-Abl is an important factor in apoptosis 

inhibition, cellular differentiation and angiogenesis in certain non-haematopoietic 

tumours.

2. Is DIFFERENTIAL REGULATION OF C -abl EXPRESSION OBSERVED AT BOTH THE 

PROTEIN AND MRNA LEVEL?

Thus far, differential regulation of c-Abl protein expression has been observed 

using immunohistochemistry. The ability to assess gene expression at the mRNA 

level would provide valuable information as to whether such regulation is occurring at 

the level o f transcription or translation. All of the material used in this study is 

comprised of histological formalin-fixed paraffin embedded tissues. The technical 

difficulties arising from fixation effects and template degradation have been discussed 

previously (section 3.1.1) and were highhghted by the poor success rates initially 

encountered in extracting and amplifying RNA from the formalin fixed specimens. 

This study presents a comprehensive evaluation o f a number o f  RNA extraction
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protocols. The main objective was to establish an extraction protocol, which would 

be most conducive to subsequent analysis of short mRNA sequences by RT-PCR. If 

routine use of the polymerase chain reaction on histological samples is to be realised, 

a technique which is easily introduced into the diagnostic laboratory must be 

developed. Previous attempts at performing molecular biological studies on formalin 

fixed paraffin embedded tissues have involved lengthy and labour intensive extraction 

procedures unsuitable for routine use (Goelz et al, 1985; Warford et al, 1988). This 

thesis describes a procedure for rapid and reliable extraction of RNA from the 

archival material using the Centra FnreScript™ RNA isolation kit (section 3.2.3).

The results also demonstrate the increased sensitivity and limits of detection 

attainable with recent advances in fluorescence based Quantitative RT-PCR 

instruments (section 3.1.5). Initial attempts to analyse the extracted RNA using 

conventional SP-PCR proved unsuccessful, primarily due to amplicon size (section 

3.3.2). Advances in fluorescence based 5’ exonuclease assays resulted in the 

introduction of the TaqMan® 7200 End-point Sequence Detection System. This 

system offered the combined sensitivity of the polymerase chain reaction with 

specificity of the TaqMan® probe hybridisation and a smaller amplicon size generated 

during TaqMan® PCR. All of these features enabled us to detect mRNA transcripts in 

extracts from formalin fixed paraffin embedded samples which could not be detected 

by solution phase PCR (section 3.3.6). End-point determinations did not however 

permit quantitative analysis of c-abl levels within these samples. Ultimately, the 

evolution of the real-time TaqMan® 7700 Sequence Detection System enabled 

quantification of c-abl mRNA expression in tissues which had failed previously to be 

evaluated by alternative preceding technologies (section 3.3.6). The precision and 

sensitivity of RNA quantitation is enormously enhanced using real-time data 

acquisition compared to standard end-point detection.

Primer Express™ software was used to design suitable primers and probe for 

the analysis c-abl mRNA by TaqMan® RT-PCR. Subsequent to this, an efficient 

and reproducible c-abl TaqMan® assay was developed which was suitable for use 

with the 7700 SDS®. Using this assay, c-abl was successfully amplified in all but one 

of the formalin fixed paraffin embedded tissues under investigation. Given the fact 

that some of the chondrosarcoma blocks had been acid decalcified and other tissue
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blocks had been stored for up to 44yr, the successful extraction and amplification of 

RNA from these samples was particularly remarkable.

The results of the c-abl TaqMan® analysis demonstrated that c-abl mRNA is 

significantly lower in high-grade chondrosarcoma than in low-grade chondrosarcoma. 

This result mirrors the observed expression of Abl oncoprotein in chondrosarcoma 

described previously, thus further supporting a role or c-abl in differentiation and 

apoptosis modulation in chondrosarcoma. No statistically significant difference in c- 

abl expression was noted between the different grades of liposarcoma investigated. 

The raw data shown in Table 4.8 however illustrates the wide range of ACt values 

recorded within each sub-classification of liposarcoma, and consequently an average 

value for each grade tumour was calculated for comparison purposes. In addition, 

considerably lower )delds of mRNA were obtained from liposarcoma cases than other 

tumour types as discussed previously (section 3.4.4). The levels o f c-abl mRNA have 

been shown to be higher in diffuse (signet ring) carcinoma of the stomach relative to 

intestinal type gastric adenocarcinoma. This is again in keeping with the 

immunohistochemical staining pattems for Abl protein in this tumour group.

In conclusion, real-time TaqMan RT-PCR has enabled us to confirm that the 

differential expression in c-abl observed at the protein level can also found at the 

mRNA level, although it does not indicate precisely which cells have this abl mRNA.

Consequently, the question of which precise cells are contributing to the net 

yield o f c-abl mRNA needed to be addressed. Initial attempts to localise c-abl mRNA 

to individual cells in a tissue section involved laser capture microdissection. 

Unfortunately, the yields of mRNA obtainable using this technology were below the 

limits o f detection of the subsequent mRNA assay techniques. As it was believed that 

the transcripts were being lost during the RNA extraction stages, it was hypothesised 

that in-situ RT-PCR would prove to be a more suitable alternative due to the fact that 

the target template does not have to be extracted from the relevant cells.

In-situ RT-PCR is a relatively new technique (Haase, 1990), which offers the 

combined sensitivity of gene amplification techniques with the localisation benefits of
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in-situ hybridisation techniques. A number o f different in cell amplification strategies 

were assessed in this study: direct in-situ RT-PCR, RT-PCR-ISH and in cell TaqMan® 

RT-PCR. All three methods were shown to be effective and reproducible when 

applied to cell cytospins prepared from a number of different cell lines. However, a 

number o f technical difficulties were encountered in applying the same techniques to 

formalin fixed paraffin embedded tissues. Despite extensive optimisation of the 

protease digestion and tissue pretreatment steps, loss o f morphology and lifting of 

tissue sections from the slides during thermal cycling proved most problematic. In 

practice, the direct labelling method was the only strategy that worked repeatedly in 

our hands. The results obtained confirmed the presence o f c-abl mRNA in breast 

cancer cells and adjacent tumour microvessels, c-abl mRNA was detected in the villi, 

developing endothelium and connective tissues in placenta at 7wks gestation, c-abl 

mRNA was also localised to the tumour microvessels o f gastric carcinoma using 

direct in-situ RT-PCR. Overall, the results served to corroborate the findings 

observed immunohistochemically using the c-Abl/BCR-Abl antibody. The 

importance of c-Abl in angiogenesis is further substantiated through identification of 

c-abl mRNA transcripts in the endothelium of early placenta and in the 

neo vasculature of breast and gastric carcinoma.

3. Is c-abl mRNA in  e n d o t h e l i a l  c e l l s  m o d u l a t e d  in  r e s p o n s e  t o  s p e c i f i c  

STRESS f a c t o r s ?

It has previously been reported that a number o f stimuli including heat shock, 

reactive oxidative species and chemotherapeutic agents appear to mediate apoptosis in 

a death receptor independent manner via the mitochondrial pathway (Kroemer et al 

1997 & 1998). This study aimed to investigate the effect of such stress factors on the 

level o f c-abl expression in HuVec endothehal cells, c-abl mRNA levels were 

assessed using the Real-Time TaqMan® RT-PCR Assay system and using GAPDH as 

a control gene. The results demonstrate that c-abl mRNA expression decreases in 

response to reactive oxidative species. However, analysis o f parallel protein extract 

illustrates an increase in Abl tyrosine phosphorylation status following treatment with 

H 2O2 , which indicates an increase in c-Abl tyrosine kinase activity. However, the 

majority o f proteins visualised on the SDS-PAGE gels showed increased
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phosphorylation and as such, no direct relationship between H2O2 and Abl activation 

could be established using this assay technique. An alternative method o f  

determining c-Abl tyrosine kinase activation is through incubation o f anti-c-Abl 

antibody immunoprecipitates with the GST-Crk (120-225) fusion protein (Feller et al, 

1994; Ren et al, 1994). Activation o f  c-Abl results in phosphorylation o f GST-Crk 

which can be detected by immunoblot analysis. This would provide a more specific 

assay for c-Abl activity measurements for future experiments. Sun et al, 2000, show 

that both nuclear and cytoplasmic c-Abl are activated by oxidative stress, a finding 

substantiated by Kumar et al, 2001. Sun et al, 2000, also demonstrate that 

cytochrome c is released in the cellular response to H2O2 and that the effect is 

mediated by a c-Abl dependent mechanism. A recent study (Kumar et al, 2003) 

utlises STI571, an inhibitor o f Bcr-Abl in chronic myelogenous leukemia, to block the 

response o f  U-937 myeloid leukemia cells and mouse embryo fibroblasts to hydrogen 

peroxide. The results demonstrate that STI571 attenuates H202-induced loss o f  

mitochondrial transmembrane potential. Consequently, STI571 inhibits the death 

response to H2O2 exposure by 40 to 80% depending on cell type (Kumar et al, 2003). 

These findings support a role for c-abl in mitochondrial dysfunction and cell death in 

response to reactive oxidative species. The data presented in this study showed no 

evidence o f  c-abl activation in response to either heat-shock or serum deprivation o f  

endothelial cells. Decreased c-abl mRNA expression in endothelial cells was noted 

following treatment with high levels o f  wortmannin, although no concomitant change 

in c-Abl tyrosine phosphorylation status was observed. It may be interesting to 

investigate the stress-induced regulation o f  c-Abl in diseases such as atheroschlerosis 

in which apoptosis o f  endothelial and smooth muscle cells is central to disease 

progression. The effect of mechanical force and pulse pressure on c-Abl expression 

in endothelial cells may provide a greater insight into the role o f Abl in non-malignant

diseases.

The resuhs obtained following incubation o f endothelial cells with tumour cell 

line media were particularly interesting, although further investigations are required 

due to the high degree o f variability o f the data. The data showed an increase in c-abl 

following incubation with media from the HL60 and K562 leukaemic cell lines. In 

total contrast, a significant decrease in c-abl expression was noted following treatment 

with media from various solid tumour cell hnes. The importance o f  angiogenesis for
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the continued growth of sohd tumours and in many forms of leukaemia has been 

discussed previously. PDGF is one of many tyrosine kinases known to play a pivotal 

role in endothelial cell function (Rosen, 2002). PDGF signalling can vary from 

autocrine stimulation of cancer cell growth to more paracrine interactions involving 

adjacent stroma and even angiogenesis (George, 2001). Interestingly, the tjTosine 

kinase inhibitor imatinib mesylate (formerly ST571, [Gleevec]) used to block BCR- 

Abl oncoprotein activity in CML, is also a potent inhibitor of PDGFR kinase. 

Imatinib mesylate is currently being evaluated for the treatment of PDPGF responsive 

tumours such as prostate cancer (Cross & Reiter, 2002).

The work presented in this thesis confirms a role for c-Abl in tumour cell 

differentiation and inhibition of apoptosis. In addition, a hitherto undefined role for c- 

Abl in angiogenesis has also been investigated. The development and optimisation of 

RNA extraction techniques has provided a valuable tool for retrospective analysis of 

nucleic acids in archival histological samples. The sensitivity o f such analyses has 

been greatly enhanced with the advancements in Real-Time Quantitative RT-PCR, 

TaqMan® technology and in-situ RT-PCR methodologies. The response of c-Abl in 

endothelial cells to various stress factors suggests a possible role for Abl in the 

mitochondrial apoptotic pathway. Ito et al, 2001, have shown c-Abl involvement in 

signalling fi'om the endoplasmic reticulum (ER) to the mitochondria, and thereby in 

the apoptotic stress response to ER stress. Recently (Li et al, 2002), a novel c-Abl 

interacting protein, Aph2, has been identified with a unique cysteine rich motif (zf- 

DHHC) and a 53aa stretch sharing homology with the creatine kinase. Deletion and 

over-expression studies have demonstrated that Aph2 may be involved in ER stress- 

induced apoptosis in which c-Abl plays an important role.

7.1 C o n c l u d in g  R e m a r k s

Significant progress has been made in recent years in understanding the 

complex, multi-faceted role of c-Abl. Despite this progress, the precise functions 

remain unclear and a single comprehensive model is not available. Roles for c-Abl in 

cell cycle regulation, stress responses, integrin signalling and neural development are 

likely. The information on c-Abl accumulated through this study has provided several 

further avenues of investigation in the pursuit of understanding this complex tyrosine
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kinase. Regarding the nuclear function of c-Abl, it will be important to identify c-Abl 

regulated promoters in order to define the role of c-Abl in DNA synthesis and repair. 

The potential for abl to phosphorylate other apoptosis modulating genes could be 

investigated using a temperature sensitive v-abl mutant used in previous studies 

(M'^Gahon et al, 1994). The use of such a mutant enables the expression of the abl 

tyrosine kinase to be carefully controlled and the interaction of abl with other genes to 

be investigated. Traditional methods in molecular biology generally work on a ‘one 

gene in one experiment’ basis, providing limited information on the complicated way 

in which genes and their products interact. Advances in DNA chip or gene array 

technology potentially allows the analysis and comparison of thousands of genes on a 

single chip, providing researchers with a better picture of the interactions among all of 

these genes simultaneously. In addition, the field of proteomics has rapidly expanded 

over the last decade. Proteomics employs a multitude of techniques to resolve, 

quantitate and rapidly identify proteins, as well as to identify their interacting 

proteins, hi combination with DNA microarrays, this technology promises to 

contribute significantly to our understanding of the role of c-abl and its interplay with 

other genes involved in apoptosis, angiogenesis and the development of cancer.
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A1 C o m p a r a t iv e  C t M e t h o d  (M u l t ip l e x /S in g l e  tu be) F o r m u l a  

FOR q u a n t it a t iv e  GENE EXPRESSION ANALYSIS:

The equation for the amount of target, normahzed to an endogenous reference and 

relative to a calibrator, is given by:

2-A A C t

Derivation of the Formula

The equation that describes the exponential amplification of PCR is:

Xn=XoX(l+Ex)"

where:

Xn = number of target molecules at cycle n

Xo initial number of target molecules

Ex efficiency of target amplification

N — number of cycles

The threshold cycle (C t ) indicates the fractional cycle number at which the amount 
o f amplified target reaches a fixed threshold. Thus,

X t = X o X  ( 1 + E x) ‘̂ ^ ’' ' = K x

Xt = thrcslioki number of target molecules

C T,X threshold cycle for target amplification

Kx Constant

A similar equation for the endogenous reference reaction is:

R t = R o X ( 1 + E r) ^ ^ ’*' =  K r
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where:

R j - threshold number o f reference molecules

Ro = initial number of reference molecules

E r = efficiency o f  reference amplification

C t ,r = threshold cycle for reference amplification

Kn = constant

Dividing Xt by R j gives the following expression:

2£l
Rx

Xo X ( 1 + Ex)

Ro X ( 1 + E r )

K2L
Kr K

The exact values of Xt and R j depend on a number o f  factors, including:
• Reporter dye used in the probe
• Sequence context effects on the fluorescence properties o f the probe
• Efficiency of probe cleavage
• Purity o f the probe
• Setting of the fluorescence threshold.

Therefore, the constant K does not have to be equal to one.

Assuming efficiencies of the target and the reference are the same: Ex = E r  = E,

Ro

or

X .  X = K

where:
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X n the normalized amount of target

= the difference in threshold cycles for target and 
reference

Rearranging gives the following expression:

The final step is to divide the X n for any sample q by the X n for the calibrator (cb);

XN.cb

K X ( 1 + E)

K X (1 + E)

= ( 1 + E ) -AAC t

,cb

where:

AACt _  ACj q ~  A

For amplicons designed and optimized according to Applied Biosystems guidelines 

(amplicon size <150 bp), the efficiency is close to one. Therefore, the amount of 

target, normalized to an endogenous reference and relative to a calibrator, is given by:

2 -AACt
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A2 C o n t r o l  G e n e  E x p r e s s io n  b y  7700 T a q M a n  R e a l -T im e  SDS® 

t e c h n o l o g y .

PE Applied Biosystems "’"r,
File Name:Controls P la te  T ype:7700 Singfe ReporterO

U se r:Jen  PCR Volume:25
Date:Wed, Dec 13. 2000 

CommentsrJennlfer Controf Pfate - Beta 2-microgtobtJim

Thermal Cycle Conditions
C ycle TciTiDerature Tim e RcDcat Ramo Time Auto Increm ent
Hold 50.00 2:00 Auto

Hold 95.00 10:00 Auto

Cycle 95.00 0:15 40 Auto
60.00 1:00 Auto

Standard Curve

Slope: 0.00 T h re sh o ld : 0.05
in te rc e p t :  0.00 Baseline Range: ( 3 ,  15)

Fit R; 0.00

Sample Information 

Well T v d c  Samole Name QL Q u a n tity  Std. Dev. Mean
E7 UNKN H202 untreated 20.29 0.00 0.00
E8 LWKN H202 untreated 20.52 0.00 0.00
E9 UNKN H202 untreated 20.29 0.00 0.00
E10 UNKN H202 l.OmM, 30min. 22,13 0.00 0.00
Ell UNKN H202 l.OmM, 30min. 21.48 0.00 0.00
E12 UNKN H202 l.OmM, 30min. 20.98 0.00 0.00
FI UNKN SO 72+ cont 19.64 0.00 0.00
F2 UNKN SO 72+ conL 20.00 0.00 0.00
F3 UNKN SD 72+ cont 19.69 0.00 0.00
F4 UNKN SO 72- 18.16 0.00 0.00
F5 UNKN SD 72- 20.07 0.00 0.00
F6 UNKN SD 72- 20.10 0.00 0.00
F7 UNKN HS 8hr cont 20.13 0.00 0.00
F8 i m u HS 8hr cont 19.86 0.00 0.00
F9 UNKN HS 8hr cont 20.07 0.00 0.00
F10 UNKN HS 8hr 60sec 19.00 0,00 0.00
F ll UNKN HS 8hr 60sec 19.11 0.00 0.00
F12 UNKN HS 8hr 60sec 19.03 0.00 0.00

El )^C El NTC 40.00 0.00 0.00

E2 NTC E2 NTC 40.00 0.00 0.00

E3 NTC E3 NTC 40.00 0.00 0.00

E4 NTC E4 NTC 40.00 0.00 0.00

E5 NTC E5 NTC 40.00 0.00 0,00

F6 NTf. Ffi NTC 40.00 0 0 0 0 00

Figure A2.1 Beta-2-microglobulin assessment in six different samples by TaqMan® 

7700 RT-PCR. The raw data shows a high degree o f variation between triplicates. 

For example, wells El 0-El 2 contain RNA extracted from HuVec endothelial cells 

treated with l.OmM H2O2 for 30min. The Ct values recorded are 22.13, 21.48 and 

20.98. This is in contrast to the GAPDH readings illustrated in corresponding Figure 

A1.2 in which replicates are extremely tight.
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PE Applied Biosystems S equence D etection  System s 
1 .6 .3

File Name.-Controls Plate T y p e ; 7700 Single ReportefD
User-.Jen PCR Volume:2S
DateiWed, Dec 13, 2000 

Comments:Jennifer Control Plate - GAPOH

Thermal C yde Conditions 
CYCle T em o era tu re  
Hold 50.00

Hold 95.00

Cycle 95.00 
60.00

Time
2:00

10:00

0:15
1:00

R epeat

40

RamD-Jimfi
Auto

Auto

Auto
Auto

Auto Increment

Standard Curve

S lope; 0.00 T h resh o ld ; 0.04
In te rc e p t:  O.CO Baseline Range: ( 3 ,1 5 )

Fit RrO.OO

Sample Information
Well Type Sample Name R«Dli£atS. QMintity $t4. P w . Mean
C7 UNKN H202 untreated 16.11 0.00 0.00
C8 UNKN H202 untreated 16.10 0.00 0.00
C9 UNKN H202 untreated 16.06 0.00 0,00
CIO UNKN H202 l.OmM. 30min. 17.02 0 .00 0.00
C11 UNKN H202 l.OmM, 30min. 17.02 0.00 0.00
Cl 2 UNKN H202 l.OmM. 30min. 17.07 0.00 0.00
D1 UNKN SO 72+ cont 14.77 0.00 0.00
D2 UNKN SO 72+ conL 14.84 0.00 0.00
D3 UNKN SO 72+ cont 14.71 0.00 0.00
D4 UNKN SO 72- 15.15 0.00 0.00
D5 UNKN SD 72- 15.11 0.00 0.00
D6 UNKN SO 72- 15.15 0.00 0.00
D7 UNKN HS 8hr cont 15.30 0.00 0.00
D8 UNKN HS 8hr conL 15.31 0.00 0.00
D9 UNKN HS 8hr cont. 15.38 0,00 0.00
DIO IMKN HS 8hr 60sec 15.11 0.00 0.00
D ll UNKN HS 8hr SOsec 15.12 0.00 0.00
D12 UNKN HS 8hr 60sec 15.12 0.00 0.00
Cl NTC Cl NTC 40.00 0.00 0,00

C2 NIC C2 NTC 40.00 0.00 0.00

C3 NTC C3 NTC 40.00 0,00 0.00

C4 NTC C4 NTC 40.00 0.00 0.00

C5 NTC C5 NTC 40.00 0,00 0.00

Figure A2.2 GAPDH assessment in six different samples by TaqMan® 7700 RT- 

PCR. The raw data shows a high degree of reproducibility between triplicates. For 

example, wells El 0-El 2 contain RNA extracted from HuVec endothelial cells treated 

with l.OmM H2O2 for 30min. The Ct values recorded are 17.02, 17.02 and 17.07. 

This is in contrast to the beta-2-microglobulin readings illustrated in corresponding 

Figure A1.1 in which replicates show variable Ct values.
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A 3 L is t  o f  Pr e s e n t a t io n s  &  P u b l ic a t io n s  r e l a t e d  t o  t h is  
T h e s is

P r e s e n t a t i o n s :

Galway, Ireland, April 14**’, 2000. Joint Irish Association for Cancer Research and Irish 
Society of Medical Oncology Meeting. Russell JM, Uhlmann V, O’Leary JJ, 
Lawler M, Gaffney EF. In-cell amplification for the detection of c-abl mRNA in 
cell lines and tissue sections (poster).

London, UK, January 20*̂ , 2000. Pathological Society of Great Britain and Ireland. 
Uhlmann V, Luttich K, O’Donovan M, Bermingham N, Silva I, Kenny C, Ring 
M, Sweeney M, Howells D, Picton S, Russell JM, Sheils O, O’Leary JJ. Novel 
in-cell amplification for the detection of DNA and RNA in tissue sections (oral).

Belfast, Northern Ireland, April 14̂ ’’, 1999. Irish Association for Cancer Research 
Meeting. Russell JM, Sheils O, O ’Leary JJ, Cotter T, Lawler M, Gaffney EF. 
Feasibility of gene expression studies in archival material using TaqMan RT- 
PCR (poster).

San Francisco, USA, March 22"*̂ , 1999. United States and Canadian Academy of
Pathology Meeting. O’Donovan M, Russell JM. Cotter TG, Lawler M, Fletcher 
CDM, O’Leary JJ, Gaffney EF. Abl and abl mRNA expression in liposarcoma: 
Correlation with tumour cell differentiation, angiogenesis and extent o f apoptosis 
(poster).

Kilkenny, Ireland, Feb 6*, 1999. Academy of Medical Laboratory Science. Russell 
JM, Cotter TG, O’Leary JJ, Lawler M, Gaffney EF. mRNA analysis in archival 
material using TaqMan RT-PCR (oral).

Leicester, UK, July 1̂ ‘, 1998. Pathological Society Meeting of Great Britain and 
Ireland. Russell JM, Dunne BM, O’Donovan M, O’Neill AJ, Cotter TG, Lawler 
M, Fletcher CDM, O’Leary JJ, Gaffney EF. Abl expression, angiogenesis and 
apoptosis in diffuse gastric adenocarcinoma and liposarcoma (oral).

Dublin Ireland, June 21®*, 1998. Joint British Association and Irish Association Cancer 
Research Meeting. Russell JM, O’Neill AJ, Durme BM, O’Donovan M, 
Fletcher CDM, Lawler M, Gaffney EF. Abl expression in liposarcomas with 
particular reference to angiogenic tumour microvessels (poster).

Dublin, Ireland, June 2 f ‘, 1998. Joint British Association and Irish Association Cancer 
Research Meeting. Russell JM, O’Neill AJ, Dunne BM, O ’Donovan M, Gillan 
JE, Cotter TG, Lawler M, Gaffney EF. Expression of the Abl oncoprotein in the 
neovasculature during enchondral ossification and in tumour angiogenesis
(poster).

Belfast, Northern freland. May 2"^ 1998. Euro Cell Path Meeting. Russell JM. O’Neill 
'a J , Dunne BM, O’Donovan M, Gillan JE, Cotter TG, Lawler M, Gaffney EF.
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Expression of the Abl oncoprotein during enchondral ossification and in tumour 
angiogenesis (poster).

Dublin, Ireland, March 27* 1998. National Scientific Medical Meeting. Russell JM, 
O’Neill AJ, Dunne BM, O’Donovan M, Gillan JE, Cotter TG, Lawler M, 
Gafftiey EF. Expression of the Abl oncoprotein during enchondral ossification 
and in tumour angiogenesis (poster).

Sheffield, UK, July 2"*̂ , 1997. Pathological Society of Great Britain and Ireland. 
Russell JM. O’Donovan M, O’Neill AJ, Dunne BM, Cotter TG, Gillan J, 
Dervan PA, Lawler M, Gaffney EF. Abl expression in developing fetal cartilage 
and chondrosarcoma; relationship to chondrocyte differentiation and inhibition 
of apoptosis (oral).

Kinsale, Ireland, April 12*’’, 1997. Irish Association for Cancer Research. Russell JM, 
O’Neill AJ, Dunne BM, Cotter TG, Gillan J, Dervan PA, Lawler M, Gaffney EF. 
The c-Abl protein is required for differentiation and inhibition of apoptosis in 
fetal and neoplastic chondrocytes (oral).
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Improved in-situ detection method for telomeric tandem repeats in metaphase 
spreads and interphase nuclei. J  Clin Pathol: Mol Pathol 2000; 53: 48-50

O’Donovan M, Russell JM, O’Leary JJ, Gillan JA, Lawler MP, Gaffney EF. Abl 
expression, tumour grade and apoptosis in chondrosarcoma. J  Clin Pathol: Mol 
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