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Abstract

Cancer can be considered as a class of genetic diseases which arises as a result of
mutations in oncogenes and tumour suppressor genes. These mutations alter the function,
merphology. and behaviour of the affected cells, ultimately teading to tumour initiation,
progression, and metastasis. These phenotypic changes also impact upon the ability of
tumour cells to either respond to chemotherapy with ce!l death, or evade chemotherapeutic-
induced cell death through drug-resistant pathways.

To identify cancer-related genes which contribute to cell survival during
chemotherapy, hybrids between normal human fibroblasts and murine melanoma cells (B78)
were generated and screened for the ability to survive short term exposure to the
chemotherapeutic agent, PALA [N(phosphonoucetyl)-L- aspartate]. Whereas PALA induced
growth arrest in normal fibroblasts, B78 responded to PALA with apoptosis (active cell
death). It was hypothesized that the introduction of normal human chromosomes from the
fibroblasts into B78 would result in an alteration in some of the hybrids’ responscs to the
drug; in this instance, survival via growth arrest as opposed to apoptosis. Thosc human
chromosomes which were associated with improved PALA survival were theorized 1o
express genes responsible for cellular survival during chemotherapeutic treatment.

The hypothesis was first tested using whole cell hybrids constructed between human
fibroblasts and B78. Whole cell hybrids showed improved survival during PALA exposure,
as opposed to B78, and showed morphological featurcs of growth arrest. To identify
individual human chromosomes involved in this response, a paiiel of dual selectable

microcell hybrids was constructed and screened. These hybrids contained one or more
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normal human chromosomes in a B78 background. A drug selectable marker permitted the
selective retention, or removal of the tagged human chromosome, as desired. The property
of double seleclion was required to show that phenotypic changes were always due to the
presence or removal of the tagged chromosome, rather than due to clonal variation. A
pharmacological screen (using PALA) of the microcell hybrid panel resulted in the
identification of human chromosome 3, which was consistently associated with improved
survival and growth arrest during drug exposure. To attempt to identify genes which were
involved in drug survival, a molecular strategy, known as differential display reverse
transcriptase PCR (DDRT-PCR) was employed. This strategy was used to identify those
¢DNAs derived from differentially expressed mRNAs during PALA exposure in hybrids that
showed improved survival during PALA exposure, as compared to B78 and the hybrids that
died readily in the presence of PALA. Several candidate cDNAs were identified, cloned and
sequenced. Characterization of these cDNA’s may ultimately lead to the identity of new

survival genes and an improved understanding of cancer cell drug responses.
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Chapter 1. General Introduction



1.1 Perspective

Basic cancer research encompasses a wide range of scientific endeavours, including
molecular and cellular biology, immunology, microbiology and genetics. In addition,
pharmacology and radiation biclogy provide the basis for the development of new cancer
therapies. These diverse sciences contribute to the understanding of the etiology of cancer,
and aid in the search for new anti-cancer therapies. The tools and strategies used in cancer
research are thus varied, and are of necessity constantly changing. It is therefore significant
that in vitro model systems play a common and important role in most, if not all of these
research fields. In vitro mammalian model systems provide insight into the in vivo
characteristics and behaviour of tumour cells. The cell lines used in these systems may be
tumorigenic, or only partially transformed, and exhibit a variety of phenotypic differences
as compared to the originating, normal cell types. These deviations include changes in
morphology, function and behaviour, and are the basis of malignancy.

It is now clear that the cancer cell phenotype arises following activating mutations
in growth promoting genes known as oncogenes, and inactivation of growth inhibiting genes
known as tumour suppressor genes. These mutations impact upon the tumour cell’s ability
to survive outside the normal constraints imposed by the genetic program, and result in
deregulated protiferation leading to invasion, and metastasis. Additionally, alterations in
cancer-related genes can affect the ability of the cancer cell to withstand chemotherapy and
radiation. The retention, or loss of the ability to die when challenged is therefore a
significant attribute of the cancer cell, and is largely responsible for the ultimate success or

failure of anticancer treatments. The identification of the molecular controls of cell survival
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and death is therefore prerequisite to the development of more eflective anti-cancer

strategies. In this thesis, an in vitro mammalian model system was used to map and identify

genes involved in cellular drug-induced survival responses.

1.2 Cancer as a Class of Genetic Diseases

Cancer is a multi-stepped genetic disease. arising from the mutation and inactivation
of oncogenes and tumour suppressor genes (Knudson, 1971; Barrett and Ts'o, 1978:
Bookstein and Allred, 1993; Nordenskjold and Cavanee, 1988: Mikkelsen and Cavenee,
1990). Historically, the concept of tumour cel fluidity as the basis of cancer progression
arose prior to the establishment of modern genetics (Armitage and Doll, 1954). However,
this concept eventually evolved into the theory of genomic instability as the basis of
tumorigenesis (Nowell, 1976). In contrast to normal cells, which have relatively stable
genomes, cancer cells undergo multiple genetic transformations during tumour initiation,
progression, and metastasis (Holliday, 1989). The tumour cell’s ever changing genotype is
thus largely responsible for the morphological and behavioural changes which allow the
tumour to grow and evolve (reviewed, Bevilacqua and Cali go, 1991; Bryant, 1993).

Cancer-related genes, their chromosomal loci, and their function continue to be the
focus of intensive study by cancer researchers. However, following several decades of effort,
a resolution to the problem of cancer remains elusive. This is due largely to the complexity
of gene activity in higher organisms, which differs dramatically between organs and between
specialized, differentiated cell types. It is this complexity which precludes the definition of

a single set or sequence of mutational events that lead to oncogenesis.



1.3 The Cytogenetics of Cancer

During the 1960s and 1970's, investigators and clinicians began to establish a link
between genomic integrity at the chromosomal level and tumorigenicity. The first evidence
of association of a specific genetic alteration with cancer was the identification of the
Philadelphia (Ph') chromosome (Nowell and Hungerford, 1960). This marker chromosome
consistently appeared in the peripheral lymphocytes and bone marrow of chronic
myelogenous leukemia (CML) patients, and was identified by clinical cytogeneticists as a
chromosome 22 in translocation with chromosome 9 (Caspersson et al., 1970: Rowley,
1973). Over time, a variety of chromosome alterations were found to be consistently
associated with haematological malignancies and solid tumours (Niebuhr, 1977; Kaiser-
McCaw, 1977, Zech, 1975; reviewed, Weinberg, 1991). Many of these chromosomal
abnormalities have since been shown to cause activation of oncogenes through alteration in
transcriptional regulation or through gene fusion and inactivation of tumour suppressor

genes, through deletion (reviewed, Rabbitts, 1994).

1.31 Somatic cell hybridization

The earliest identified oncogenes were discovered through viral DNA transfection
experiments (Weinberg, 1981; Cooper, 1982). However, the genetic basis of malignancy,
and the concept of tumour suppression were initially studied many years earlier, by means
of the technique of somatic cell hybridization (Fig. 1.1a). The first somatic cell hybrid

studies between mouse cell lines of different malignant potential suggested that the
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malignant phenotype was dominant over the normal phenotype (Barski and Comefent, 1962
Scaletta and Ephrussi, 1965). However. later studies showed that normal DNA could
suppress the cancer phenotype (Harris, 1971: Stanbridge. 1976; Stanbridge. 1988). These
investigators discovered that the fusion of non-tumorigenic mouse cells with tumorigenic
mouse cells resulted in the transient suppression of the tumorigenic phenotype. as determined
by the failure of the hybrid cells to produce tumours when injected into immuno-deficient
mice. They noted however, that the hybrid cells were unstable, and chromosomes were lost
during in vitro cell culture, eventually leading to the return of the tumorigenic phenotype.
The suppression of the malignant phenotype by normal chromosomes was similarly shown
in human x human hybrids. Intraspecific human hybrids were found to be more stable, and
retained the suppressed phenotype over extended passaging (Stanbridge, 1976; Stanbridge
et al., 1982). These findings suggested that normal chromosomes contain critical growth-
regulating genes, now known as tumour suppressor genes, which become tnactivated during
tumorigenesis (Harris and Klein, 1969; Stanbridge and Cavanee, 1989).

To attempt to identify the specific chromosomés involngrm_i_nt suppression of
malignancy, interspecific hybrids between rodent and human cell lines were constructed
(Klinger, 1982; Klinger and Shows, 1983: Craig and Sanger, 1985). The majority of these
studies involved the use of transformed Chinese hamster cell lines, cither embryonic
fibroblast (CHEF) or ovarian (CHO) in origin. However, chromosomal instability was very
pronounced in these cells, with rapid, non-random rejection of the human chromosomes

occurring at early passage (Croce, 1984). The near-immediate loss of human chromosomes,

accompanied by loss of the suppression of malignancy conspired to hamper the identification
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of specific normal human chromosomes responsible for tumour suppression. However, a
number of human chromosomes were eventually identified which were selectively lost from
hybrids in conjunction with a reversion to tumorigenicity. The first of those identified
included human chromosomes 2, 4, 9,10, 11,14 and 17 (Evans et al., 1982; Klinger, 1982;

Klinger and Shows, 1983; Stoler and Bouck, 1985).



Figure 1.1 Fusion techniques

(a) Whole cell fusion. Two cell types, with different phenotypes eg. normal vs.
tumorigenic are fused together usually by use of a fusogen, polyethylene glycol
(PEG). The fused cells are called heterokaryons. Following fusion, hybrids are
selected for survival, as opposed to the parental cells, by use of double selection: one
selection method which is toxic to only one parental cell type (eg. ouabain for human
cells) and a second selection method which is toxic to the other parental cell type (eg.
HAT [hypoxanthine/aminopterin/thymidine] medium for some rodent cel] lines).
Drug resistant colonies contain chromosomes from both parental cell types

(b) Microcell fusion. The donorCell line is treated with the mitotic spindle inhibitor,
colchicine. Prolonged treatment results in the formation of micronuclei which
contain one or a few chromosomes. The micronuclei are stripped from the cells by
centrifugal force, and are fused to the recipient cell line using PEG. Double drug
selection is used to kill the parental cell types, allowing only the microcell hybrids
to survive. To improve the variety of donor chromosomes retained in the recipient

cells, a drug selectable marker is usually inserted (by electroporation or transfection)
into the donor cell line chromosomes, prior to fusion.



Figure 1.1
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1.32 Microcell fusion

One impediment in the analysis of whole cell hybrids was the large amount of normal
genomic material which tended to be introduced into the tumorigenic cells. The microcell
fusion technique of chromosome transfer was developed as an improvement over whole cell
fusion, since this method allowed introduction of small parcels of only one or a lew
chromosomes into the recipient cell line (Ege et al., 1977; Fournier and Ruddle, 1977) (Fig.
L.1b). However, selection for retention of the introduced chromosome was dependent upon
complementation of genotypes through the presence of a dominant selectable marker on the
introduced chromosome. This restricted microcell fusion to only a few human
chromosomes, such as chromosome X and 17, which could complement a recessive rodent
recipient cell phenotype. This disadvantage was eventuaily eliminated by the introduction
of dominant selectable markers transfected into individual human chromosomes. Using this
technique, any human chromosome, which was tagged with the genetic marker, could be
introduced by microcell fusion into any genetic background (Saxon et al., 1985). A number
of human chromosomes have now been stably introduced into tumerigenic human cell lines
and have been shown to be associated with suppression of the malignant phenotype (Saxon

et al., 1986; Weissman et al., 1987:; Banerjee et. al., 1992; Speevak et al., 1995).

1.33 Cytogenetic breakpoints and cancer-related genes
In the 1980’s, the advent of molecular biology led to the identification of viral and

cellular oncogenes, the activation of which triggered tumorigenic growth. Some of these
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were found to be associated with already known cancer-related chromosomal alterations. For
example, it was discovered that the Ph' chromosome contained an activated oncogene, c-ab,
fused to the ber region of chromosome 22 (de Klein et al., 1982). Many other oncogenes
important in human cancer have since been identified and mapped to cancer-related
cylogenetic translocations (reviewed, Rabitts, 1994). Additionally, tumour suppressor genes
have been mapped to sites of chromosomal deletions, both in paediatric tumours, such as
Wilm’s tumour and retinoblastoma, and in a variety of adult tumours, including renal, lung
and colon cancers (Zbar, 1989; Haber and Housman, 1991; Lanfrancone et al., 1994).
Accumulated evidence indicates that activation of growth promoting oncogenes,
accompanied by inactivation of growth limiting tumour suppressor genes are required for

progression of tumours to full malignancy (Stanbridge and Nowell, 1990; Weinberg, 1991).

1.4 Cell Cycle Regulation

Deregulation of proliferation occurs during tumour progression following changes
in the activity of cell cycle control genes, many of which are oncogenes and tumour
suppressor genes. During the past 30 years, yeast has been used as an in vitro model
organism for identifying eukaryotic genes involved in cell cycle control (Hartwell, 1967:
Hartwell et al., 1970). Since the genes responsible for cell cycle regulation are highly
conserved across species boundaries, advances in yeast genetics have led to a better
understanding of mammalian cell cycle control. For example, the identification of yeast

cyclins (proteins responsible for the advancement of the cell cycle) led to the isolation of
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several human cyclins, identified by their ability to complement yeast cyclin defects (KofT
etal, 1991; Lew et al., 1991; Xiong et al., 1991). In much the same manner, a number of
mammalian cyclin dependent kinases (cdks) were cloned, all of w_hich show regions of
striking homology to their yeast counterparts (Lee and Nurse, 1987; Elledge and Spottswood,
1991; Meyerson et al., 1992; Okuda et al., 1992). Recent evidence now suggests that defects
in genes invelved in cell cycle progression, such as the cyclins and cdk’s, as well as cdk-
inhibitors may increase genetic instability, and accelerate the process of cancer progression
(Hartwell and Kastan, 1994).

The cell cycle consists of a series of transitions that take place upon the prior
completion of the preceding step (Hartwell and Weinert, 1989). The cell cycle concludes
with the equal division of the cellular contents, into genetically identical daughter cells. This
process is orchestrated by complex interactions between cell cycle regulatory proteins
(Hartwell and Kastan, 1994). The major cell cycle transitions include: the first preparatory
step (G1); DNA replication (S-phase); the second preparatory step (G2); and mitosis, the
period of chromosomal condensation concluding with cell division (M-phase) (Howard and
Pelc, 1953) (Fig. 1.2). The cell cycle is driven by cell cycle control genes which arc
negatively regulated by feedback mechanisms and checkpoints which ensure that the cell is
ready for the next stage of the cycle (Hartwell and Weinert, 1989; Murray, 1992). Fuilure
of negative feedback control, which occurs primarily during G1 and G2, can lead to
mutation, transformation, or cell death (Peeper et al., 1994), Th“us, gencs which .arc
responsible for the negative regulation of the cell cycle are likely to be important in the

prevention of tumorigenesis (Hartwell and Kastan, 1994),



-11-

Iigure 1.2 The cell cycle.

The cell cycle consists of a series of transitions that depend upon the completion of
the prior phase to proceed to the next step. The cell begins in G,, or quiescence, and
enters the first preparatory step, G1. If external signals indicate satisfactory
conditions for proliferation, the cell passes through the restriction point R (START
in yeast). R defines the point of no return, in that the cell is now committed to
continue upon its course, and divide. However, cell division can be delayed or
aborted, during any stage of the cell eycle. AtS, the DNA is replicated, and the cell
proceeds into G2, the second preparatory step, During this time, the cell checks the
fidelity of DNA replication. Also, the centrosome organizes the microtubule
machinery required to accurately segregate the chromosomes into the daughter cells.
During the following step, M, the chromosomes separate into sister chromatids, and
are drawn to opposite poles. Finally, at the end of M, the cytoplasm is divided, the
cell membrane is cleaved, and two daughter cells emerge. The G/S and G/M
transitions provide the cell with the opportunity to delay or abort the cell cycle, via
checkpoints at GI and G2.
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Figure 1.2
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1.41 Gl cell cycle control.

The restriction point (R) in mammalian cells defines the primary checkpoint, late in
G1. Passage through R causes the cell to proceed irreversibly into the cell cycle (Pardee,
1989). GI exit, and passage through each successive phase of the cell cycle is mediated, at
least in part, by cyclin-cdk complexes (Pines, 1993; Sherr, 1993).

The following model describes the actions of cell cycle control proteins during G1
progression (Fig. 1.3). Following mitogenic stimulation, D-type cyclins are synthesized early
in G1 and form complexes with cdks (cdk4 and cdk6) in a growth factor dependent manner.
Later in G1, E type cyclins form complexes with cdk2 (Matsushime et al., 1991; Matsushime
et al., 1992; Won et al., 1993; Bates et al., 1994; Meyerson and Harlow, 1994). Progression
through the restriction point R requires activation of the cyclin/cdk complexes by cyclin
activating kinase, CAK (Fisher and Morgan, 1994; Miikali et al., 1994). Once activated, the
cyclin/cdk complexes phosphorylate pRB and other key substrates, resulting in the release
of transcription factors required for the activation of S-phase genes (Dowdy et al., 1993;
Ewen et al., 1993; Kato et al., 1993; Nevins, 1992; Hinds and Weinberg, 1994). Cyclin E
also associates with an RB-related protein, pl107, and E2F to initiate E2F-dependent
transcription of genes required for S-phase transition (Lees et al., 1992; Dynlacht et al.,
1994). Progress through G| can be prevented by the INK4 proteins, p15™%* and p16™¥%,
which compete with the D cyclins for cdk4 and cdk6 (Dulic et al., 1992; Koff et al., 1992:
Harper et al., 1995; Sherr and Roberts, 1995). Also, p21<F"VAF! and p27%"™! can bind to
cyclin D and cyclin E complexes thereby blocking their activation by CAK (Harper et al.,

1993; El-Deiry et al., 1993; Xiong et al., 1993; Noda et al., 1994; Polyak et al., 1994b;
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Toyoshima and Hunter, 1994; Zhang et al., 1994: Harper et al., 1995). Following passage
into S-phase, the D cyclins are degraded via the ubiquitin pathway (Glotzer at al., 1991:
Hershko et al., 1991).

Cyclin D1 appears to be oncogenic, probably due to its growth promoting abilities.
Chromosomal translocations between cyclin D1 and tissue specific promoters have been
found in parathyroid adenomas and B cel] lymphomas (Motokura et al., 1991; Withers et al.,
1991; Seto et al.,, 1992). Over expression of cyclin DI due to gene amplification and
deletions in the 3-untranslated region has also been discovered in a variety of carcinomas
(Lammie et al., 1991; Jiang et al., 1992: Buckley et al., 1993; Tsuruta et al., 1993: Lebwohl |
etal., 1994). Cyclins D2, D3 and cyclin E may also be oncogenic due to their similar roles
in promoting proliferation; however, this has not been confirmed (Hunter and Pincs, 1994).

The cdk-inhibitors p16™** and p15™% are candidate tmour suppressor genes,
MTSI and MTS2 respectively (Kamb et al., 1994; Nobori et al., 1994). pl16™** s also a
candidate for the familial melanqma gene, MLM (Hussussian et al, 1994). pl5 is apparently
induced by TGF(, and may co-operate with p27 in mediating this pathway of growth arrest,
by blocking cyclin D/edk formation, and freeing p27 to bind and inhibit cyclin E/cdk
complex activation (Hannon and Beach, 1994; Peters, 1994; Sherr and Roberts, 1995),

It is thought that, during G1 progression, the ratio of cyclin/cdk complexes begin to
outnumber the available cdk-inhibitors, and become activated by CAK. p16 appears near the
end of the cycle (possibly transcribed following E2F release by pRB) and displaces cyclin

D, which is then ubiquinated (Parry et al., 1995).
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p2 1WA s upregulated by the tumour suppressor, p33, and is induced by
conditions which produce increased p53 levels, such as DNA damage (Di Leonardo et al.,
1994; Dulic et al., 1994; El-Deiry et al., 1994). However, p21 appears to be induced by other,
p33-independent factors as well (Michieli et al., 1994). It is not presently clear if p21 is a
tumour suppressor, or is merely a downstream component of the tumour suppressor activities
of p53 (Hunter and Pines, 1994).

p21 contains homologies to p27<™'.  This cdk inhibitor is activated by transforming
growth factor beta (TGFB), and may thus contribute to the TGFB/RB growth arrest pathway

(Polyak et al., 1994a; Slingerland et al., 1994). p27 may also mediate contact-inhibition in

normal dividing cells (Polyak et al., 1994a).
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Figure 1.3 Regulation of G1 progression

Following mitogenic stimulation, D-type cyclins are synthesized early in G1, and
form complexes with cdk’s (cdk4 and cdk6), in a growth factor dependent manner.
Later in GI, Cyclin E forms complexes with cdk2. Progression through the
restriction point R requires activation of the cyclin/cdk complexes, by CAK. Once
activated, the cyclin/cdk complexes phosphorylate pRB, and other key substrates,
resulting in the release of transcriptions factors required for the activation of S-phase
genes (E2F shown here). Progress through G1 can be prevented by INK4 proteins,
p15 and p16, which can compete with the D cyclins for cdk4 and cdk6. Also, p21
and p27 can bind to cyclin D and cyclin E complexes, thereby blocking their
activation by CAK. Figure 1.3 was modified from Sherr and Roberts, 1995,
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1,42 S-phase and G2/M cell cycle control

Following G1, E2F with its binding protein. DP-1. stimulates entry in S-phase by
transactivation of S-phase genes (Dalton, 1992; Ogris E.. et al.. 1993; Pearson et al., 1991;
Lam and Watson, 1993; Girling et al., 1993; Bandara et al., 1993). Cyclins A (8 and G2/M
specific) and cyclin B (G2/M specific) take over the cell cycle activities (Pagano et al., 1992;
Ghiara et al., 1991) (Fig. 1.4). During S phase, cyclin A combines with cdk2 to form an
activated complex, which interacts with E2F and pl107 (Ewen ct al., 1991; Devoto ot al.,
1992; Ewen et al., 1992; Faha et al., 1992). This complex guides the cell throngh S-phase,
inactivating E2F-dependent transcription of immediate early genes; however, cyclin A ix
eventually destroyed at the beginning of G2 (Minshull et al., 1990: Pines and Hunter, 1990
Cao et al., 1992; Krek et al., 1994), Following S, tyclin B/cdc2 accumulates in the inactive
form, via phosphorylation on tyrosine residue 15 (Tyr-15) and threonine residue 14 (Thr-14)
by weel/mik! kinases (Parker et al., 1992; Lock and Wickramasinghe, 1994). At the end of
(2, the complexes are activated by dephosphorylation on these sites by cde25, and
phosphorylation on Thr-161 by CAK, signalling the beginning of M (Nurse et al., 1976;
Dunphy, 1994).  Proteolysis of the A and B cyclins occur during late M.

During M phase, the celluiar DNA condenses into compact, replicated chromosomes,
held together by a duplicated centromere. Guided by the centrosome, the organizational
centre for mitosis, mitotic spindles draw the chromosomes to the centre of the cell, the sister
chromatids segregate and are pulled to opposite poles, and the cellular contents are divided
equally between the two daughter cells (Bornens, 1992). Cyclin destruction, and other

ubiquitin-dependent events are required for passage through the final stage of cell division
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(Minshull et al., 1990; Pines and Hunter, 1920; Glotzer et al., 1991; Hunt et al., 1992; Surana
et al., 1993; Amon et al., 1994). Failure of these events may contribute to cellular
transformation, since abnormalities in spindle formation are frequently observed in tumour
cell lines (Hunter and Pines, 1994). Also failure to dispose of cyclin A may be oncogenic,
since it shows transforming ability when stabilized or overexpressed (Wang et al., 1992;

Guadagno et al., 1993).



-18-

Figure 1.4 S and G2 transitions.

During S, cyclin A combines with cdk2 to form an activated complex, which
interacts with E2F, and p107. Following S, cyclin B/cdc2 accumulates in the inactive
form, via phosphorylation by weel/mik! kinases. At the end of G2, the complex is
activated by dephosphorylation by cdc25, and phosphorylation by CAK, signalling
the beginning of M. Proteolysis of the A and B cyclins occurs at anaphase. Figure
1.4 was modified from Lock and Wickramasinghe, 1994.
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1.5 Cell cycle Checkpoints

When subjected to stressful conditions such as DNA damaging agents, most normal
eukaryotic cells undergo cell cycle arrest (Hartwell and Weinert, 1989: Murray, 1992). This
response allows the cell to evaluate and repair damage, and is mediated by specific gene
products, known as checkpoint control proteins (Weinert and Hartwell, 1988; Enoch and
Nurse, 1991; Weinert et al., 1994). The major properties of checkpoints are 1} they are
signal transduction systems 2) most are non-essential to normal function 3) they ensure the
fidelity of genome replication during cell division 4) they are adaptive and diminish in
impact during prolonged stimulation, and 5) they induce different cellular responses,
including growth arrest and apoptosis (Hartwell and Kastan, 1994). It is theorized that
checkpoint controls, by maintaining the integrity of the genome, are candidate tumour
suppressor genes, and that checkpoint defects are responsible for tumorigenesis, in vivo
(Murray, 1992; Hartwell, 1992). The major checkpoints in eukaryotic cells occur at the G,/S
and the G,/M transitions (reviewed, Peeper et al., 1994; Feilotter et al., 1992). The G,/S_
checkpoint is best understood in mammalian cells, and appears to be orchestrated mainly by

p53 and pRB (reviewed, Cox and Lane, 1995; Weinberg, 1995).

1.51 GI checkpoints
p33 protein was originally discovered when it coprecipitated with large T anti gen of
the SV40 virus, and was at that time thought to be oncogenic (Linzer and Levine, [979). It

was later determined that only mutant forms of p53 had transforming ability, and that wild-
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type p53 (p53*"*) was actually a tumour suppressor gene (Jenkins et al., 1984). p53 has since
been shown to exhibit multiple biological functions, including induction of G1 arrest and
apoptosis, inhibition of tumour cell growth, and preservation of genomic stability, as wé]l
as the biochemical functions of transcriptional activation and repression, inhibition of DNA
replication, and interaction with a variety of nuclear proteins (reviewed, Pietenpol and
Vogelstein, 1993).

The major role of p53 appears to be that of tumour suppressor gene, since its
mutation has been shown to be strongly associated with tumour formation in mice and
humans, and yet it seems to be non-essential for normal development (Hollstein et al., 1991;
Donehower et al., 1992; Malkin, 1994). p53 mediates cellular checkpoint responses to DNA
damage, and it is theorized that this function defines its tumour suppressor qualities
(reviewed, Sanchez and Elledge; 1995). p53 protein levels rise following DNA damage,
leading to G1 arrest in most normal cell types (Maltzman and Czyzyk, 1984; Lu and Lane,
1993; Kastan et al., 1993). One of the targets of the p53 checkpoint appears to be
CIP1/WAF1, the gene encoding the cdk-inhibitor, p21. Another important target of p53
during DNA damage appears to be GADD45, a member of the growth arrest and DNA
damage family of genes which are up regulated following ultraviolet irradiation and other
DNA damaging stimuli (Fornace et al., 1988; Kastan et al., 1992). The gadd45 protein was
recently shown to associate with PCNA, which is required for excision repair following
DNA damage. Gadd45 appears to enhance PCNA-dependent repair, and also may serve to
promote G1 arrest by sequestration of PCNA from cyclin/cdk complexes (Shivii et al., 1992;

Sanchez and Elledge, 1995). Another significant finding, implicating p53 as a checkpoint
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control gene, is that p53** is required for the maintenance of genomic stability, possibly
through direct involvement in centrosome duplication during mitosis (reviewed, Hartwel].
1992; Livingstone et al., 1992; Yin et al., 1992; Fukasawa et al., 1996).

The tumour suppressor pRB is implicated, in addition to P33, as a G checkpoint
protein. However, RB-/, the gene encoding pRB, differs from p53 in that it appears to be
essential for normal mammalian development, and is intimately involved in the negative
feedback control of the normal cell cycle (Jacks et al., 1992; Clarke et al., 1992: reviewed,
Weinberg, 1995). RB-/ is named for retinoblastoma, a rare paediatric eye tumour, which was
the basis of Knudson’s “two hit hypothesis”, now famous as the hypothests that launchedl the
multi-step theory of tumorigenesis into the genetic era (Knudson, 1971; Friend et al., 1986;
Lee et al., 1987a; Fung et al., 1987). Eventually, RB-1 was established as an important
tumour suppressor gene, inactivated in a wide range of adult tumours (Weinberg, 1991).

It is believed that pRB, which is phosphorylated late in G1 and dephosphorylated
upon the cell’s emergence from M, plays an important regulatory role in the passage of the
cell through the restriction point. (Lee et al., 1987b; Buchkovich et al., 1989; DeCaprio et
al., 1989, 1992; Chen et al., 1989; Mihara et al., 1989). Experimental cvidence supports the
model that hypophosphorylated pRB is active in promoting G1 growth arrest, and that the
hyperphosphorylated form of pRB is inactive throughout the cell cycie (Weinberg, 1995).
Experimental evidence strongly implicates the G1 cyclins D and E, in conjunction with their
cdk partners, in the inactivation of pRB by phosphorylation, late in C! (Kato et al., 1993;

Ewen et al., 1993; Hinds et al., 1992).
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Hypophosphorylated pRB binds and inhibits the E2F transcription factor; however,
upon inactivation, pRB releases E2F (Chellappan et al., 1991; Helin et al., 1993). It is
probable that pRB thereby controls the expression of E2F dependent genes, which include
c-myc, cdc2, DHFR, and others, all of which are involved in cell cycle progression (Nevins,
1992; Helin and Harlow, 1993). The active form of pRB has also been shown to bind and
inhibit the proto-oncogene c-abl by inhibition of its kinase domain (Welch and Wang, 1993).
Reguiation of RB itself occurs for the most part indirectly by signal pathways such as TGFB,
cyclic AMP (cAMP), and by contact inhibition, through inhibition of the kinase activities of
the cyclin/cdk complexes which would normally inactivate pRB, rather than through
regulation at the transcriptional or translational levels (reviewed, Weinberg, 1995). DNA
damage can also influence pRB activity via up regulation of p2! by p53, resulting in failure
of G cyclin/cdk’s phosphorylation of pRB (Kastan et al., 1991; Hall et al., 1993),
pRB appears also to play a positive role in the promotion of transcription of growth
arrest genes. When over-expressed, pRB transactivates transcription of cell cycle arrest
genes, TGFfI and TGFf2, by association with activating transcription factor-2 (ATF-2).
(Kim et al., 1991; Kim et al., 1992). pRB also binds with the brahma-related gene, BRG-1,
which is a transcriptional co-factor, and possibly together form an active complex which

induces growth arrest (Khavari et al., 1993; Randazzo et al., 1994; Dunaief et al., 1994).

1.52 S and G2 checkpoints
The S and G,/M transitions are best understood in yeast (reviewed, Feilotter et al.,

1992). As discussed earlier, the latter stages of the cell cycle are positively regulated by
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cde25, which dephosphorylates, and thereby activates cde2 kinase. Negative regulation is
provided by weel, which inactivates cdc2 (Parker et al., 1991, 1992), weel is itself reguiated
through phosphorylative inactivation by cdrl/nim! and dephosphorylative activation by
pyp1/pyp2 phosphatases (Russell and Nurse, 1987; Feilotter et al., 1991; Millar et al.. 1992).
Human WEE!, which was cloned by complementation of yeast mutant wee/, has been
shown to play a role in the negative regulation of M, by preventing cytoplasmic cdc2 entry
into the nucleus (Igarashi et al., 1991; Parker and Piwnica-Worms, 1992: McGowan and
Russell, 1993; Heald et al., 1993).

The control of S and G2 events are further guided by checkpoints which ensure that
all S and G2 stage-related events have accurately and completely taken place prior to entry
into the next stage of the cell cycle (Hartwell and Weinert, 1989). The sensing paramcters
used by the checkpoints are either related to completion of DNA synthesis (cdc25 pathway),
or to cell size, nutritional requirements, and DNA damage (weel pathway) (Feilotter et ai.,
1992; Rowley et al., 1992a). Additionatly, pathways appear to exist which respond to
parameters such as chromosomal condensation, and centrosomal organisation of
microtubules and spindle poles (Downes et al., 1994; Fukasawa et al., 1996; reviewed,
Hartwell and Kastan, 1994),

Several yeast checkpoint mutants have been discovered which have mammalian
counterparts, the best known being the rad mutants. These genes appear to be required for
mitotic delay following radiation or chemically induced DNA damage (Rowley et al., 1992b;
Al-Khodairy and Carr, 1992}. For example, members of the rad3 yeast mutant family are

known to be involved in excision repair and are homologous to the human xerodermia
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pigmentosa (XF) gene family, and the mammalian excision repair cross-complementing
(ERCC) factors (reviewed, Aboussekhra and Wood, 1994). Mutations in these genes are
associated with increased risk of skin cancer due to failure of DNA repair following UV
exposure (sun hypersensitivity). Furthermore, the human homolog of another yeast G2
checkpoint gene, mec/, was recently cloned, and identified as ATM, the gene responsible for
ataxia telangiectasia (AT) (Savitsky et al., 1995). Patients with AT have an increased cancer
risk as well as hypersensitivity to ionizing radiation (Friedberg et al., 1995). Mutations in
ATM and mec] result in failure of § and G2 checkpoint delays, following DNA damage,
leading to transmission of unrepaired DNA (Paulovich and Hartwell, 1995). |

The tremendous burden of oncogenic changes that can take place over a human
lifetime illustrates the importaﬁce of fidelity of transmission of DNA during cell division.
DNA damage is for the most part controlled and prevented by cell cycle checkpoints.
However, if damage is too severe to repair, an alternative response is available. This

alternative response, which causes the cell to “commit suicide”, is known as apoptosis.

1.6 Apoptosis

Active cell death, or apoptosis is an essential physiological process that is required
by multicellular organisms for normal development, tissue homeostasis, and cell-mediated
cytotoxicity (Williams, 1991; Fesus, 1993). Apoptosis is thus an important process used by
organisms to control and regulate cell numbers and growth. Furthermore, apoptosis is the
mechanism whereby an organism can eliminate cells that are irreparably damaged by aging,

or by external, unscheduled events, such as viral invasion, or DNA damage (reviewed,
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Martin, 1993; Vaux et al., 1994). Apoptosis is thus the ultimate checkpoint response. Given
the importance of apoptosis in maintaining homeostasis, it is perhaps not surprising that the
apoptosis pathway is employed by the cell to combat oncogenesis, and is targeted for
disruption during tumour progression (reviewed by Harrington et al., 1994; Hotfman and
Liebermann, 1994). It is now widely accepted that cellular resistance to apoptosis can be
oncogenic leading to inappropriate survival and proliferation of cells (Williams, 1991;

Harrington et al., 1994; Hoffman and Liebermann, 1994).

1.61 Cellular changes during apoptosis

Experimental evidence suggests that apoptosis is a genetically controlled signalling
pathway. For example, inhibitors of RNA and protein synthesis have been shown Lo block
apoptosis under a wide variety of conditions, suggesting that the process of apoptosis
requires transcription and translation of apoptosis-promoting factors (Martin, 1993).
However, in some cases, for example, cell-mediated cytotoxicity, apoptosis can occur in the
absence of these events (Doherty, 1993; Martin, 1993). Distinct morphological and
biochemical features that identify death by apoptosis, as opposed to death by necrosis, have
been observed and described on numerous occasions (reviewed, Peitsch et al., 1994; Bortner
et al.,, 1995). Cells undergoing necrosis show no evidence of process-specific regulatory
events and usually die following cytoplasmic swelling, and bursting of the membrane, In
contrast, apoptotic cells, in addition to regulation by apoptosis-specific “death” genes,
undergo morphological changes, such as cytoplasmic shrinkage and chromatin condensation.

The cellular DNA becomes fragmented, followed by nuclear disintegration, and membrane
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blebbing. Eventually, the cell breaks up into apoptotic bodies, which are phagocytosed by
surrounding, healthy cells. A cardinal feature of apoptosis in most cell types, is the
nucleosomal degradation of DNA into 180bp sized fragments, which, when electrophoresed,
appear as a “DNA ladder” (Wyllie, 1980). However, other types of fragmentation have been
described in apoptotic cells, and therefore failure to demonstrate a DNA ladder does not
necessarily indicate the absence of apoptosis (Bortner et al., 1995).

Apoptosis has been identified during T cell maturation and immune response
followini g cytokine-induced activation of membrane receptors, such as Fas/Apo-1(CD95) and
tumour necrosis factor receptor-I (TNFR-1) (reviewed, Smith et al., 1994). The activated
receptors transduce the apoptotic signal to receptor-associated effectors such as TRADD,
FADD and RIP (Hsu et al., 1995; Chinnaiyan et al., 1995; Stanger et al., 1995), Other
downstream components of the death signal inciude proteases of the interleukin-1§3 (ICE)
family (Martin and Green, 1995; Tewari and Dixit, 1995; Enarl et al., 1995; Los et al., 1995).
Apoptosis-induced DNA fragmentation is frequently Ca**-dependent, and occurs as
following activation of DNA endonucleases, such as DNase I and I, and NUC-18, which
attack the nuclear DNA (Pietsch et al., 1994; Martin et al., 1994; Martin and Green, 1995).
The death signal can be blocked in the early stages (prior to proteolysis and endonucleolysis)
by a number of cellular factors, the best characterized of which belong to the Bcl-2 family

of apoptosis inhibitors and inducers (reviewed, Nuiiez and Clarke, 1994).



1.62 Ced-9 and the Bcl-2 family

Genetic studies of the nematode, Caenorhabditis elegans (C. elegans), have revealed
three important death genes: ced-3, ced-4, which are required for cell death, and ced-9, which
protects from cell death, and which have since been shown to function similarly in mammals
(reviewed, Hengartner and Horvitz, 1994b). The human proto-oncogene, bci-2, is the
mammalian homolog of ced-9, and has been shown to be so highly conserved, that it can
complement ced-9 mutants in C. elegans (Vaux et al., 1992). bel-2 was first identificd
following cloning of the B-cell lymphoma cytogenetic breakpoint t(14;18) and has since been
shown to block cell death under a variety of conditions (Bukhshi ct al., 1985; Cleary and
Sklar, 1985; Vaux et al., 1988; Hockenbery et al., 1990; Nufiez et al., 1990). Analysis of
sequences of a number of bcl-2 and death related genes has led to the identification of highly
conserved domains, known as the b¢/-2 homology domains | and 2 (BHI and BH2). Some
of the genes belonging to this family have functions similar to that of ced-9 and bel-2, in that
they act to prevent cell death (Neilan et al., 1993). However, others have the opposite effect,
and act to induce cell death (Table 1.1) (Oltvai et al., 1993). As well, some members of the
family (such as bcl-x) produce messages that are alternatively spliced, with the result that one
form of the transcript is anti-apoptotic, while the alternate form promotes apoptosis (Boise
et al., 1993). Most of the bcl-2-related genes were identified by their ability to bind bel-2,
and by their BH1 and BH2 domains. It is probable that many of them interact in vivo, to
either protect cells from apoptosis, or to allow apoptosis to occur. For example, Bax has
been shown to dimerize with itself, heterodimerize with Bcl-2, and when in excess (in

homodimer conformation), promote apoptosis (Oltvai et al., 1993).



Table 1.1 Bcl-2 family of genes.

Gene Gene Product  Function Expression
bel-2 Bcl-2, Blocks apoptosis Embryonic tissues; adult stem
cells -
bel-x Bel-x, Blocks apoptosis Similar to Bel-2
Bcl-x, Promotes apoptosis Human thymus
Bel-xg Blocks apoptosis Similar to Bel-x;
bax Bax, Promotes apoptosis Widespread
Al Al Blocks apoptosis Haematopoietic tissues
mcl-1 Mcl-1 Blocks apoptosis Myeloid cells
bad Bad Promotes apoptosis ?
bag-1 Bag-1 Blocks apoptosis ?
bak Bak Promotes apoptosis Widespread

( Nuiiez and Clarke, 1994;Yang et al., 1995; Takayama et al., 1995; Kiefer et al., 1995)
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1.63 Ced-3 and ICE

The mammalian homolog to the death promoting gene, ced-3, 1s the gene coding for
interleukin- 1P converting enzyme (JCE) (Yuan et al.,, 1993). ICE is a cysteine prolease
which is involved in the conversion of the inactive interleukin (IL)-1P precursor into the
active form (Thomnberry et al, 1992). Overproduction of ICE induces apoptosis in
mammalian cells, probably through protease activity (Miura et al., 1993; Hengartner and
Horvitz, 1994). Several additional mammalian ced-3-related genes have been cloned
recently, including ICH-1/NEDD2, ICE, -II, ICE,,-Ill, CPP-32 and MCH? (Wang et al.,
1994; Kumar et al., 1994; Fernandes-Munday et al., 1995; Alnemri et al., 1994, 1995). Some
of the ced-3 family members show alternative splicing, in a manner similar to Bel-x (Table
1.1). Forexample, Ich-1 is alternatively spliced into Ich- I, and Ich-1g. The short version,
Ich-1g. is anti-apoptotic, and counteracts Ich-1, (Wang et al., 1994). As well, the apoptotic
effects of at least some of the ICE family members appear to be negated by the viral anti-cell
death gene, crmA (Ray et al., 1992; Wang et al., 1994). The biological substrate for CPP-32
(apopain) and MCH2 appears to be poly(ADP-ribose) polymerase (PARP), an enzyme
required for DNA repair and fidelity, and which is inactivated by proteolytic cleavage at the
onset of apoptosis (Nicholson et al., 1995; Tewari et al., 1995).

It has been proposed that all cells use a common apoptosis pathway, consisting of an
amplifying protease signalling cascade (Fig. 1.5) (Martin and Green, 1995). This cascade
involves the activation of proteases, such as apopain, which in turn process and activate
additional proteases. These enzymatic events are thought to lead to the activation of other

molecules, such as endonucleases, and inactivation of apoptosis inhibitors, cytoskeletal
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proteins, and DNA repair enzymes. These events culminate with the characteristic

phystological changes observed in apoptotic cells.



31-

Figure 1.5 Model of cell death checkpoints.

The death signal, often originating via p53-dependent events, insti gates a cascade of
signals which proceed depending upon the relative amount of survival and death
proteins, such as Bel-2 and Bax, and Ich; and Ichg. Bcl-2 dimerizes with Bax,
resulting in a cell “survival” condition, that prevents apoptosis. Changes in the ratio
between Bcl-2 and Bax, that result in the ability of Bax to homodimerize enables
apoptosis to occur. Similarly, heterodimers between Ich, and Ichg are anti-apoptotic,
but Ich, homodimers, when formed, allow apoptosis to proceed. The ICE protease
is active when in tetrameric form. The exact order of the pathway is as yet unknown.
Figure 1.5 was modified from Oltvai and Korsmeyer, 1994.
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1.64 Oncogenes, tumour suppressor genes, and apopltosis

Proliferation is strictly guarded in normal cells by negative feedback controls, which
induce growth atrest, and prevent disorganized growth. However, under certain conditions,
and depending upon cell type, cells may choose to undergo apoptosis to control growth. For
example, c-myc is a powerful inducer of proliferation when over-expressed, however, when
under the influence of activated c-myc, cells respond to poor growth conditions with
apoptosis, as opposed to growth arrest (Wurm et al., 1986; Evan et al., 1992). The
adenovirus EJA gene behaves in a similar fashion. EIA is oncogenic and stimulates
proliferation, but also causes increased sensitivity to apoptosis-iﬁduction (White et al., 1991).
The observation that promoters of proliferation can also sensitize cells to apoptotic stimuli,
has led to the formulation of two models of oncogene-activated apoptosis (Harrington et al.,
1994) (Fig. 1.6a and b). The first model, known as the conflict model, proposes that
independent, opposing signals, one from a growth promoting oncogene, and the other from
an external, cytostatic factor cause conflict in signalling pathways, resulting in apoptosis.
The dual signal model proposes that the oncogene emits signals for both apoptosis and
proliferation. Normal proliferation then requires the addition of survival factors to inactivate
the apoptosis pathway. The bcl-2 oncogene differs dramaticaily from oncogenes such as c-
myc, which sensitize cells to apoptosis. In contrast, Bcl-2 reduces cell sensitivity to
apoptosis induction. Overexpression of Bcl-2 can lead to increased resistance to apoptosis
induced by radiation, cytokines, and chemotherapeutic drugs, and can negate the effects of
apoptosis-sensitivity conferred by oncogenes such as c-myc and E/A (Fanidi et al., 1992;

Mayashita and Reed, 1992; Rao et al., 1992). Thus the expression of survival genes like bci-
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2 may be favoured during tumour evolution, since their expression suppresses the negative
effects of apoptosis-inducing oncogenes,

During oncogenesis, in addition to the over-expression of survival genes, “death”
genes may be inactivated. For example, the tumour suppressor gene p53 has been identified
as an apoptosis promoter that is inactivated in a large percentage of tumours. The association
between p33 and apoptosis-induction was first noted following treatment of cells with a
variety of agents that induce apoptosis, but which also activate the tumour suppressor p53
(Kastan et al., 1991; Kuerbitz et al., 1992; Lowe et al., 19934; Lowe and Ruley, 1993).
Furthermore, the introduction of p53** into p53” tumour cells induces apoptosis (Shaw et
al., 1992; Yonish-Rouach et al., 1991). Stabilization of p53 protein is associated with viral
oncoprotein E1A-induced apoptosis (Rao et al., 1992; Lowe and Ruley, 1993; Debbas and
White, 1993). However, ElA-induced apoptosis is relieved by E1B 19K protein, which
binds and inactivates p53 (Lows et al., 1993a). Mutation or inactivation of p53 results in
decreased sensitivity of cells to induction of apoptosis by viral agents, radiation and
chemotherapeutics (Lows et al., 1993a; McIlwrath et al., 1994). However, most normal cell
types which have functional p53, show a preference for p53-dependent growth arrest, over
apoptosis (Lows et al., 1993a; Fisher, 1994). A further connection between p53 and
apoptosis during in vivo tumorigenesis was recently established by the observation that
continued tumour growth is dependent upon the inactivation of p53 in early tumour cells,
thus preventing hypoxia-induced apoptosis (Graeber et al., 1996). These findings explain
the predominance of p53 mutations in human solid tumours and indicate an important

functional association between p353 and induction of the apoptosis cascade, and further
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establish p53 in the role of “guardian of the genome”(Lane, 1992: Kinzler and Vogelstein,
1996).

In contrast to p53, pRB has been shown to inhibit apoptosis, For example,
inactivation of RB-1 during murine lens development results in failure of lens fibre cells to
differentiate, and cause abnormal proliferation and extensive apoptosis (Pan and Griep, 1994;
Morgenbesser et al., 1994). In addition, transfection of an RB” tumour cell line, SAOS-2,
with wild-type RB-/ resulted in decreased sensitivity to induction of apoptosis by irradiation
(Haas-Kogan et al., 1995). Overexpression of pRB can protect tumour cells [rom p53-
mediated apoptosis, suggesting that the decision making process between growth arrest and

apoptosis may belong to pRB and related proteins (Haupt et al., 1995).
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Figure 1.6 Models for oncogenic induction of apoptosis.

(a) Conflict model. The cell is subjected to two independent signals: one, leading to
the cell cycle, is mediated by mitogens; the other, leading to growth arrest, is
mediated by toxic stimuli. Conflict between these signals induces apoptosis.

(b) Dual signal model. The oncogene mandatorily emits signals for both pathways
of growth and of apoptosis. The apoptosis pathway is blocked by survival factors
which are removed by toxic stimuli.

Figure 1.6 was modified from Harrington et al., 1994.
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Figure 1.6
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1.65 The role of apoptosis in cancer therapy

Antitumour drugs can be classified according to their mode of action and their
intracellular targets (Table 1.2). The majority of these agents disrupt major cellular activities
such as purine and pyrimidine biosynthesis, DNA synthesis and function, RNA transcription
and protein translation (Traganos, 1990). Many of these drugs also have secondary effects,
including changes in ion gradients, membrane composition and ultrastructure (Tritton and
Hickman, 1990). For many years, it was assumed that anticancer therapies worked by
targeting rapidly dividing cells; however, it is now apparent that most antineoplastic
therapies accomplish tumour cell killing via induction of the apoptosis pathway. Thus,
insensitivity to signals mediating this pathway is theoretically a mode of tumour cell drug
resistance (Fisher, 1994).

Despite decades of research, drug resistance remains a serious impediment to a
permanent cancer remission. Acquired drug resistance arises due to a variety of mechanisms
that involve alterations in drug processing within the cell. These include the upregulation
of transmembrane transporter molecules, such as P-glycoprotein (Pgp), the multidrug
resistance associated protein (MRP), and the vault protein LRP (Endicott and Ling, 1989;
Cole et al., 1992; Zaman et al., 1994; Scheffer et al., 1995). The molecular mechanisms of
intrinsic drug resistance are only recently being unravelled, and may revolve around the
process of apoptosis. For example, there is evidence that stress-induced cell death may be
mediated by a sphingomyelin signalling pathway initiated at the cell membrane, which, if
disrupted, leads to apoptosis insensitivity (Hannun and Obeid, 1995; Verheij et al., 1996).

Furthermore, studies have shown that tumours with mutant p53 show increased drug
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resistance, and a poorer response to therapy than tumours with intact and normally
functioning p53 (reviewed, Fisher, 1994: Lows et al., 1994). In addition, expression of bel-2
has been shown to protect tumour cells from the effects of a variety of anticancer treatiments
(Collins et al., 1992; Miyashita et al., 1992, 1993; Fisher et al., 1993). Thus, the status of
death and survival genes may play an important role in tumour cell responses to
chemotherapy and radiation treatment (Fisher, 1994). The identification of genes that
contribute to cellular survival, particularly in the absence of the frequently inactivated p33,

should ultimately lead to improved methods of chemotherapeutic intervention.
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Table 1.2 Antineoplastic drugs and their targets

Category Class Examples Blocks
Alkylating nitrogen mustards; methclorethamine, DNA function: S-phase
agents nitrosoureas; trazenes; cyclophosphamide, scnsitive

Antimetabolites

Antibiotics

ethylenimines

antifolates;
antipyrimidines

antipurines;

DNA binding; intercalators;

chlorambucil

aminopterin; methotrexate;
ara C; PALA

aclinomycin D;
adriamycin; daunorubicin;
mitomycin C

DNA, RNA, protein
synthesis; cell cycle
specific; G1/8 sensitive

DNA; RNA; protein
synthesis; S, G2/M
sensitive (DNA) not cell
cycle specific (RNA)

Antimitotics vinca alkaloids vincristine; vinblastine mitotic  spindle; G2/M
sensitive

Miscellancous hormones; cytokines;, L-asparaginase; various targets: DNA

enzymes hydroxyurea- synthesis; membrane

prednisolone receptors; G2 checkpoints




1.7 Strategy

Experimental findings indicate that during tumour progression, genes which normally
act to “brake™ the cell cycle are likely to be selected against, and genes which normally act
to promote the cell cycle are likely to be retained, or upregulated. In addition, genes which
cause or reduce apoptosis-sensitivity are likely to be important factors in tumour cell survival
upon exposure to stressful conditions, such as hypoxia during tumour growth, and
chemotherapeutic intervention. It is probable that these limiting conditions represent turning
points in terms of the evolution of the tumour. It is theorized that rare tumour cells may
survive stressful conditions via increased expression of survival genes, or reduced expression
of death genes. These rare survivors are thought to be the founder cells responsible for the
emergence of secondary cancers following initially successful chemotherapeutic treatment,

To map and clone new genes involved in the cellular survival response (o
chemotherapeutic agents, a strategy using somatic cell genetics, and an in vitro drug
screening procedure was chosen.  Hybrids containing individually tagged human
chromosomes were screened for their ability to undergo growth arrest, and suppress
apoptosis during short term in vitro chemotherapeutic treatment. Similar strategies have
been used by others to map genes responsibie for suppression of drug-induced responses.
For example, suppressors of glucocorticoid-induced apoptosis were mapped in intraspecific
hybrids to rat chromosomes 16 and 19, and Fanconi anaemia complementation group D was
mapped to human chromosome 3, following analysis of drug-induced chromosome breakage
in microcell hybrids (Gourdeau and Walker, 1994; Whitney et al., 1995), An alternative to

the use of microceli hybrids, involves the introduction of cDNA into “sensitive” cell lines,
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and the cloning of the exogenous cDNA in “resistant” cells (Teitz et al., 1990). However,
this strategy may fail, particularly if the mRNA is unusually long or rare, since it is difficult
to ensure that the cDNA library used consists of a complete representation of cDNAs which
are full length and functionally intact.

Here, the experimental chemotherapeutic agent, N-(phosphonoacetyl)-L-aspartate
(PALA) was chosen as the selection agent to map human chromosomes that carry genes
responsible for growth arrest and suppression of apoptosis during chemotherapeutic
treatment. PALA was chosen because 1) its mode of action is well known (inhibitor of the
trifunctional CAD enzyme) (Swyryd et al., 1974), 2) the mechanism of acquired drug
resistance is known (CAD gene amplification) and therefore could be monitored (Wahl et
al., 1979), 3) it is capable of inducing p53-independent apoptosis (Livingstone et al., 1992;
Yin et al., 1992), and 4) it is known to induce growth arrest in normal cells (Tlsty, 1990;
Wrightet al., 1990). The methods for monitoring the hybrid responses to the drug included
qualitative assessment by microscopic examination of cell viability, and the appearance of
apoptotic ladders, and by quantitative assessment, using trypan blue viability exclusion, and
flow cytometry.

Chapter 2 of this thesis describes the construction and analysis of the microcell
hybrids used m later experiments. Chapter 3 delineates preliminary experiments using whole
cell hybrids, .to evaluate the ability of normal human chromosomes to suppress the PALA-
induced apoptosis phenotype of the murine cell line, B78. Chapter 4 describes the results of
the drug screen used to identify the human chromosome responsible for cetiular survival

during PALA exposure. Finally, Chapter 5 describes the molecular techniques used to
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identify candidate cDNAs which are potentially involved in the apparent chromesome 3-
induced PALA survival pathway. In Chapter 6, conclusions are drawn regarding the
experimental findings described in this thesis. It should also be noted that part of Chapter
2, and Chapters 3 and 4 were published in peer-reviewed journals (Speevak et al., 1995:

Speevak and Chevrette, 1994; Speevak and Chevrette; 1996).
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Chapter 2. Construction and Analysis of Microcell Hybrids
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2.1 Abstract

A panel of human x murine microcell hybrids containing individual normal human
chromosomes tagged with a dual selectable marker was constructed. Over 500 independent
“B78MC” microcell hybrids were generated, and more than 200 individually isolated. The
human chromosome content of a number of B78MC hybrids was identified. The hybrids
were shown to possess the properties of positive and negative selection for the retention and
removal of the human tagged chromosomes. Since its construction, this panel has proven

to be useful in the mapping of tumour suppressor genes and genes involved in the

suppression of apoptosis.

2.2 Introduction

Over the past 25 years, somatic cell hybrids have proven to be powerful tools in the
study of cancer, cellular differentiation and gene mapping (Harris et al., 1969; Stanbridge,
1977). With the development of the microcell fusion technique, which permitted the transfer
of only one or a few chromosomes into recipient cell lines, somatic cell hybrids became even
more valuable as a means of genetic research (McNeill and Brown, 1980; Fournier, 1981
Leach et al., 1989). For example, microcell hybrids have been successfully used recently to
map the location of tumour suppressor genes and to identify and clone tissue specific

extinguishers by virtue of phenotypic aiterations associated with the introduced chromosome
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(Anderson and Stanbridge, 1993; Zarrilli et al., 1993; Bérubé et al., 1994; McGowan-Jordan
et al., 1994; Jones et al., 1992),

Hybrid panels have been reported which were generated from human cell lines that
were either ubnormal or transformed, or relied upon complementation with the recipient cells
forretention of the introduced chromosomes (Fournier and Ruddle, 1977; Warburton, 1990).
Technical limitations are therefore a concern when attempting to use these panels for further
chromosome transfer.  Also, interpretation of phenotypic changes occurring after
chromosome transfer can often be complicated by the fact that immortalized or tumorigenic
recipient cell lines are usvally genetically heterogeneous. For example, hybrids may be
produced which show loss of tumori genicity following introduction of a normal
chromosornv_al. However, the lack of tumorigenicity may be due to clonal variation, rather
than due to the presence of the newly introduced chromosome. An appropriate test for
association of tumour suppression with the introduced chromosome is to remove the
introduced chromosome from the hybrid, and verify reversal of phenotype (Hansen and
Cavanee, 1988).

Here, I report the generation of a new panel of microcell hybrids, which allows the
transfer and removal of individual human chromosomes into and out of recipient cell lines.
Early passage human skin fibroblasts were tagged with a dual selectable marker,
tgCMVHy/TK, and microcells of these fibroblasts were fused with a murine melanoma cell
line, B78. The panel, named B78MC, contains tagged normal human chromosomes which

can be selectively retained or removed from hybrid cells using dominant positive or negative



-45-
selection (Speevak et al., 1995). This panel has already proven to be an extremely valuable

tool in genetic complementation experiments.

2.3 Materials and Methods

2.31 Cell lines and culture conditions

The normal human fibroblasts (HSF-5) used in this study were isolated from neonata
foreskins. The foreskins were finely minced, rinsed with PBS, and treated with
Hepes/collagenase buffer (4:1 Hepes [6.7mM KCl ;142mM NaCl; 10mM Hepes] :
collagenase [Smg/ml collagenase; 50mM CaCl,-H,0; 120mM NaCl; [0mM Hepes; pH7.4})
to disaggregate the fibroblasts. The cells were plated in 75cm? flasks and incubated at 37°C
(3% CO,) until confluence. The fibroblasts were passaged at least twice prior to storage in
liquid nitrogen. HSF-5 was cultured in Hams-F12-Dulbecco’s modified Eagle medium (F-
DV} or in Minimum Essential Medium (MEM), supplemented with 10% fetal bovine serum.
Cultures of hygromycin resistant human fibroblasts, HF-HT4, were further supplemented
with 100pg/ml hygromycin B.

B78, the recipient cell line in microcell fusion experiments, is an immortalized and
tumorigenic murine melanoma cell line (gift from M. Thayer, originating from murine
melanoma cell line, B16), and was cultured in Dulbecco’s Modified Eagle Medium, high
glucose (DMEM) supplemented with 10% fetal bovine serum., The B78MC microcell

hybrids were also cultured in DMEM, 10% fetal bovine serum, plus 400ug/m! hygromycin

B.
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2.32 Plasmid Preparations

E. coli containing plasmids were grown in selective medium (LB [ % tryptone; 0.5%
yeast extract; 0.5% NaCl; 10°N NaOH] plus appropriate antibiotic), at 37°C in overnight

cultures. Plasmid DNA was extracted from 2 and 250 ml cultures using standard protocols

(Zhou et al., 1990; Birnboim and Doly, 1979).

2.33 Transfections

Exponentially growing fibroblasts were trypsinized, washed f}'ee of serum and
resuspended in HEBS buffer (137mM NaCl; 21mM Hepes; 4.8mM KCI, 0.75mM Na,HPO,)
at a concentration of 10° celis/ml. Supercoiled plasmid tgCMV/HyTK (Lupton et al., 1991)
was added to 1ml aliquots of the suspension, at a final concentration of 4ug/ml. The mixture
was electroporated using the Bio-Rad Gene Pulser (300V, 960uF).

The electroporated fibroblasts were allowed to recover at 37°C in non-selective
complete medium, (1:1 F12 Hams: DMEM, plus 10% fetal bovine serum) overnight.
Following this, the cells were fed with selective medium, containing 100ug/mi of
hygromycin B, to select for incorporation of the plasmid into the human fibroblast ger.llome.
At this concentration of hygromycin B, fibroblasts which failed to incorporate the plasmid
died, and those retaining the plasmid continued to grow and form colonies. The colonies

(770) were pooled and named HF-HT4,
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2.34 Ganciclovir sensitivity testing

To test HF-HT4 fibroblast sensitivity to ganciclovir, 2x10° HSF-5 and HF-HT4 cells
were exposed to a range of ganciclovir doses (0 to 1mM) during a 10 day culture period.
Growth potential was assessed by comparison of the ability of HSF-5 and HF-HT4 1o reach

confluency in the presence of ganciclovir, as compared to controls (in the absence of

ganciclovir).

2.35 Microcell fusions

Microcells from HyTK tagged fibroblasts were prepared and fused with the recipient
cell line, B78, according to published procedures (McNeill and Brown, 1980; Fournier,
1981). To induce micronuclei formation, 12 large (150cm?) flasks of 75% conflucnt
fibroblasts were exposed to colchicine, at a final concentration of 10p g/ml, for 48 hr. The
micronucleated population of HF-HT4 was trypsinized and redistributed onto sterile plastic
ConA “bullets” in 150mm petri dishes, at a concentration of 10° celis/bullet. The bullets
were incubated at 37°C for approximately 2 hours, allowing the fibroblasts to attach and
flatten. The bullets were then suspended in sterile, capped centrifuge tubes containing
serum-free enucleation medium (MEM plus 10ug/ml cytochalasin B). The cells were then
centrifuged at high speed {15krpm), resulting in the shearing of the microcells from the
cytoplasm, and pelleting to the bottom of the tubes. The bullets, which still retazined the
enucleated cell remnants were removed from the centrifuge tubes, and the medium was
aspirated. The pelleted microcells were then resuspended in a small amount of serum-frce

medium, and filtered twice to remove debris. The microcells were again centrifuged and the
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pelets were resuspended in serum free medium, to a volume of 0.5 m! for each 4-6 bullets
used. The recipient cell line, B78, was grown to confluency in 25cm?® flasks, one flask for
each 4-6 bullets used, plus a control flask. In preparation for microcell fusion, the recipient
flasks were rinsed, and 0.5ml of serum free medium containing 200ug/ml
phytohemagglutinin-P (PHA) was added to each flask, followed by 0.5ml of microcell
suspension, with the exception of the control flask, which received 0.5m! of medium alone.
The flasks were then incubated for 15min prior to fusion, in order for the microcells to
become agglutinated to the recipient cells, via the action of the PHA. To fuse the microcells
with the recipient cells, the flasks were rinsed with serum-free medium, and exposed to 50%
(w/w) polyethylene glycol 1540 (PEG) for 60sec. The flasks were immediately rinsed
repeatedly with serum-free medium, to completely remove the PEG. The flasks were then
fed with complete medium (DMEM plus 10% fetal bovine serum) and allowed to recover
overnight, at 37°C. Each flask was then subdivided into four 100mm petri dishes, and fed
with selective medium: 3mM ouabain, to kill any viable fibroblasts, and 400ug/ml
hygromycin B, to kill recipient B78 cells which had failed to incorporate a tagged human

chromosonte from the HF-HT4 microcells.

2.36 Genomic DNA ISalation

Genomic DNA was isolated by a modified salt-extraction method (Miller et al.,
1988). Cells were trypsinized, centrifuged (1100rpm) and pelleted. Pellets were
resuspended in 0.9% NaCl (saline) and the suspensions were transferred to a |.5mi eppendorf

tube. The cells were pelleted, and the saline supernatant was aspirated and discarded. The
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pellet was resuspended in 300l TSM / NP40 (140u4M NaCl: 10pM Tris-HCI [pH7.4];
1.5mM MgCl, plus 0.5% NP40). The cells were vortexed lightly and allowed (o sit on ice
for 3 min to allow cell lysis to occur. The suspension was microfuged 10sec and the
supernatant, containing cellular RNA was decanted to a separate tube for later use. The
pellet, containing intact nuclei, was resuspended in Iml nuclei dropping buffer (0.075M
NaCl; 0.024M EDTA, pH 8.0), which was then transferred o a 15ml centrifuge tube
containing 4ml nuclei dropping buffer, proteinase K and SDS to a final concentration of
0.2mg/ml and 0.5% respectively. The suspension was incubated overnight at 37°C on an
orbital shaker (Labquake). Following this, 5m! H,O and 5ml 6M NaCl were added to the
lysate, and the suspension was mixed at room temperature for 1-2 hours on the orbital shaker.
The suspension was centrifuged at 3000rpm (Beckman J-6B) for 20min to pellel the debris.
The supernatant, containing the genomic DNA, was transferred to a 50ml tube containing 2
volumes of 99% ethanol. The tube was gently inverted several times (o precipitate the DNA.,
The precipitated DNA was spooled out and resuspended in 3ml TE buffer (10mM Tris-HCl
[pH 8.0]; ImM EDTA [pH 8.0]) on an orbital shaker overnight. To further purifly and
concentrate the DNA, the DNA was reprecipitated with /10 volume 7.5M ammonium
acetate and 2 volumes 99% ethanol. The precipitated DNA was spooled out and resuspended
in 1ml low TE (10mM Tris-HCI [pH 8.0]; 0.ImM EDTA [pH 8.0]). The DNA was
- quantified by fluorometry (TKO 100 Mini Fluorometer), using the manufacturcr’s

specifications (Hoefer Scientific Instruments).
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2.37 Cytogenetic analysis of hybrids

Metaphase chromosomes were prepared according to standard cytogenetic
techniques. Exponentially growing cells were incubated in medium containing 50ng/ml
colchicine for 2 hours. The cells were harvested by trypsinization and centrifugation (1100
rpm) followed by a 20min hypotonic treatiment (C.075M KCl) to swell the cells. A few drops
of Carnoy’s fixative (3:1 methanol:acetic acid) were added to the mixture, followed
immediately by centrifugation. The cells were then fixed at least 3 times in Carnoy’s
fixative. Finally, cell suspensions were dropped onto iced, dry slides and air dried.

For G-banding (Seabright, 1971), 1-2 week old metaphase slides were digested with
trypsin (0.25% in saline) for [0-20sec at room temperature. The slides were rinsed in saline
and water, and stained for 1 min with Giemsa (1:3 Harleco:Fisher Giemsa diluted 1:10 in
PBS). The slides were rinsed with water and allowed to air dry. The metaphase spreads
were analyzed by light microscopy, with a 100X oil immersion Planapochromat objective,
and photographed using a Zeiss Photomicroscope I and TMAX -100 (Kodak) black and
white film.

To prepare the chromosome slides for fluorescence in sifu hybridization (FISH),
metaphase slides were dehydrated in an iced cold ethanol series (two minutes in each of
T70%; 95%: 100% ethanol). Following air drying, the metaphase chromosomes were
denatured in 70% formamide/2XSSC (300mM NaCl; 30mM trisodium citrate) at 70°C, for
2min, The slides were again dehydrated in an ethanol series, and air dried. Denatured,
biotinylated probe was applied to the slide, coverslipped, and incubated at 37°C overnight.

FISH using total human DNA (THD) probe (Oncor) was used to determine the total number
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of human chromosomal elements in the hybrids. Biotinylated THD probe was denatured for
10min at 70°C, cooled briefly on ice and applied to denatured B78MC chromosome slides.
The slides were coverslipped and incubated in a moist chamber at 37°C overnight. Probe
hybridization was detected with a commercially available FISH detection kit, using FITC-
conjugated avidin, anti-avidin antibodies, and a second layer of FITC-avidin to amplify the
signal. The slides were counterstained with propidium iodide (PI, 0.25pg/ml), and the
chromosome spreads were visualized on a Zeiss Axiophot fluorescence microscope (100X
oil objective), and photographed with Ektachrome colour slide film, ASA 400 (8-1S5scc
exposure).

DNA from individual B78MC hybrids was used to prepare Alu-PCR FISH probes.
Briefly, unique sequences existing between Alu repeats within the human chromosomes in
the hybrids were PCR amplified using Alu primers 153, 154, 450 and 451 (Dorin ct al.,
1992), biotinylated by randomt priming (BioPrime), and hybridized to normal human
chromosome spreads (Bérubé et al. 1994; McGowan-Jordan et al. 1994; Speevak ct al.,

1995).

2.38 PCR analysis of hybrids

PCR amplification using oligonucleotide primers identifying human microsatellite
sequences (sold as MapPairs by Research Genetics, Huntsville, Ala, USA) was used (o verify
the presence or absence of individual human chromosomes in the hybrids. High molecular
weight DNA (50ng) from B78 (negative control), human cells (positive control), the B78MC

hybrid or its derived subclones was added to PCR hybridization mixtures containing 10pmol
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of cach primer, 200mM deoxyribonucleotide triphosphates, PCR buffer (10mM Tris-HCl
[pH 8.3], 1.5mM MgCl,, 50mM KCI, and 0.01% gelatin) and 0.75 U of AmpliTaq (Perkin-
Elmer Cetus) in a volume of 25pl. Samples were incubated in a Perkin-Elmer DNA thermal
cycler 480 with the following parameters; 94°C for 5 min followed by 35 cycles of successive
denaturation (94°C for 30 sec), annealing (60°C or 55°C for 30 sec) and synthesis (72°C for
30 sec). A final cycle of 72°C for 5 min ended the amplification program. The amplified
products were analyzed by gel electrophoresis on 2% agarose (Nu-Sieve 3:1, FMC,
Rockland, ME, USA) gels stained with ethidium bromide. Primers used are as follows:
D3S1210, chromosome 3; D45415, chromosome 4; D5S107, chromosome 5; D65254,
chromosome 6; EGFR, chromosome 7; PENK, chromosome 8; D9S146, chromosome 9,
DI0S111, chromosome 10; Int2, chromosome 11; D12S43, chromosome 12; D13S131,
chromosome 13; TCRD, chromosome 14; GABRAS, chromosome 15; SPN, chromosome
{6; D1758957, chromosome 17; D18S44, chromosome 18; D19549, chromosome 19;
D20S17, chromosome 20; D218270, chromosome 21; D228274, chromosome 22. The
presence of chromosomes I, 2, X and Y in the hybrids was determined by Alu-PCR FISH

alone,

2.4 Results

2.41 Isolation and tagging of human fibroblasts
To establish a microcell donor cell line containing dual selectable tagged human

chromosomes (THCs}, normal human fibroblasts were isolated from a pool of 7 neonatal
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foreskins. The fibroblasts were expanded, and passaged twice to stabilize their in vitro
growth prior to use. Early passage fibroblasts (HSF-5), were then tugged by electroporation
with the plasmid tgCMV/HyTK (Lupton et al., 1991). This plasmid contains the selectable
fusion gene, HyTK, which consists of the hygromycin phosphotransferase gene (hph) fused
in-frame with the herpes simplex virus type | thymidine kinase gene (HSV-1TK). HyTK
confers hygromycin B resistance through the hph gene, and ganciclovir sensitivity through
the HSV-1 TK gene. Approximately 3 x 107 fibroblasts were electroporated. Selection for
stable integration of the plasmid into individual chromosomes was accomplished via
resistance to hygromycin B. The majority of electroporated fibroblasts died within 4-6 days
of selection in 100pg/ml hygromycin B medium, due to failure to incorporate the plasmid.
However, rare, hygromycin resistant colonies began to appear following 2-3 weeks of
hygromycin selection. Ultimately, a total of 770 individual, stably transfected fibroblast
colonies were obtained (transfection efficiency of approximately 3x10®). The hygromycin
resistant colonies were pooled and named HF-HT4.

To verify that the TK portion of the HyTK gene was functioning, the HF-HT4 and
the HSF-5 fibroblasts were exposed to a wide dosage range of ganciclovir (GCV) (Fig.2.1).
A comparison of growth potential showed that HF-FT4 was approximately 2000 times more
sensitive to GCV than HSF-5, suggesting that the TK portion of the gene was intact and fully
operational. The HF-HT4 fibroblasts were considered therefore to be suitable as a microcell

donor cell line.
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Figure 2.1 Comparison of ganciclovir sensitivities.

Characterization of ganciclovir sensitivity of HSF-5,(A) and HF-HT4(M) fibroblasts
(day 9). The dose of GCV required to reduce the growth potential of HF-HT4 by
50% was 0.25uM. The dose required to produce a similar reduction in growth
potential of HSF-5 was approximately 500uM.
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2.42 Microcell fusion of tagged fibroblasts with B78

Microcells were prepared from the HF-HT4 cells and fused with B78, a murine
melanoma cell line. Hygromycin select.ion was used to kill those B78 cells which failed to
retain a THC from HF-HT4. Ouabain was included in the selection medium as well, to
ensure that no human fibroblasts survived the procedure. All the B78 cells in the control
flask died within 5-7 days post-fusion. The majority of recipient cells in the microcell fusion
flasks also died post-fusion. However, individual hygromycin and ouabain resistant colonies
appeared during this time, and were ready to be picked within 2-3 weeks. These colonies
were presumed to have survived hygromycin selection through retention of a THC within a
murine ouabain resistant genetic background. Using cloning rings, the colonies were picked,
numbered, and expanded into 25cm? flasks. A total of 208 individual colonies were picked
in this manner, from three independent fusions. The HF-HT4 x B78 microcell hybrids were
called B78MCr hybrids (n=1 to 208). The B78MC hybrids were stored individually in liquid
nitrogen, and in pools of 10-14 hybrids (B78MCPn pools [n=1-18]). Additionally, several
hundred unpicked colonies (MHP hybrids) were pooled, expanded and stored in liquid

nitrogen for later use.

2.43 Human chromosome content of microcell hybrids

Analysis of the human chromosome content of the B78MC hybrids required a
combination of methods (Table 2.1). Molecular cytogenetic methods, including FISH using
total human DNA probe (THD FISH) and Alu-PCR FISH proved to be the most informative,

as well as standard PCR amplification with primers specific for different human
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chromosomal loci. In some cases, it was possible to identify human chromosomes present
in hybrids by the classical cytogenetic method, G-banding. For example, a normal, non-
rearranged human chromosome 12 was identified by G-banded analysis in B78MC30
(Fig.2.2a). However, due to the large number of mouse chromosomes (over 80 per spread),
it was often difficult to find the human chromosome hidden amongst them. Also, human
chromosomes were frequently unrecognizable, due to multiple rearrangements resubting from
the microcell fusion procedure, and therefore could easily be missed. For example, the two
huﬁman chromosomes in B78MC96 were difficult to recognize by G-banding, and could not
be classified due to complex rearrangements (Fig. 2.2b). Using the additional techniques
described below, the human chromosomes were later determined to be complex
rearrangements of chromosomes 7, 10, 12 and 13.

Molecular cytogenetic methods were employed to characterize (he human
chromosome content of the B78MC hybrids with greater precision than that offered by G-
banding. For example, THD-FISH analysis was used to establish with certainty the number
of human chromosomes in each hybrid analyzed. Biotinylated THD probe was hybridized
to B78MC hybrid chromosome spreads and detected using FITC and PT counterstain. The
FITC hybridization signal on the human chromosomes appeared as green fluorescence on a
background of red, PI stained mouse chromosomes. This method was an improvement over
G-banding, in that the bright FITC signal easily permitted the identification of individual
human chromosomes amidst the multitude of mouse chromosomes in each spread. For
example, THD FISH on B78MC96 easily revealed two human chromosomes, one large and

one small, amongst the many B78 chromosomes (Fig. 2.3a). However, although THD FISH



-57-
was a more accurate method of detection of the number of human chromosomes present in
a hybrid, it did not allow the classification of individual chromosomes, and did not
distinguish between intact chromosomes, and fragmented chromosomes. To further establish
the identity of the human chromosomes present in the hybrids, Alu-PCR FISH was employed
(Lichter et al., 1990; Dorin et al., 1992; Liu et al., 1993). For Alu-PCR FISH, Alu sequences
were used as primers to PCR amplify the human DNA present in the hybrids. This resulted
in preferential amplification of human DNA, since Alu sequences are common and regularly
spread out through the human genome, but are rare in the murine genome. Following
biotinylation, the Alu-PCR products were used as FISH chromosome painting probes on
normal male human chromosome spreads. The human chromosomes which hybridized to
the Alu-PCR probe were complementary to the human chromosomes contained in the hybrid
from which the probe was derived, thus revealing the major human elements present in the
hybrid being analyzed. This technique allowed the identification of the number, size, and
integrity of human chromosomes present in the majority of cells of an individual B78MC
hybrid. For example, Alu-PCR FISH using B78MC96-derived probe revealed at least 4 pairs
of independent huran chromosomal elements (Fig.2.3b). This finding indicated that the
human chromosomes present in B78MC96 were highly rearranged and derived from at least
4 different human chromosomes.

To narrow down the search for specific human chromosomes present in the hybrid
panel, a PCR screening approach was used. PCR primers, specific for the chromosome of
interest were used to screen the 18 pools of hybrids (B78MCP1-18). Following

identification of individual pools which showed strong amplification of the representative

»
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sequence, DNA from the individual hybrids present in the positive pools was screened in the
same manner. For example, the pools were screened for the presence of human chromosome
13 using DI13S131. The PCR positive hybrids from the positive pools were then screened
individually (hybrids from B78MCP!1 shown, Fig.2.4). The positive hybrids were then
analyzed by Alu-PCR FISH and PCR to determine their complete human chromosome
content. Numerous B78MC hybrids were analyzed, using some or all of the techniques
described above, resulting in a nearly complete microcell hybrid panel (Table 2.2).
Characterization of a number of B78MC hybrids revealed that the majority contained one to
several human chromosomal elements, many of which were rearranged, deleted, or
translocated.

Retention of the THC in the B78MC hybrids was achieved through dominant positive
selection with hygromycin B during routine cell culture. In order to verify that the hybrids
were susceptible to dominant negative selection as well, their sensitivity to GCV was tested
(Table 2.3). In the presence of GCV, most cells died rapidly, leading to the emergence of
rare colonies of cells which were insensitive to GCV (GCV®) . To determine if the resistant
colonies had lost wne THC or had simply resulted from the inactivation of the HyTK lusion
gene, several colonies were picked from GCV treated cultures of B78MC96 and expanded
(B78MC96-R). Complete removal of the tagged chromosome from the B78MC96-R
subclones was confirmed by THD FISH (Fig.2.5). Prior FISH and PCR analysis of
B78MC96 had shown the presence of human chromosomes 7, 10, 12 and 13 in this hybrid.
PCR amplification of B78MC96-R hybrids using a chromosome 10 specific primer pair

showed that this locus was no longer detectable, indicating that this locus was linked to the
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lgCMV/HyTK tag (Fig.2.6). This procedure was repeated for a number of B78MC hybrids,
and in most cases analyzed, GCV selection resulted in the specific loss of the THC from the
hybrid cells.

While most B78MC hybrids were sensitive to GCV, some, like B78MC32 and
B78MC108 were unexpectedly resistant (I'able 2.3). Experimental observations suggest that
phenotypic variability of the B78 cell line may be responsible for the GCV resistance seen
in some of these hybrids. For example, human chromosome 4 from B78MC108 (insensitive
to GCV) and the tagged portion of human chromosome 12 from B78MC9 (sensitive) were
transferred into two human cell lines, PA-1 and DU-145 respectively. As expected, GCV®
segregants were easily obtained from the DU-145 cells that contained the extra fragment of
chromosome 12 (Bérubé et al., 1994). However, interestingly, GCV® segregants were also
obtained from PA-] hybrids containing the tagged chromosome 4 transferred from
B78MC108 (McGowan-Jordan et al., 1994), which had been found to lack sensitivity to
GCV (Table 2.3). This suggests that the lack of sensitivity to GCV of some B78MC hybrids
was due to a B78 phenotypic variant, and not due to the inactivation of the HyTK gene.
These results show that the B78MC hybrids can be successfully used as donors in microcell
fusion experiments and that the property of dual selection is transferrable to other cell lines,

in association with the tagged human chromosome.
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me conter

Analysis Technique

Advantages

Disadvantages

G-banding

THD FISH

Alu-PCR FISH

Standard PCR

Identifies and classifies
human chromosomes;
detects rearrangements and
deletions.

Identifies number and
shape of human
chromosomes in each cell;
detects mouse; human
translocations; allows rapid
analysis of mosaicism

Identifies all  human
elements in the hybrid; can
infer deletions and
rearrangements;  verifies
monochromosomal hybrids

Rapid screening tool to
identify hybrids containing
a desired chromosome;
once content is known,
allows easy tracking of
changes following dilution
cloning of GCV treatment,

Requires skill in chromosome
identification; difficult to pick out
rearranged  chromosomes  from
mouse chromosomes; difficult and
time-consuming to  determine
mosaicism in hybrid.

Does not allow classification of
human chromosomes; does not
detect rearrangements other than
mouse; human translocations.

Time consuming; identifies major
human elements only; does not
identify mosaicism;
intrachromosomal rearrangements
not detected

Does not determine intactness of
chromosome; many false positives
due to presence of spurious
fragments of human chromosomes in
minority of hybrid cells.
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Figure 2.2 G-banded analysis of the hybrids.

() G-banded chromosomes from B78MC30, revealed the presence of human
chromosome 12 (arrow).

(b) G-banding of B78MC96, identified two rearranged human chromosomes of
unknown origin (arrowheads). These two chromosomes were later determined to
consist of parts of human chromosomes 7, 10, 12 and 13. The mouse chromosomes
can be distinguished from the human chromosomes by the intensely dark staining
around the mouse chromosome centromeres.
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Figure 2.3 FISH analysis of B78MC hybrids.

(1) THD FISH identified with certainty, two human chromosomes, one large and one
small, in B78MC96.

(b) Alu-PCR FISH using probe made from B78MC96 revealed hybridization to
multiple human chromosomes, indicating that this hybrid contained complex
rearrangements involving more than two human chromosomes. Further analysis,
using additional techniques indicated that the human elements included
chromosomes 7, 10, 12 and 13.
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Figure 2.3
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Figure 2.4 PCR screening of MCP pools.

Individual hybrids were screened using MapPair primer set D13S131 (Research
Genetics) to detect the presence of human chromosome 13. M, 100bp ladder; Human
DNA, positive control; B78, negative control; MCP1, B78MCP1 (pool 1); MC61 and
MC134, B78MC hybrids containing chromosome 13 identified from a previous
screen; MC109, a B78MC hybrid lacking chromosome 13. The remaining lanes are
hybrids from B78MCP1. B78MC16, from pool 1 appears to be positive for human
chromosome 13 at the D13S131 locus.
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Figure 2.5 THD FISH of GCV® segregant.
THD FISH performed on B78MC96-R3 chromosome spreads using total labelled
human DNA. All cells analyzed contained a single large human chromosome,
suggesting that the small chromosome present in B78MC96 (se Fig. 2.3) was tagged,
since it was removed during GCV selection.
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Figure 2.5
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Figure 2.6 Removal of tagged chromosome by GCV selection.

PCR amplification shows removal of a human chromosome 10 locus (D10S111)
upon GCV selection. M, 100bp ladder; Human DNA, positive control; B78, negative
control. The arrowhead indicates the DI0OS11[ amplicon which was present in the
human DNA lane, and the B78MC96 lane, but absent in the three segregant lanes (-
R1, -R2, and -R3). The lower fragments in the last 5 lanes represent amplicons
derived from mouse DNA.
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Table 2.2 Panel of B7T8MC hybrids.

Hybrids were analyzed by one or more of the following methods to determine the
human chromosome content: G-banded analysis, THD FISH. Alu-PCR FISH, and
PCR.
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Table 2.2 Pancl of B78MC hybrids

MC

Human Chromosome

Hybrid | 2 3 4 5

10

12

13

14

15

16

17

18

19 20

21

22 X Y

MCI95 +

MC32 +
MCIE5 +
MC108 +
MCIl26 +
?

MCl1

MCdda

MC173

MC77

MC190 +
MC9

MCi6

?

MC31

MC197

MC27

MC39

MCI192

MC63

MCl142 +
MC43

MC71
?

+
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Table 2.3 GCV response of B7T8MC hybrids.

Hybrid Human Chromosome Content GCV
B78M(C32 “del(2), 12,15 resistant
B78MC166 "rea(3) sensitive
B78MCI85 3 resistant
B78MCI108 4 resistant
B78MC63 7,12, del(17) sensitive
B78MC%6 “cr(7), er(10), cr(12). cr(13) sensitive
B78MC77 10, del(15) sensitive
B78MC9 del(12), " f(12) sensitive
B78MC9-5 del(12)(g14) not tested
B78MC27 C1(7;22); 17 sensitive
B78MC152 12, 17 sensitive

Note: Bold numeric denotes tagged chromosome.
* del indicates deletion: ® rea indicates rearranged; © cr indicates complex rearrangement.
4 f indicates fragment ; * t indicates translocation.
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2.5 Discussion

A panel of microcell hybrids (B78MC) was construcied be’ween normal human
fibroblasts and the murine melanoma cell line, B78. This panel showed the unique trait of
dual sclectability of the human chromosomes. The retention or removal of the human
chromosomes was accomplished via the presence of HyTK, a fusion gene introduced into the
human chromosomes prior to microcell fusion. The ability to introduce and remove a human
chromosome into any cell line, independent of its genetic makeup, is a valuable tool in the
study of genetic suppressors. For example, cancer cell lines which have received a normal
human chromosome by microcell fusion may show alterations in phenotype. such as loss of
tumorigenicity, or morphological changes suggestive of differentiation. However. it is
possible that the changes in phenotype could be due to clonal variation of the recipient cells,
rather than due to the addition of the normal chromosome. The dual selectability of the
B78MC panel allows the researcher to test for this, by choosing to select for removal of the
human chromosome from the recipient cell line. If the resulting segregants, which lack the
lagged chromosome, show reversion to the original phenotype, this provides strong evidence
that the observed phenotypic changes were associated with the presence or absence of the
normal human chromosome, and not due to genetic variability of the recipient cell line.

Selected hybrids from the B78MC panel have already been used successfully to show
tumour suppression associated with human chromosome 4, in the human teratocarcinoma
cell line, PA-1 (McGowun-Jordan et al., 1994) and chromosome 12, in the human prostate
cell line, DU-145 (Bérubé et al., 1994), In these cases, two monochromosomal hybrids,

B78MC108 (containing human chromosome 4) and B78MC9 (containing a centric fragment
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of chromosome 12) were used. Microcells from each were fused with the human recipient
cell lines. and individual clones were picked. Tumorigenicity was evatuated via
subcutaneous injection into nude mice. In cach case. wmour formation was shown o be
delayed. or absent. Removal of the tagged chromosome from the human recipient celi lines
resulted in the return of their original, tumorigenic phenotypes. Furthermore, in the case of
PA-1, introduction and removal of chromosome 4 was associated with guin and loss of
additional characteristics. including retinoic acid responsiveness and senescence (McGowan-
Jordan and Chevrette, manuscript in preparation). The successful, selective transfer of
human chromosomes from B78MC hybrids, into human tumorigenic cell lincs, and their
selectable removal provides ample proof of their usefulness in tumour suppressor gene
research.

Since reporting the construction and analysis of the B78MC pane! of hybrids, a
number of independent researchers expressed interest in using this panel for their
investigations, resulting in several interesting collaborations. Locally, Dr. D. Gray used
B78MCI185 to confirm the localization of a newly identificd oncogene, unp to human
chromosome 3 (Gupta et al., 1994). Ongoing coilaborations include that of Dr. D. Littman
(New York University, New York), who is using MHP (a pool of unpicked B78MC hybrids)
to localize and identify the human accessory gene responsible for permissiveness to HIV
infectibility in the presence of CD4. At the Montreal Neurological Institute, Dr. E.
Shoubridge is similarly using MHP to localize and identify a human gene responsible for
acure congenital lactic acidosis. The panel and individual hybrids are also currently being

used by Dr S. Imreh (Karolinska Institute, Sweden), Dr. R.E.K. Fournier and M. Groudine
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(Fred Hutchinson Cancer Research Center, Scatde). Dr. W. Cavanee (Ludwig Institute.
California) and Dr. Y. Bao-Zhu (NIH, Maryland) for suppressor gene research. These
collaborations reveal the value of the panel of B78MC hybrids to the international research
community, and its continued use is expected to lead to advances in numerous fields of
genetic rescarch. It should be noted here that a similar panel of dual selectable hybrids has

also been recently produced by a European group (Cuthbert et al., 1995).
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Chapter 3. Suppression of Apoptosis in Whole Cell Hybrids



3.1 Abstract

i vitro exposure of tumorigenic cell lines to the chemotherapeutic agent PALA
[ M(phosphonoacetyl)-L-aspartate] usually results in cell death (shown here to be apoptosis).
followed by clonal growth of rare survivors. On the other hand. normal diploid cells respond
to PALA by arresting in G1 and G2 of the cell cycle. The tumour suppressor gene, p33. a
GI control gene, appears to mediate PALA-induced growth arrest in normal cells. ™
contrast, rmost tumorigenic and immortalized cell lines undergo p53-independent cell death
in response to PALA. To determine if normal human chromosomes. such as chromosome
I7 (the chromosomal locus for p53), can protect against PALA-induced apoptosis in a
tumorigenic background, whole cell hybrids between normal human fibroblasts and B78, a
murine melanoma cell line were generated. A whole cell hybrid (BHF12) responded to
PALA with morphological features of growth arrest, while at later passage, the same hybrid
showed evidence of upoptosis. In order to determine if loss of human chromosomes was
associated with a reversion to PALA-induced apoptosis, subciones of BHF12 were isolated
and tested for PALA-induced apoptosis. The subclones showed an increase in PALA-
induced apoptosis as compared to early passage BHF12, but apoptosis was delayed as
compared to the B78 parental cell type. Alu-PCR FISH and PCR amplification were used
to identify and compare the human chromosome content of BHF12 at early passage and its

subclones,



3.2 Introduction

Induction of apoptosis in tumour cells has recently been identified as a primary
mechanism for the cytotoxic action of radiation and chemotherapeutic agents (Walker ot al.,
1991: Lennon ct al.. 1991: Dive and Hickman. 1991). Tumour cell sensitization to apoptosis
induction appears (o be related to oncogene activation, since overexpression ol oncogenes
such as ETA and myc has been shown to cause normal fibroblasts to undergo apoptosis when
subjected to serum deprivation (Rao et al.. [992: Evan et al.. 1992). These findings have led to
the hypothesis that abnormal proliferative signalling results in activation of the cell death program
(Symonds et al., 1994: Harrington et al., 1994). The apoptotic response to anti-cancer therapics
seerms to be a property specific to tumour cells, since normal cells. which retain strong negative
growth controls, usually respond to these treatments with growth arrest (Lowe et al.. 1993).
However, tumour cells may be insensitive to treatment. resulting in relapse and secondary
malignancies. A number of mechanisms for tumour cell drug resistance and survival have been
proposed and studied. For example, tumour cell dormancy, with re-entry into the proliferative
state upon improvement in cell growth conditions, is a possible mechanism of drug resistance in
metastatic cells (Israel. 1990). Alternatively, cancer cells may be able to bypass growth arrest and
apoptosis pathways through avoidance of the toxic effects of treatment. Proposed drug survival
mechanisms which minimize chemotherapeutic toxic effects, and permit continued proliferation
include alterations in drug transport, and gene amplification (Wahl et al., 1979; Chabner and
Myers, 1989; Ling, 1992; Scheffer et al., 1995; Roninson; 1992; Simon and Schindler, 1994).
Gene amplification is also a marker for genomic instability, and is responsible for oncogene

overexpression in some advanced tumours (De Vita, 1985; Nowell, 1976; Schimke, 1984; Stark
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et al,, 1990; Ferguson, 1991; Biedler, 1992). However, recent experimental evidence also
suggests that emour cell resistance may be due to loss of apoptosis activating genes, such as
P33, and increased expression of survival genes, such as Acl-2 (Williams, 1991; Lowe and Ruley,
£993; Fisher, 1994; Hickman ct al., 1994). For these reasons, it is important to identify the genes
which regulate growth and apoptosis and which may be targeted for mutation or inactivation
during oncogenesis. This will ultimately lead to a more complete understanding of tumour cell
survival following drug and radiotherapy.

Although p33 has been shown to be involved in the promotion of drug- and radiation-
induced apoptosis in oncogene-sensitized celis (Debbas and White, 1993; Lowe and Ruley,
1993), it has also been implicated in the promotion of growth arrest in normal cells, following
exposure to the same anti-cancer treatments (Lowe et al., 1993a). This suggests a dual role for
p53 in the promotion of growth arrest and apeptosis. Loss of p53™ alone is sufficient to cause
the loss of the ability of normal fibroblasts to undergo growth arrest. and leads to genomic
instability (Livingstone et al., 1992; Yin et al., 1992). However, other genes, in addition to p33,
have been shown to be capable of promoting growth arrest, in addition to playing a role in the
apoptosis pathway. For example, bcl-2 has been shown to induce growth arrest, and suppress
apoptosis in irradiated p53” lymphoblasts, and an RB-mediated, pS3-independent G1 arrest has
been shown in human leukemic cell lines, following exposure to anticancer drugs (Strasser et
al., 1994; Qing et al.. 1995).

Exposure of tumorigenic cells to the anti-cancer agent, PALA, has been used previously
to reveal CAD (carbamyl phosphate synthase, aspartate transcarbamylase and dihydro-orotase)

gene amplification in colonies of rare surviving transformed cells (Swyrd 1974; Wahl et al., 1979;
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Ouo et al.. 1989: Thsty et al.. 1989: Tlsty ct al.. 1990:; Wright et al., 199, Using PALA, loss of
pa3 activity was identified as a primary event leading 1o loss of growth wrest in nomml cells,
instigation of apoptosis. and resulting in the emergence of gene amplitication potential. However,
this occurred in conjunction with marked destabilization of the genome and/or immortatization
(Livingstone et al.. 1992: Yin et al., 1992), indicating that further genetic alterations could be
involved in the PALA-induced responses in these cells, In another experiment, PALA was used
to show that the gene amplification potential of umorigenic cell lines was suppressed in sonutic
cell hybrids between human tumorigenic cell lines and normal fibroblasts (Tisty et al., 1992),
presumably through induction of a growth arrest pathway. More recently. somatic cell hybrids
between rat and mouse cells have been used to identify rat chromosomes involved in trans
repression of glucocorticoid-induced apoptosis (Gourdeau and Walker. 1994). A simikur strategy
has been used here. in order to identify human chromosomes harboring genes involved in the
promotion of PALA-induced growth arrest and suppression of apoptosis.  B78. a murine
melanoma cell line, was fused to normal human fibroblasts (HSF-5), generating a series of mouse
x human whole cell hybrids referred 1o as BHF hybrid clones. BHF clones were exposed to
PALA. and the human chromosome content of clones which appeared to be growth arrested in
the presence of PALA, was compared with that of clones which became apoptotic in the presence
of the drug. Analysis of PALA-induced apoptosis in these whole cell hybrids suggested that
several human chromosomes othér than, or additional to chromosome 17, may be involved in the

promotion of cell survival, and the suppression of apoptosis.
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3.3 Materials and Methods

3.31 Celllines

Whole cell hybrids were generated between B78, a pseudotetraploid murine
melanoma cell line and HF-HT4, a population of human foreskin fibroblast cells (HSF-5)
tugged with a hygromycin resistance marker, tgCMV/HYTK (Speevak et al., 1995). Culture
conditions for the parental cell lines are described in Chapter 2, Materials and Methods. B78
(5 x 10° cells) was fused with HF-HT4 (5 x 10 cellsy using 50% (w/w) PEG for 60 sec. One day
after fusion, the cultures were split into 150cm? flasks and whole cell hybrids (BHF series) were
selected with 400ug/ml hygromycin B and 3mM ouabain in DMEM-high glucose with 10% fetal
bovine serum. Surviving colonies were picked and expanded, and hygromycin selection alone
was used during all further culturing. Subclones of individual BHF hybrids were isolated by
plating the hybrids at very low density (100 cells per 150cm? flask) and picking emerging
colonies. The BHF hybrids were maintained in DMEM, supplemented with 10% fetal bovine
serum and 400pg/ml hygromycin B. During PALA assays, the cells were cultured in the

presence of 10% dialysed fetal bovine serum.

3.32 PAILA assay

The anti-metabolite, PALA (provided by the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute),
is a specific inhibitor of aspartate transcarbamylase activity of the tri-functional CAD enzyme.

LDy, doses were determined for each cell line, hybrid clone and subclone by interpolation of dose
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response curves ranging from 0 to 4 pg/ml. PALA exposure was 9 X LDy, in the DNA ladder
assays, and 5 X LDy, in the flow cytematry assays. Cytotoxic delay during PALA exposure was
determined by microscopic evaluation of the cells (shrinkage. rounding up. detachment).

Apoptosis was evaluated by TUNEL assay and detergent soluble DNA analysis, and flow

cytometry.

3.33 TUNEL analysis of PALA-induced cell death

B78 cells were plated onto tissue culture chamber slides, and incubated in the presence
and absence of 9 X LDs, PALA for 4 days. To identify apoptotic cells, a TUNEL (TdT-mediatel
dUTP nick end labelling) assay was performed, using an fn sitv Cell Death Detection Kit
(Bochringer Mannheim). Briefly, adherent cells on the chamber slides were fixed in 4%
paraformaldehyde solution (in PBS, pH 7.4) for 30min, followed by permeabilization (0.1%
Triton X-100; 0.1% sodium citrate) for 2min on ice. The slides were rinsed with PBS, and
incubated with TUNEL reaction mixture, containing terminal deoxynucleotidyl transferase (TdT)
and fluorescein labelled nucleotides, for 1hr at 37°C in the dark. The slides were rinsed wilh

PBS, counterstained with propidium iodide (Oncor) and analyzed by fluorescence microscopy.

3.34 DNA fragmentation analysis
Hybrids and parental cell lines were plated at a density of 3 x 10° cells per 75¢cm? flask,
in the presence or absence of PALA. PALA-exposed B78 was harvested at onset of apoptosis

(usually by day 3 of the experiment). Cell lines in which PALA induced growth arrest were
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maintained in PALA until evidence of cytotoxicity, or to 21 days. Cells were trypsinized and
combined with the medium containing cellular debris and apoptotic bodies. The suspension was
centrifuged and detergent soluble DNA was isolated as described elsewhere (Walker et al., 1993).
Samples were loaded on a 1% agarose gel containing ethidium bromide to detect DNA
fragmentation. Residual degraded RNA (below 100 bp size) was detectable only in some

controls and PALA-exposed growth arrested cell lines.

3.35 Molecular cytogeneiic analysis of hybrids

Metaphase chromosomes were prepared according to standard cytogenetic techniques.
FISH using total human DNA probe and an in situ hybridization kit (Oncor) were used to
determine the total number of human chromosomal elements in the BHF hybrids. Using these
techniques, BHF12 was selected for use in PALA-response assays since this‘hybrid was found
to contain a large number of whole human chromosomes. Alu—PCR FISH was used as described
elsewhere (Speevak et al., 1995) to identify the individual human chromosomal elements present

in BHF!2 and its subclones.

3.36 PCR analysis of hybrids
Under the conditions of Alu-PCR FISH it was possible to identify human chromosomes
t, 2, 3, 16, X, Y with certainty based on their morphology. To identify the other human
.chromosomes, PCR amplification using oligonucleotide primers identifying human microsatellite
sequences was used to verify the presence or absence of individual human chromosomes in the

hybrids (see Chapter 2, Materials and Methods).
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3.4 Results

3.41 Morphological changes in response to PALA

Normal fibroblasts, HSF-5 (Fig. 3.1a), responded to PALA with cytoplasmic and nuclear
enlargement, suggestive of growth arrest (Fig. 3.1b}), while B78 (Fig. 3.1c), responded to PALA
with cell death in the majority of cells (Fig. 3.1d). To determine if the introduction of normal
human chromosomes into B78 would result in suppression of the cytotoxic effect of PALA,
whole cell hybrids were constructed between B78, and the HyTK tagged fibroblasts, HF-HT4.
A whole cell hybrid, BHF12, was analyzed for PALA response and showed evidence of growth
arrest during PALA exposure. The morphological changes, including nuclear and cytoplasmic
enlargement, observed in the majority of BHF 12 cells during PALA exposure, were suggestive
of growth arrest (BHF12, passage 4 shown, Fig. 3.1e, control, 3.1f, PALA). Continued exposure
to PALA failed to result in proliferation, and BHF12 continued to maintain a single cell, enlarged
morphology for up to 21 days of PALA exposure (at earliest passage). These results suggested
that the whole cell hybrids contained gene(s) from the fibroblast parental ceils which controlled
cell growth in response to toxic conditions. These genes were presumably inactivated (cither lost

or mutated) in the B78 mouse melanoma parent.
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Figure 3.1 Morphology of cells in the presence or absence of the anti-metabolite,
PALA.

(a, b) HSFS5, normal human fibroblasts; (c, d) B78, murine melanoma; (e, f) BHF12,
somatic cell hybrid between B78 and HSF5. (g, ¢, e), controls, no PALA. (b, d, ), 9 X
LD, PALA, 3 days exposure.
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Figure 3.1
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3.42 Analysis of PALA-induced cell death

Apoptosis was suspected to be the mechanism of PALA-induced cell death in B78.
Typically, apoptosis is associated with cytoplasmic shrinkage, membrane blebbing and nuclear
collapse into apoptotic bodies due to endonuclease cleavage (Durall and Wyllie, 1986; Compton,
1992). Endonucleolysis is known to result in cleavage of nuclear DNA into oligonucleosomal
fragments, which can be detected by the presence of “DNA laddering” on agarose gels, and by
enzymatic labelling of apoptosis-induced DNA strand breaks, using the TUNEL assay (Gavrieli
et al,, 1992; Portera-Cailliau, 1994). This assay labels the free 3'-OH termini of apoptosis-
induced DNA strand breaks using fluoresceinated nucleotides and the enzyme, TdT, allowing the
visualization of apoptotic nuclei, which stain a bright fluorescent green. Counterstaining with
propidium iodide allows the visualization of thc nuclei in the absence of fluorescein.

To confirm that apoptosis was responsible for PALA-induced cell death in B78 cells, a
TUNEL assay was performed on PALA-exposed B78 (Fig. 3.2). Propidium iodide stained
control cells showed large, interphase nuclei (Fig. 3.2a). In contrast, the PALA-exposed cells
showed small, darkly staining nuclei suggestive of chromatin condensation (Fig.3.2b). Some of
these nuclei were shown, by the TUNEL assay, to fluoresce brightly with FITC, indicating
apoptosis-induced DNA fragmentation (Fig.3.2d). In contrast, control cells stained poorly with
FITC, indicating a lack of incorporation of fluorescein-labelled nucleotides, and no DNA
fragmentation (Fig.3.2¢).

To verity that PALA was capable of inducing DNA laddering, and to determine if this

was suppressed in BHF12, detergent soluble DNA was isolated from PALA exposed cell lines,
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and electrophoresed on an agarose gel {Fig. 3.3). Each cell line was exposed o a normalized (9
X LDj,) dose of PALA. By day 3 of exposure. HSF-5 appeared to be growth arrested in the
presence of PALA, and when PALA exposure was extended to 12 days or more, no DNA ladder
was detectable from the cells and medium combined. In contrast, exposure of B78 10 PALA
resulted in extensive nucleosomal degradation within 3 days. Early passage BHEF12 (BHF12,.
<passage 4) showed little cell death during PALA exposure. Detergent soluble DNA isolated
from BHF12;; following 12 days of PALA treatment failed to produce a DNA ladder (Fig. 3.3).
With passaging, it was noted that BHF12 became more sensitive to PALA-induced
cytotoxicity. Whereas BHF12;; withstood PALA exposure for up to 2| days without appreciable
ceil death, by passage 5, (BHF12,,, mid-passage) some cells showed shrinkage and detachment
during PALA exposure. Whole cell human x rodent hybrids are known to rapicly, and non-
randomly, reject the introduced human chromosomes. If the human chromosomes present in
BHF12 were responsible for the suppression of PALA-induced apoptosis, their loss would be
expected to lead to increased PALA-induced cell death. In an attempt to determine if
chromosome loss was associated with an increase in PALA-induced cytotoxicity, subclones of
BHF12 were isolated and their PALA responses were assayed (summarized in Table 3.1). The
subclones showed a similar sensitivity to PALA-induced cell death, as compared to BHF12 at
mid passage. BHF12/1 and BHF12/5 appeared to be the most resistant to PALA when [irst
isolated (BHF12/1; and BHF12/5;) and showed a delay in PALA-induced cytotoxicity of up to
12 days (Table 3.1). BHFI12/3; appeared to be the most sensitive to PALA, showing the

beginnings of PALA-induced cytotoxicity by day 8 of exposure. At later passage, the BHF12
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subclones showed smearing and laddering following a short exposure to PALA when assayed by

gel electrophoresis ol detergent soluble DNA (BHF12/1, and BHF12/3; shown, Fig. 3.3).
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Figure 3.2 TUNEL labelling of B78 in the presence and absence of PALA.

(a,b), propidium iodide staining only. (c,d) FITC, (TUNEL). The arrowheads indicate
apoptotic bodies associated with PALA exposure. (a, ¢}, B78, control, ufter 4 days of
normal growth. (b, d), B78, PALA (9 X LDy), 4 days.
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Figure 3.2 |




Table 3.1 Responses of BHFI12 hybrids to PALA. PALA sensitivity (LDy,). delays
before onset of cytotoxicity and DNA laddering were determined for individuat cell lines.
as described in Materials and Methods, this chapter.

* Cytotoxicity delay: number of days before microscopic evidence of cell death becomes
apparent (cellular shrinkage and detachment), from early to later passage.

® DNA ladder was qualitatively assessed: (++++): extensive, easily defined nucleosomal
ladder; (++): less intense nucleosomal ladder: (-): no detectable DNA degradation.
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Table 3.1 Responses of BHF12 hybrids to PALA.

Cell Line LD, (ng/ml) Cytotoxicity Delay*  DNA Ladder®
B78 1.4 3 days R

HSF-5 2.3 >21 days -

BHFI12, 1.4 21 days -

BHF12,,, 1.4 12-6 days ++
BHF12/1,, 1.2 12-6 days ++
BHF12/3; 1.3 8-4 days ++

BHF12/5,, i1 12-6 days

i
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Figure 3.3 Nucleosomal degradation caused by PALA treatment.

Cells were grown in the absence (-) or presence (+) of PALA (9XLDg,). Note: B78 was
harvested upon evidence of apoptosis, at 3 days of exposure. PALA CXPOSUIe wits
extended to 12 days for HSF-5 and the BHF12;; (early passage) which showed no sign
of DNA laddering. BHF12/1, and BHF12/3, showed increased signs of apoptosts, with
DNA laddering apparent after 3 days of PALA exposure. (M), 100bp ladder.
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3.43 Human chromosomal content of BHF 12 and its subclones

It was hypothesized that the absence of apoptosis in PALA-exposed BHF12,, and the
increase in PALA-induced cytotoxicity in late passage BHF12, and the subclones was due 1o the
presence and subsequent loss of individual human chromosomes which suppress apoptosis.
Theoretically, as the hybrid cells segregated the chromosome(s) responsible for suppression of
apoptosis, they became more susceptible to PALA-induced apoptosis. FISH using total human
DNA probe revealed that BHF12; contained multiple individual human chromosomes. In order
to establish the human chromosome content of BHFI12 and its subclones, Alu-PCR FISH and
PCR amplification using human specific primers were performed. DNA was isolated from
BHF12 and the subclones at early passage (passage 1-3), and PCR amplified using Alu specific
primers. The PCR products were then biotinylated, and used as chromosome painting probes o0
normal human male chromosome spreads. Hybridization of the probe to specific chromosomes
was representative of the human chromosome content of the hybrid. However, since only one
of the chromosomes present in each hybrid would be expected to be tagged with the drug
resistance marker, the human chromosome content of all the hybrids was considered to be
unstable. Thus, the Alu-PCR FISH results were representative of the hybrids’ overall human
chromosome content, which might vary significantly from cell to cell and between passages.

Alu-PCR FISH revealed that chromosomes 4, 12, 13, 16 and 22 were present in BHF12
and all the subclones, at earliest passage. One or more of these chromosomes may have
contributed to the delay in PALA-induced cytotoxicity observed in all the hybrids when first
isolated. However, one of these chromosomes must be present in all hybrids, duc to drug

selection by hygromyein resistance. Chromosomes 1, 7,9, X and Y were absent from all of the
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BHF 12 hybrids, and therefore were ruled out as contributing to the PALA survival phenotype.

Each subclone of BHFI2 lacked several different human chromosomes which were present in
BHF[2;; (Table 3.2). BHF12,; was nearly a complete whole cell hybrid, containing 18 of the 23
possible human chromosomes. Chromosomes 2, 10, 1, 19 and 20 were absent from all three
subclones, but present in BHF12; . The loss of these chromosomes is presumed to have
contributed (o the increased PALA-sensitivity in BHFI 2y and the subclones. However, their loss
did not immediately cause a complete reversion to the parental B78 phenotype, since the
subclones showed an intermediate response to PALA, with increased cytotoxic delays as
compared 1o B78 (Table 3.1). Therefore, other chromosomes still present in the subclones may
have been involved in the suppression of PALA-induced apoptosis. A comparison of the human
chromosome content of the subclone BHF12/3; (Fig. 3.4 and Table 3.2), which showed the
shortest delay in PALA-induced cytotoxicity (4-8 days), and BHF12;, BHF12/1; and BHF 12/5,
all of which showed longer PALA-survival times, revealed specific human chromosomes which
were absent in BHF12/3; but present in all or most of the other hybrids. Human chromosomes
5 and 8 were absent in BHF12/3; and present in the 3 remaining clones (Table 3.2). Also, human
chromosome 3 was present in BHF12/5; and human chromosomes 14 and 17 were present in
BHF12/1, but were absent in BHF12/3;. This suggests that the presence of one or more of
human chromosomes 3, 5, 8, 14 and 17 at early passage in BHF12, BHF12/1 and BHF12/5, and
their absence in BHF12/3;, may have contributed to improved cell survival during PALA

exposure.
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Figure 3.4 Alu-PCR FISH of BHF12 and BHF12/3

Comparison of human chromosome content by Alu-PCR FISH, using biolinylated Afu-

PCR products from BHF12 (a) and one of its subclones, BHF12/3 (b) on normal human
male chromosome spreads.
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Figure 3.4
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Table 3.2 BHFI2 hybrid human chromosome content. Comparison of human
chromosome content of BHF{2 hybrids determined by Alu-PCR FISH and PCR
amplification using human chromosome specific primers. (+) chromosome present, (-),
chromosome absent. All results were obtained from early passage DNA.
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Table 3.2 BHFI12 hybrid human chromosome content.

Chromosomes BHF12 BHF12/1 BHF12/5 BHF12/3

I - - - -

b
+
1
v
[}

T
+
1

+

4 + + + +
5 + + + -
6 + - - +
7 - - - -
8 + + + -
9 - - - -
16 + - -
Il + - - -
12 + + + +
13 + + + +
14 + + - -
i5 + + + +
16 + + + +
17 + + - -
18 + - - +
19 + - - -
20 + - - -
21 + + - +
22 + + + +




-9]-

3.5 Discussion

Somatic cell hybrids were generated between a murine melanoma cell line and normal
human fibroblasts to identify human chromosomes potentially involved in PALA-induced growlh
arrest and suppression of apoptosis. The growth arrest phenotype conlerred by the human
fibroblast component of the hybrids appeared to dominate the PALA-induced apoptotic
phenotype of the melanoma cell line, in BHF12,; and its subclones. However, with passaging,
the hybrids showed increased evidence of PALA-induced cytotoxicity and apoptosis, suggesting
that loss of individual human chromosomes was responsible for the onset of cell death,

The analysis of the chromosome content of BHF 12;; and its subclones did not specifically
pinpoint an individual human chromosome for involvement in growth arrest and apoplosis
suppression. This was due to the fact that many human chromosomes were present in the
hybrids, and th:t retention and loss of chromosomes was difficult to track, due to instability of
the hybrids. As well, repetition of experiments was not feasible, due (o the tendency of hybrid
phenotypes to change with passaging. This is a common problem with whole cell hybrids, and
limits the investigative possibilities, However, several chromosomes appeared to be associated
with apoptosis, and its suppression. BHF12/3; showed the least delay in PALA-induced cell
death of the subclones (4-8 days). This hybrid retained chromosomes 6 and 18, whereas
BHF12/1; and BHF12/5; lacked these chromosomes. It is possible that retention of onc or both
of these chromosomes, in the absence of the chromosomes which were lost from BHF12,, during
subcloning, was detrimental and promoted cell death during PALA exposure. BHFI12/1,; and
BHF12/5; showed longer delays in PALA-induced cytotoxicity, as compared to BHF12/3,.

Human chromosomes 5 and 8 were present in these two hybrids, but absent in BHF12/3. Also,
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individually, chromosomes 3, 14, and 17 may have contributed to improved PALA survival in
these two hybrids.

Chromosome 17 was present in BHF12,. and BHF12/1 , but absent in BHF12/5 zand
BHF12/3;. Since BHF12;; was very resistant to PALA-induced cell death (up to 21 days), it is
possible that human p53 contributed to growth arrest, perhaps in response to directions from
genes on other introduced chromosomes, as opposed to the pro-apoptosis role it is expected to
assume in transformed cell types. The fact that BHF12/5; showed a delay in PALA-induced
cytotoxicity in the absence of chromosome 17 suggests that other genes, on other chromosomes
have an anti-apoptotic, growth arrest function.

The molecular controls defining the conditions of choice between apoptosis and survival
via growth arrest are still unknown. Tumour cells which express p53** may evoke p53-mediated
apoptosis as opposed to growth arrest, as a result of conflicting growth control signals (Fisher,
1994). Apoptosis can also be induced in p53* cells (Lowe et al., 1993b; Clarke et al., 1993a);
however, the threshold for induction is likely to be higher in the absence of p53**(Kaufmann,
1989; Lennon et al., 1991; Sen and D’Incalci, 1992; Fisher, 1994). Recently, it was reported that
the WT'! gene product (located on human chromosome 11) was capable of inhibiting p53-
mediated apoptosis, without affecting p53-mediated growth arrest (Maheswaran et al., 1995).
Furthermore, bcl-2 (chromosome 18) and RB (chromosome 13) have also been shown to suppress
p53-mediated apoptosis (Chiou et al., 1994; Howes et al., 1994; Pan and Griep, 1994;
Morgenbesser et al., 1994; White, 1994). Recent findings suggest that the apoptosis pathway,
mediated by stress-induced protein kinases (SAPKs,) may be negatively regulated by p21, which

is a downstream component of the pS3 growth arrest pathway (Verheij et al., 1996; Shim et al.,



93-
1996). These findings suggest that, under certain circumstances, these genes and perhaps others
play a role in the modulation of p33 effects.

Recently, a new family of apoptosis inhibitors, unrelated (o the hel-2 family has been
identified (Roy et al., 1995; Liston et al., 1996). These genes, known as AIP genes, were shown
to suppress apoptosis induced by a variety of means. Chromosome 5, which was retained in
BHF12,, BHF12/i; and BHF12/5,, is the locus for NAIP, one of these newly identificd
suppressors of apoptosis and which is transcriptionally active in human fibroblasts.

This study has shown that it is possible to suppress PALA-induced apoptosis in whole
cell hybrids. This suggests that the survival response, presumably through induction of growth
arrest is a dominant trait, and can overpower the apoptosis pathway. The sensitization of tumour
cells to induction of apoptosis by chemotherapeutic agents, such as PALA, cun be explained by
the loss of activity of growth-regulating survival genes as well as by oncogene activation. This
model of accumulated hits is similar to the theory of tumour suppressor gene action, as
exemplified by multiple tumour suppressor gene losses observed in colon cancer (Stanbridge,
1990; Dunlop, 1992). It has recently been suggested that the ability of tumorigenic cell types lo
survive chemotherapeutic exposure may be due to resistance to apoptosis (Fisher, 1994). The
findings described here support the view that chemotherapy success may be dependent upon the
absence of genes which suppress apoptosis, and contribute to growth arrest. The cloning of
growth-regulating survival genes should lead to improved cancer therapy strategies, as well as

furthering the understanding of the regulation of cell growth and death.
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Chapter 4: Human Chromosome 3 Mediates Growth Arrest and

Suppression of Apoptosis in Microcell Hybrids
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4.1 Abstract

Chemotherapeutic treatment of tumour cells leads to either tumour cell death (usually by
apoplosis), or to the formation of drug resistant subpopulations. Known mechanisms of cancer
cell drug resistance include gene amplification and increased expression of drug transporters. On
the other hand, normal cells survive many forms of chemotherapy, with minimal damage,
probably due to their capacity for growth arrest and stringent control of apoptosis. Microcell
hybrids between B78 (murine melanoma) and HSF-S (normal human fibroblasts) were analyzed
to identify a new human chromosomal region involved in the promotion of drug-induced growth
arrest and suppression of apoptosis. In these hybrids, the presence of human chromosome 3 was
strongly associated with suppression of apoptosis via G1 and G2 growth arrest during exposure
to the anti-metabolite N-(phosphonoacetyl)-L-aspartate (PALA) suggesting that gene(s) on

chromosome 3 serve an anti-proliferative role in a drug-responsive growth arrest pathway.

4.2 Introduction

Negative regulation of the cell cycle is an important normal cellular response to
environmental stress, such as depletion of growth factors or serum, increased crowding, or
following administration of DNA damaging and chemotherapeutic agents (Del Sal et al., 1992.,
Kaufmann et al., 1991; Schneider et al., 1988; Schneider et al., 1991; Tolmach et al., 1977).
Growth restriction is associated with delays in progression of the cell cycle, from G1 to S and G2
to M. These delays, or cell cycle checkpoints, reduce the probability of transmission of damaged

or inaccurately replicated DNA to daughter cells (Al-Khodairy and Carr, 1992; Weinert et al.,
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1988.). Upon improvement in the external environment. or when the damaged DNA is repaired,
normal cells escape the transiently arrested state via positive signal transduction pathways
(Almendral et al., 1988; Cochran et al., 1983: Lau et al., 1987). Tumour cells, on the other hand,
often lack normal cell cycle checkpoints, and failing to respond appropriately to environmental
stress, undergo apoptosis (Dive and Hickman, 1991; Eastman, 1990: Lennon et al., 1991 L As
a result, most tumour cells die readily following chemotherapeutic and radiation treatments,
However, some cells may survive to later emerge as drug resistant tumour cell subpopulations.
These resistant cells eventually become a major impediment to permanent remission following
initially successful cancer therapy.

The tumour suppressor gene p53 appears to play a central role in the activation of
apoptosis in transformed cell types, while mediating growth arrest in normal cells (Kuerbitz el
al., 1992; Livingstone et al., 1992; Lowe and Ruley, 1993; Lowe et al., 19934, Yin et al., 1992).
While p53*** appears to be essential to the maintenance of genomic stability and efficient
activation of growth arrest and apoptosis, additional genes can influence the cell’s decision to
arrest or die. For example, the retinoblastoma tumour suppressor prolein, pRB, was recently
linked with p53 in the control of cell growth and apoptosis, and was shown to be capable of
protecting cells from p53-mediated apoptosis (Haupt et al., 1995). Furthermore, the ability of
PRB to protect cells from stress-induced apoptosis was found to be independent of p53**
expression (Haas-Kogan et al., 1995). This suggests that the inactivation of genes like RB, which
have dual functions of both growth and apoptosis suppression, may not only result in "dccreased
growth regulation, but also cause increased susceptibility to apoptosis, in a manner similar to

oncogene activation (Evan et al., 1992; Haas-Kogan et al.; Shi et al., 1992).
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To identify new loci implicated in the induction of drug-induced growth arrest and
suppression of apoptosis, normal hurman chromosomes were transferred by microcell fusion, into
the mouse melanoma cell line B78, and the resulting hybrids were exposed to the anti-metabolite
and chemotherapeutic agent, N-phosphonoacetyl-L-aspartate (PALA).

As described previously (Chapter 3), B78 murine melanoma cell line was fused to normal
human fibroblasts (HSF-5), generating a series of mouse/human whole cell hybrids referred to
as BHF hybrid clones (Speevak and Chevrette, 1994). Analysis of PALA-induced growth arrest
and apoptosis in these whole cell hybrids suggested that human chromosomes 3, 5, 8, 14 and 17
may be involved in the promotion of drug-induced growth arrest, and the suppression of
apoptosis.

To further identify individual human chromosomes involved in this response, the B78MC
panel of microcell hybrids was screened for the ability to undergo growth arrest during PALA
exposure. Initially, the response of the microcell hybrids to treatment with PALA was measured
by qualitative assessment of morphological changes indicative of growth arrest, followed by
quantification of viability, growth and apoptosis. Flow cytometry was used to evaluate cell cycle
responses to PALA. The analyses revealed that the presence of human chromosome 3 was
specifically associated with reduced cell death and evidence of growth arrest. Removal of human
chromesome 3 by dominant negative selection resulted in increased apoptosis, accompanied by
a loss of growth arrest in the presence of PALA. It was concluded that a gene (or genes) on
human chromosome 3 mediates drug-induced growth arrest and suppression of apoptosis in
normal cells. The loss or inactivation of this gene may result in continued cell cycling during

non-proliferative conditions, and sensitization of the cells to induction of apoptosis.
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Alternatively, retention of this gene in cancerous cells may be implicated in wmour cell

dormancy, and an increased apoptosis threshold.

4.3 Materials and Methods

4.31 Microcell hybrids

The generation of the B78MC hybrids has been described elsewhere (Chapter 2; Speevak
et al., 1995). These hybrids contain different human chromosomes tagged with a dual selectable
marker, tgCMV/HyTK (Lupton et al., 1991). Relention of the tagged chromosome was achicved
through culture in medium supplemented with 400ug/m! hygromycin. The tagged chromosome
was removed by culturing the cells in 100pM ganciclovir (provided by Syntex) until drug
resistant colonies emerged. Subclones of B7T8MC 166, which had lost the human chromosome
3 (B78MC166-R series), were thus obtained and were confirmed to lack human chromosome
content by fluorescence in situ hybridization (FISH) using total human DNA probe, and by PCR
amplification (see below). B78MC hybrids were grown in Dulbecco's Madified Eagle Medium-
high glucose and the primary human fibroblast cells, HSF-5, were grown in Minimal Essential
Medium. All cells were cultured in 10% fetal bovine serum, at 37°C and 5% CO,. During
PALA experiments, dialysed fetal bovine serum was used. All cell lines were frcg of

mycoplasma, as determined by Hoechst 33258 staining (Chen, 1977).
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4.32 PALA screen

The anti-metabolite PALA (provided by the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute)
is a specific inhibitor of aspartate transcarbamylase activity of the tri-functional CAD enzyme.

Eighteen pools of B78MC microcell hybrids (5 x 10* cells), each containing 10 - 14
individual clones, were initially exposed to 20pg/m! of PALA. Cell survival was qualitatively
assessed by microscopic examination. Hybrid pools, showing evidence of growth arrest (reduced
cytotoxicity, with enlarged, flattened single cell morphology), were selected for further screening.
The individual hybrids represented in those pools were treated with PALA, and only hybrids
showing better than 50% survival, accompanied by a growth arrest morphology, were selected
for further study. B78MC hybrids selected in this manner were analyzed further, including
identification of human chromosomal content and PALA-induced responses. Note: hybrids
showing colonization during PALA exposure were not selected for further characterization, since

these cells were at risk for containing amplified CAD genes.

4.33 PALA sensitivity determinations and gene amplification frequencies

LDsy's and gene amplification frequencies were determined according to the established
protocol (Otto et al., 1989). Briefly, the LDy, value (dose allowing 50% clonogenic survival) of
each cell line was determined via interpolation of percent cell survival over a dose response range
between O and 4pug/ml (0 and 11.5mM). For determination of CAD gene amplification
frequencies, 10° cells were plated in triplicate in 100mm dishes and incubated in medium

supplemented with PALA at a concentration of 9 x LDy, Following 12 - 16 days of incubation,
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with regular replacement of selection medium, the plates were rinsed, stained, and the number
of colonies per dish were counted. In addition, for each experiment, cloning cfficiencics were
determined by plating 200 cells in duplicate 60mm dishes in non-selective medium. At 6 days,
the dishes were stained, and colonies were counted. Cloning efficiency was calculated as the
number of colonies counted per dish / 200. The gene amplification frequency was calculated as

[the number of PALA resistant colonies counted per dish / the number of cells plated] x the

plating efficiency.

4.34 Apoptosis and cell cycle analysis

2.5 x 10° cells were seeded in 25cm 2flasks and incubated with or without PALA (13
Hg/ml) for up to 6 days. Cells were harvested at 24 hr or 48 hr intervals. The cells and medium
were combined, an aliquot (0.5 ml) was taken for trypan blue viability testing and cell counting
(by haesmacytometer), and the remainder was centrifuged. The pellet was resuspended in 1ml
PBS-EDTA, fixed with 3ml 95% ethanol, and stored at -20°C until analysis. For flow cytometric _
analysis, the fixed cells were centrifuged and resuspended in 0.25ml PBS-EDTA. The cell
suspensions (0.25ml) were stained with lmI_ Coulter DNA stain for 43 min at room temperature,
and analyzed on an EPICS XL (Coulter) flow cytometer. The raw data were gated to remove
doublets from the analyses. The cell cycles were determined using histograms gated to counts
Wwithin the cell cycle range, and analyzed using Multicycle AV DNA Content cell cycle analysis
software (Phoenix Flow Systems). The percent counts representative of apoptotic cells in the
PALA treated samples were determined by quantifying the low fluorescence peak appearing in

log scale histograms {Nicoletti et al., 1991).
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Viable cell counts were determined from trypan blue negative counts, and total viable
counts were determined by calculation of viable counts/ml x volume. The relative plating
efficiencies (R.P.E.) were calculated as the viable growth in the presence of PALA /the viable
growth in the absence of PALA, at a single time point after cuiture setup.

Fluorescence microscopy was used to examine nuclear changes in PALA-exposed cells
following 2 days of growth. Chamber slide cultures of B78, grown in the presence or absence
of PALA for 2 days were fixed with 70% ethanol for 30 minutes at -20°C. The slides were rinsed
with water and stained with Hoechst 33258 (final concentration, 500 ng/m!) for 10 min . The
slides were then rinsed with PBS and mounted. The samples were examined with a Zeiss
Axiophot fluorescence microscope, and photographed with Ektachrome 400 colour slide film
(exposure 1- 4 sec.).

DNA fragmentation analysis was performed as follows: each cell line was plated in two
150 cm? flasks. One flask was treated with 9 x LDy, PALA for 6 days, and the other flask served
as a control, which was harvested at confluency. Cells were harvested, lysed, and detergent
soluble DNA was extracted as described previously (Chapter 3). Samples were fractionated on

a 1% agarose gel stained with ethidium bromide in order to detect nucleosomal degradation.

4.35 Fluorescence in situ hybridization analysis of hybrids
Human chromosomal content of the hybrids selected in the initial PALA screen was
determined by FISH using total human DNA probe (Oncor) and by Alu-PCR FISH, as described

previously (Chapter 2).
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4.36 PCR analysis of human chromosome content

PCR amplification using oligonucleotide primers identifying human microsatellite
sequences (sold as MapPairs by Research Genetics), was used to confirm the chromosome
content, and to establish the presence or absence of individual chromosome 3 loci in the hybrids.
To confirm the identity of the human chromosomes present in the hybrids, the following primers
were used: chromosome 3, D351210 (3p) and D3S1215 (3q); chromosome 4, GABRBI:
chromosome 7, D78523; chromosome 9, D95 146; chromosome 11, D118929; chromosome 12,
D12843; chromosome 13, D13S131; chromosome 17, D178957; chromosome 22, D22S273.

The PCR conditions used have been described in detail, Chapter 2.

4.37 Analysis of CAD gene copy number

Southern blots were prepared according to standard procedures. DNA was isolated from
cells exposed to 13 pg/ml PALA for 0, 2 and 4 days (plus 2 day recovery), and digested with
EcoR1 restriction enzyme (Boehringer Mannheim) using the manufacturer’s recommended
conditions. The digested DNA was ethanol precipitated, dissolved in TE buffer, and quantificd
by fluorometry (TKO 100 DNA Fluorometer, Hoefer Scientific Instruments). Equal amounts (6.5
ug) of DNA were loaded into each lane of a 0.8% agarose gel and fractionated by electrophoresis.
The DNA was transferred to a nylon membrane by alkaline transfer (0.4N NaOH). The hamster
CAD cDNA probe is a 6kb fragment derived from HindIll digested pCAD142 (Shigesada et al.,
1985). The rat albumin ¢cDNA probe is a 1.5 kb fragment derived from EcoR| digested
pHDQ835 (Turcotte et al., 1985). The probes were labelled via the random primer method,

hybridized to the membrane overnight at 65°C (10% PEG/1.5XSSPE [225mM NaCl; 13mM
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NaH,PO,-H,O; 1.5mM Na,EDTA-2H,01/7%SDS) and washed identically (2XSSC/0.1%SDS
twice for 15 min at room temperature, and 0.2XSSC/0.1%SDS twice for 15 min at 42°C). Values
for intensity of hybridization to a 2.3 kb murine CAD gene restriction fragment and a 5 kb
albumin gene restriction fragment were determined by phosphorimaging (Molecular Dynamics

ImageQuantNT, Molecular Dynamics).

4.38 Immunoblot analysis of cell lines

Total cellular protein extracts were prepared by lysing untreated cells with protein lysis
buffer containing protease inhibitors (10mM Tris-HC [pH 7.4]; 150mM NaCl; 1%Triton X; 1%
deoxycholate; 0.1% SDS; 0.5mM EDTA; 1mM PMSF; 2ug/ml aprotinin; 1 pg/ml leupeptin;
Ing/ml pepstatin) and quantified by Bio-Rad Protein Assay (Bio-Rad). After boiling, 50ug of
cellular proteins were fractionated by 10% SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to a nitrocellulose membrane. Following blocking with 0.5% milk-TBST (10mM Tris
Cl [pH 8.0]; 150mM NaCl; 0.05% Tween 20), the blot was washed twice with TBST for 15 min
and hybridized | h at room temperature with primary p53 antibody Ab-1, diluted to 10ug/mi in
TBST. The blot was then washed, and incubated for 1 h with horseradish peroxidase-conjugated
goat anti-mouse immunoglobulin G, diluted to 0.2ug/ml in TBST. The blot was washed again,
and autoradiographed using chemiluminescence according to the manufacturer’s instructions

(Amersham Canada).
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4.39 Irradiation of cell lines
Twenty-four hours after plating 250,000 cells/25cm” flask, cells were exposed to O or 5 grays
of "'Cs-gamma radiation (Gammaceli-40 Self Contained Irradiator, Nordion International) at a
rate of 1.08 grays/min. The cells were then incubated at 37°C for 24 and 96 hours. Flow

cytometry was performed for cell cycle analysis as described above.

4.4 Results

4.41 PALA screening of the B7SMC microcell hybrid series

Fusion between human tumorigenic cell lines and normal human fibroblasts results in the
dominance of growth arrest and suppression of gene amplification in the presence of the anti-
metabolite PALA (Tlsty et al., 1992). This finding suggests that recessive genes are responsible
for the ability of cells to control the cell cycle, and that these genes are either deleted or mutated
during the oncogenic process. The tumour suppressor gene p33 has been shown to be involved
in PALA-induced growth arrest in normal cells, and its loss is sufficient for growth arrest failure
during PALA exposure (Livingstone et al., 1992; Yin et al., 1992). However, other genes may
exist which, when mutated or inactivated, have a similar effect on the ability of the cell to respond
to chemotoxic drugs with growth arrest.

Preliminary experiments with whole cell hybrids between murine melanoma cell line B78
and normal human skin fibroblasts, HSF-5, suggested that several chromosomes, in addition to
human chromosome 17 (the locus for p53), were involved in PALA-induced growth arrest

(Speevak and Chevrette, 1994). To further characterize the PALA-induced growth arrest
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response conferred by individual human chromosomes, a panel of microcell hybrids constructed
from B78 and HSF-5 (B78MC hybrids) was used. The panel was qualitatively screened for
evidence of growth arrest and suppression of PALA-induced apoptosis.

To efficiently screen over two hundred newly generated B78MC hybrids, the hybrids
were combined into eighteen pools. PALA (20ug/ml) was cytotoxic to B78 and to all of the
B78MC pools tested, with the majority of cells dying by day 4 of drug exposure. However, in
five of eighteen pools tested, nuclear and cytoplasmic enlargement, and a flattened morpholog
were observed in a minority of cells, suggesting the presence of a subpopulation capable of a
PALA-induced growth arrest response. Individual hybrids from the five selected pools were
subjected to PALA exposure and screened. Seven B78MC hybrids showed evidence of growth
arrest and a reduction in the degree of PALA cytotoxicity (estimated at less than 50% cell death
by day 6 of PALA exposure). The human chromosome content of these hybrids was then

determined.

4.42 Alu-PCR FISH analysis of microcell hybrids

The human DNA present in the growth-arrested hybrids was PCR amplified using Alus
primers, and the products were used as FISH probe on normal human male chromosome spreads
(Dorin et al., 1992). Chromosomes painted by this method (Alu-PCR FISH) represent the highly
retained human elements present in the hybrids. The Alu-PCR FISH positive findings were
confirmed by PCR analysis using human chromosome specific primers. Overall, human
chromosomes 3, 4, 9, 11, 12, and (3 were identified as highly retained in the seven hybrids:

however, chromosome 3 and chromosome 12 were over-represented. Four of the seven hybrids
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contained elements of chromosome 3. while three of the seven contained elements of
chromosome 12. In order to rule out a bias in representation of chromosomes 3 and 12 in the
B78MC panel, Alu-PCR FISH analysis of randomly selected B78MC hybrids was used to
establish an estimate of the overall proportion of B78MC hybrids stably containing a
chromosome 3 or 12. It was estimated that 30 - 50% of randomly selected B7SMC hybrids
contained human chromosome 12, whereas only 10 - 15% stably retained human chromosome
3. Thus, the increased representation amongst the PALA-selected hybrids of chromosome 12,
but not chromosome 3, could be explained by a bias due to over-representation in the unselected
B78MC hybrid panel. We therefore hypothesized that chromosome 3 had played a role in the
PALA-induced growth arrest phenotype observed in four of the seven hybrids.

To further characterize the effect of human chromosome 3 on PALA-induced apoptosis,
several hybrids with known human chromosome content were tested for their ability to undergo
growth arrest and survive during PALA exposure. To represent all the chromosomes identified
in the preliminary screen (3,4, 9, 11, 12 and 13), the following hybrids were tested: B78MC 166,
B78MC56, B78BMC108, B78MC173, B78MCI6, and B78MC9. B78MC27, which contains a

whole human chromosome 17, and chromosomes 7 and 22, was also evaluated.

4.43 Cell cycle analysis and apoptosis

The relative sensitivities of B78 and the hybrids to short term PALA exposure were
compared using 13 pg/ml (standardized 9 x LDy, PALA dose for B78), delivered over an
exposure period of 4 days. PALA has been used in the past to measure relative frequencies of

gene amplification in a variety of cell lines (Livingstone et al., 1992; Otto et al., 1989; Schaefer
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ctal., 1993; Tisty, 1990; Tlsty et al., 1992; Yin et al., 1992). CAD gene amplification allows
clonogenic survival of immortalized and tumorigenic cells during long term PALA exposure and
it is well established that this is a rare event (Otto et al., 1989; Tlsty et al., 1989). A 9 x LD,
PALA dose calibrated to each cell line was used in these studies, to compensate for differences
in PALA sensitivities between cell lines. In contrast, the present study was designed to evaluate
and compare the overall PALA-induced responses of growth arrest and apoptosis in the cell lines,
following short term exposure, irrespective of CAD gene amplification potentials. For this
reason, a calibrated 9 x LDy, PALA protocol was not required.

Preliminary analysis of B78 and the selected microcell hybrids indicated that there were
no significant differences in their growth characteristics, or ploidy, which might potentially
influence their responses to PALA. The ability of the cell lines to grow during short-term,
continuous PALA exposusc svas evaluated by measuring the relative plating efficiencies (R.P.E.)
of each of the cell lines at a s;i.ngle dose and time point. All of the cell lines tested showed low
R.P.E, indicating growth failure in the presence of PALA (Table 4.1). PALA-induced growth
failure can be due to either growth arrest, as seen in normal fibroblasts, or due to induction of
apoptosis, as seen in B78 (Speevak and Chevrette, 1994). In order to differentiate these two
processes in each of the hybrid cell lines, PALA-induced apoptosis was quantified by trypan blue
staining and flow cytometric log scale histograms.

B78 showed a distinct intermediate peak on log scale histograms by day 4 of PALA
exposure, which, when quantified, closely matched trypan blue positive counts taken from the
same cell samples (Fig. 4.1 and Table 4.1). This peak corresponds to the population of apoptotic

cells (Nicoletti et al., 1991). This peak was absent in HSF-5, which instead showed a depression
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in the S-phase (between the G1 and G2 peuks), which was suggestive of growth arrest. However,
trypan blue positive staining of PALA-exposed HSE-5 suggested a reduction in viability (Fig. 4.1
and Table 4.1). A limited degree of necrosis may therefore have occurred in the normal
fibroblast population during PALA exposure.

As expected from the preliminary screening process, several hybrids showed a reduced
level of apoptosis in comparison to B78 (Table 4.1). The most significant reduction in apoptosis
was measured in two hybrids containing human chromosome 3. B78MCI166, a
monochromosomal hybrid containing a rearranged chromosome 3, and B78MC56, containing
the short arm of chromosome 3 and the long arm of chromosome 17, showed significantly lower
amounts of PALA-induced apoptosis as compared to B78 and the other hybrids tested {Table
4.1). These two hybrids showed a general increase in debris during PALA exposure, as
determined by flow cytometry (Fig. 4.1), with a poorly distinguishable apoptotic peak. They also
showed signiﬁgantly increased viability in the presence of PALA, as compared 10 B78 and the
other hybrids tested, while maintaining poor R.P.E. (Table 4.1). To determine if cell cycle
checkpoints were responsible for loss of growth potential in B78MCI166 and B78MC56, we
compared the cell cycle responses of the cell lines in the presence of PALA, using single
parameter flow cytometry to determine the relative numbers of cells in G1, S and G2/M.

A flow cytometric time course of the effect of PALA on the cell cycle is shown in Figure
4.2. During the first two days of PALA exposure, flow cytometric histograms of all the cell lines

tested revealed accumulation of cells in S phase, a typical cellular response to anti-pyrimidine

drugs, such as PALA (Fig. 4.2). The S phase delay was transient, and released spontaneously by
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day 3 of cxposure. Accumulation of dying cells began to occur at this time, resulting in a severe
reduction in cycling cell counts by day 4.

Although cell death was not detectable, significant nuclear changes were already evident
in some PALA exposed cells by day 2 of treatment (Fig. 4.3). At this time, some cells showed
nuclear malformation and shrinkage, with chromatin condensation, suggestive of apoptosis.
Many of the remaining cells showed nuclear enlargement, most likely due to partially completed
DNA synthesis and G2 arrest. In spite of S-phase delay, the PALA-exposed cells proliferated
slowly, and doubled in number at least once during the first two days of treatment, after which
viable cell numbers either stabilized or declined (Fig. 4.4). Thus, the majority of cells passed
through at least one cell cycle prior to undergoing either growth arrest or apoptosis in the presence
of PALA.

Evaluation of flow cytometry data from day 4 of PALA exposure showed that
B78MC166 and B78MC56 had an increase in G1 and G2 counts, accompanied by a decrease in
S counts, as compared to B78 and the other hybrids. This response was similar to that of HSF-5,
and resulted in G1:S and G2:S ratios which were significantly higher than B78 and the other
hybrids (Table 4.1). To further analyse the effect of the presence of chromosome 3 on PALA-
induced growth arrest, the G1:S ratios of B’}I’SMC]66 and B78 were measured over a six day
PALA exposure period. Both B78 and B78MC166 showed increasing G1:S ratios over most of
the PALA exposure period. However, B78MC166 showed a more rapid increase, which, by day
4 of PALA exposure, was 3 fold higher than that of B78. The high G1:S ratio was maintained
over the remaining exposure period (Fig.4.5). Furthermore, when subjected to increasing doses

of PALA, B78MC166 underwent a dose responsive increase in the G1:$ ratio, indicating a drug
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responsive induction of G1 arrest. In contrust, B78 showed a depressed G 1:S ratio over the same
dosage range (Fig. 4.6). These findings indicate that human chromosome 3 contains a gene(s)
which may play a role in growth arrest and apoptosis suppression.

Al-PCR FISH and standard FISH using total human DNA probe revealed that
B78MC166 contained a single rearranged human chromosome 3. B78MCS56 contained the short
arm of chromosome 3, and the long arm of chromosome 17. The PALA-induced growth armest
phenotype observed in B78MC56 was probably due to the presence of the short arm of human
chromosome 3, since B78MC27, a hybrid containing chromosome 17, responded to PALA with

growth arrest failure and a high percentage of apoptotic cells by day 4 of exposure (Table 4.1).
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Figure 4.1 Comparison of log scale histograms of propidium iodide stained cells.
Cells were exposed to 13pug/ml PALA for 4 days. The low fluorescence peak (arrow)
observed in PALA-exposed celis represented a population of apoptotic cells. Controls
were untreated cells in exponential phase.
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Table 4.1 Cell line responses to short term PALA treatment. Cells were exposed to
13ug/ml PALA for 4 days and are means of 3 independent experiments.

" relative plating efficiency following 4 days of PALA exposure. Viable cells grown in
the presence of 13pg/ml PALA/ viable cells in the absence of PALA.

b G1:S and G2:S ratios of cell lines determined from cell cycle analysis of flow
cytometric histograms.

¢ Percent viability determined by trypan blue exclusion.

4 Percent apoptosis determined by quantifying apoptotic peak from log scale flow
cytometric histograms (counts in apoptotic range / counts in apoptotic range + counts in
cell cycle range).

° udel(3), abnormal human chromosome 3 containing several microdeletions.

* data significantly different from B78 (P<0.01) and all other hybrids tested (P<0.05).
Statistical analysis method: One-way ANOVA, with Student-Newman-Keuls multiple
compariscus post-test,

Note: B78MC hybrids are abbreviated to MC hybrids in this table.
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Cell Line gg;g?iﬁ?rian) RPE® Gl:s® Gas ability  Apoptosis
(%) (%)
HSF-5 46, XY 0.051 888 1.09 744 6.7
B78 none 0016 1.63 052 489 61.6
MC166 3 0.033  5.02% 33%  757* 28.7%
MC166-R1 none 0.020 1.66 0.47 64.1 45.5
MC166-R2 none 0017 238 20 422 53.9
MC166-R5 none 0034 181 081 586 36.7
MC166-61 pdel(3)* 0017 241 107  43.1 59.2
MC56 3p,17q 0.060  4.90* 1.68% 75.5% 24.2%
MC27 7q,229,17 0022 202 097 547 51.2
MC9 12 0008 153 173 522 47.7
MC108 4 0018 152 056 555 45.7
MC173 9,11 0043 109 054  66.5 40.0
MC16 12,13 0016 102 111 567 50.3
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Figure 4.2 Linear scale flow cytometric histograms of cells continuously exposed to 13
pg/ml PALA over a 4 day period. Controls were exponential phase untreated cells. The
relative positions of the cell cycle components are constant for all cell lines, and are
indicated in the B78 Control panel.
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Figure 4.3 In situ Hoechst 33258 stained cells.

(a) Untreated B78. (b) PALA-exposed B78, 13pg/ml, following 2 days of treatment.
Arrowheads indicate nuclei with apoptotic changes. Malformed, enlarged nuclei are
probably cells in S or G2 delay. m, mitotic figure.
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Figure 4.4 Viable growth during PALA exposure. Control was mean combined growth
in the absence of treatment. B78,M ; B78MC166,0; 166-R2,@®; Control,V
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Figure 4.5 G1:S responses of cell lines during continuous PALA exposure (13ug/ml).
The graph begins at day 2 of PALA exposure, following release from S phase delay.
B78,M; B78MC166,0 166-R2,@



G1:S Ratio

Figure 4.5

-1l7a~

Time (days)



-118-

Figure 4.6 GI:S ratios at day 4 of PALA exposure, over a wide dosage range. The
GI:S ratios of unexposed cells were obtained at confluency (day 4). B73.H;
B78MC166,0; 166-R2,@ .
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4.44 Analysis of B78MC166 subclones
The B78MC panel of microcell hybrids is unique among human x rodent hybrids in that
each hybrid in the panel contains an individually tagged human chromosome which can be
retained, or removed via dominant positive or negative selection, as desired. This property can
be used to test the hypothesis that a particular phenotype is associated with the presence of an
introduced, tagged chromosome. If the phenotype in question is due to the presence of the tagged
chromoscine, as opposed to genetic heterogeneity between clones, one would expect removal of
the tagged chromosome to result in loss of the phenotype. In this case, if a gene on chromosome
3 was resﬁonsible for the PALA-induced growth arrest phenotype and associated suppression of -
* apoptosis, the subsequent loss of the gene, through removal of the tagged chromosome would
then be expected to result in a return to the PALA-induced apoptotic phenotype and growth arrest
failure.- Using ganciclovir, we selected against the retention of human chromosome 3 in .
B78MC166, and isolated several ganciclovir-resistant subclones (166-R series). P7R
amplification and FISH using total human DNA probe showed that these subclones lacked
human chromosome 3 (not shown). We tested the PALA response of several ganciclovir selected
subclones and determined that they showed reduced viability as compared to B78MC166, and
.an increase in apoptosis accompanied by low G1:S ratios during continuous PALA exposure
(Table 4.1). We further evaluated the ability of one of the subclones, 166-R2, to respond to
PALA with growth arrest. When subjected to PALA treatment, 166-R2 showed a B78-like
response, with G1:S rattos failing to increase over time, and over a wide dosage range (Fig. 4.5

and Fig.4.6). These findings demonstrate that the presence of human chromosome 3, in
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B78MC166, was indeed responsible for inducing growth arrest in response to PALA, and
suppressing apoptosis.

At higher passages (> passage 8), B7T8MC166 became more sensitive 10 PALA-induced
apoptosis as compared to early passage. We hypothesized that the reduction in apoptosis
suppression in response to PALA in this hybiid at [ate passage was due to a lack of linkage
between the chromosomal element responsible for the growth arrest phenotype and the selectable
marker. This was supported by the fact that the chromosome 3 in B78MCI166 was rearranged.
As chromosome breakage is common during microcell fusion, we reasoned that chromosomal
fragmentation occurring during the microcell fusion process could result in subsequent loss of
acentric fragments during passaging. If an acentric fragment contained the gene providing the
growth arrest phenotype, it could segregate from the tagged chromosome, and either be
reincorporated into the hybrid genome, or lost from the c:ells. This vsould then explain the
observed reduction in PALA-induced growth arrest phenotype of late passage B78MC166. To
test this, we subcloned B78MC166 and analyzed this new set of hybrids (166-n series) for Joss
of the growth arrest phenotype. Subclone 166-61 showed an increase in PALA-induced
apoptosis as compared to its B78MC 166 parent (Fig. 4.7). This occurred in association with a
low GL:S ratio at day 4 of exposure (Table 4.1). Alu-PCR FISH showed that while B7T8MC166
Alu-derived probe uniformly painted human chromosome 3, the Alu-probe from 166-61 revealed
gaps in the fluorescence signal on both arms of chromosome 3 (Fig. 4.8). Some gaps appeared
to localize to chromosome 3 fragile sites (chromosomal regions which can be chemically induced
to break in vitro). PCR amplification using chromosome 3 specific primers identified some loci

which were absent in 166-61, including D3S1276 at 3p13, D3S1302 at 3q12, and a large region
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between 3q26 and 328 bracketed by D3S1564 and SST. These findings may explain the
reversion of [66-61 to the B78 PALA-induced apoptotic phenotype, and suggest that the gene

in question is located within one of the microdeleted regions of chromosome 3.



Figure 4.7 Nucleosomal degradation effect of PALA on cells. Cells were grown in the
absence (-) or presence (+) of PALA (9 x LDs,) for 6 days. M, 100 bp ladder. (66 and
-61 arc abbreviations for B78MCI166 and 166-61. The low molecular weight band
visible in some lanes is digested remnant RNA.
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Figure 4.8 Alu-PCR FISH of chromosome 3 containing hybrids, performed on normal
male human metaphase spreads. (a) Probe derived from 166-61, a revertant subclonc

of B78MC166. (b) Probe derived from B78MC166. The arrowheads in panel A indicate
the largest deletion detected, at 3q26¢28.
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Figure 4.8
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4.45 Evaluation of gene amplification frequencies

Long term exposure of immortalized and tumorigenic cells to high doses of PALA results
in the emergence of drug resistant colonies containing amplified CAD genes (Yin et al.. 1992),
A calibrated PALA dose of 9 x LDy, is used to permit accurate comparisons of gene amplilication
potential between cell lines and types. To rule out the possibility that the hybrids had increased
gene amplification potential, as compared to B78, PALA clonogenic assays were performed
(Table 4.2). B78, HSF-5 and several hybrids were tested and showed PALA responsive LD,
measurements which were within the range reported in a variety of human and rodent cell types
(Tlsty, 1990). B78MC166 and B78MC56, as well as HSE-3, were all found to have an LD,
roughly double that of B78. However, several B78MCI166-derived cell lines which lacked the
apoptosis suppression phenotype also showed similarly high LDg, measurements in comparison
to B78 (Table 4.2). Thus, relative PALA sensitivities, by LD, determinations, were not
consistently predictive of the ability to suppress PALA-induced apoptosis. All of the hybrids
tested showed gene amplification frequencies which were lower than that of B78, indicating that
the CAD gene amplification potential of the hybrids was noncontributory to the growth arrest and
apoptosis responses in the majority of cells.

Southern blot analysis was used to further confirm that the CAD gene was unamplificd
in the PALA-exposed cells of B78MC166 and B78MC56 as compared to B78 and the
B78MC166-derived PALA-sensitive cell lines (Fig 4.9). The hybridization intensity of the CAD
probe to each hybrid (0 days PALA treatment) was approximately equal to that of B78, when
quantified by phosphorimaging, using hybridization to the albumin probe as a loading control.

This indicated that the overall CAD gene copy number of each of the hybrids was similar to that
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of B78, prior to PALA treatment. Quantification of the hybridization signals following 2 days
and 4 days of treatment showed a trend for the CAD signal to increase slightly over the exposure
period for all cell lines. However, B78MC166 and B78MC56 showed no evidence of an
increased tendency to amplify the CAD gene during short term PALA exposure, as compared to

B78 and the other hybrids tested.



Table 4.2 Cell line characteristics and gene amplification frequencies.

" B78 and the hybrids were determined cytogenetically to be pseudotetraploid. HSF-5
is normal diploid.

®P.E., plating efficiency.

¢ C.G.T., cell generation time, determined according to Leibovitz et al., 1976.

Y Frequency of colony formation determined by clonogenic assay (+/- SEM).

* N.D., not determined.
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Cell Line P.E?" C.G.T* PALA LDy, Gene
(ploidy)* (%) (hrs) (ug/ml) amplification

B78(4n) 48.8+5.7 14.5%14 1.43£0.07 8x10°x10°
HSF-5(2n) 30.5+4.5 18.8%0.3 2.46+0.15 N.D.*

B78MC166(4n) 59.9+8.6 14.0+0.5 2.82+0.11 5x10%£10°¢
166-R1(4n) 64.7+4.5  14.1x1.0 2.73+0.03 1x10°£10°
166-R2(4n) 49.1£3.0 15.2x19 1.86+0.19 1x10%£107%
166-61(4n) 59.2+12.  14.5+0.8 2.54+0.14 2x10°%+10°

1
B78MC56(4n)  51.0%10. 15.4+0.6 2.75+0.38 1x10°£10°

0




-127-

Figure 4.9 Southern analysis of PALA-exposed cell lines. DNA was isolated from cclls
exposed to 13 ug/ml PALA for 0, 2 or 4 days, EcoR | digested, and hybridized with o
hamster CAD probe (CAD). -61 and -R2 are abbreviations for 166-61 and 166-R2.
Relative hybridization intensities were determined using a EcoR| rat albumin probe
(ALB) as a loading control. The locus for human albumin is chromosome 4qll-ql3.
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Figure 4.9

B78MC Hybrid

Days (PALA)
CAD
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4.46 Determination of p53 protein status in B78 and hybridy

We suspected that B78 contained non-functional P33 protein. Tumorigenic cell lines
with non-functional or mutant p33 often show high cellular p53 protein levels, due o altered
conformation and stabilization (Reihsaus et al., 1990: Vogelstein and Kinzler, 1992). This
contrasts with non-transformed, p33** expressing cell lines, which. when analysed by
immunoblotting, show very low, or undetectable levels of p33 protein, due to o very short halt-
life (Fritsche et al., 1993; Kastan et al., 1992; Lu and Lane, 1993: Oren et al., 1981). To determine
if p53 protein was stabilized in B78 and the hybrids, total cetlular protein was extracted from the
cell lines and analyzed by immunoblotting with a p53 monoclonal antibody, Ab-1, which reacts
with both mutant and wild-type forms of p533 protein (Fig. 4.10). Untreated B78 and
B78MC166-derived hybrids were found to contain high levels of p53 protein, as compared to
normat human and murine cell lines (NH and NM, Fig. 4.10). This suggested that B78 derived
cells contained inactivated pS3 protein.

Tumorigenic and transformed cell lines which lack wild-type p53 prolein activity are
usually radioresistant and fail to undergo G1 arrest, due to failure of apoptosis (Kastan ¢t al.,
1992; Lee Bernstein, 1993; Lowe et al., 19934; Mcllwrath et al., 1994; li}lsscll el al., 1995),
Since radiation-induced G| arrest and apoptosis are under the control of wild-type p53 protein,
we tested the ability of B78 and B78MC166 to undergo either G1 arrest or apoplosis following
ionizing radiation. The cells were exposed to 5 gray radiation, and following 24 hr or 96 hr of
recovery, were harvested and analyzed by flow cytometry. Linear scale flow cylomelric
histogram profiles of both cell lines showed little perturbation following irradiation, and exhibited

essentially no change in the percentage of cells in S phase, suggesting poor G1 and G2 checkpoint
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activity (96 hr shown, Fig. 4.11). Ninety-six hours after irradiation, viability, as determined by
«rypan blue exclusion, was 95% and 92% for B78 and B78MC166 respectively. Furthermore,
log-scale histograms of the irradiated cells showed little accumulation of debris and lacked a
detectable apoptotic peak (Fig. 4.11). These findings are consistent with cells possessing mutant
or non-functional p53 protein. These findings further suggest that the locus on human

chromosome 3 is unable to mediate ionizing radiation-induced growth arrest in these cells.



Figure 4.10 Immunoblot of cell lines to detect stabilized p53 protein in B78 and
B78MC166 hybrids. Controls: NH, normal human ceils, HSF-5; TH, human tumorigenic
cell line, DU-145; NM, normal murine cell line, NIH 3T3; TM, tumorigenic murine cell
ling, P19. 166, -61 and -R2 are abbreviations for B78MC 166, 166-61 and 166-R2.
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Figure 4.11 Linear and log-scale flow cytometric histograms of B78 and B78MC166,
96 hours after radiation (5 Gray). S is percent of cells in S-phase. Conlrols were growing
untreated cells.
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4.5 Discussion

In this study, microcell hybrids were used to show that the presence of human
chromosome 3 is associated with a PALA-induced growth arrest phenotype accompanied by
reduced apoptosis. Removal of chromosome 3, or microdeletions of specific regions of
chromosome 3 from the hybrid, resulted in loss of the PALA-induced growth arrest and increased
levels of apoptosis.

The GI:S ratios were significantly higher in PALA-cxposcd B78MCI166 (which
contained chromosome 3) and B78MC56 (which contained the short arm of chromosome 3) us
opposed to B78 and the other hybrids. Increased G1:S ratios in the chromosome 3 containing
hybrids were associated with significantly reduced levels of apoptosis. These lindings suggest
a G1 checkpoint linked to a gene on human chromosome 3. The G2:S ratio was also significantly
higher in PALA-exposed B78MCI66 and B78MC56 when compared with B78 (P<0.01), and
removal of chromosome 3 from B78MC 166 resulted in a significant reduction in the G2:8S ratio
(B78MC166-R hybrids, Table 4.1). However, because the G2:S ratio remained relatively high
in 166-R2 as compared to B78 and the other hybrids, it is not clear if the G2 arrest appearing
during PALA treatment was directly due to the presence of chromosome 3. Exlended G2 arrest
1s thought to contribute to cell survival, following genotoxic ecxposure (Maity et al., 1994). In
yeast, the failure of G2 arrest, due to checkpoint rad mutations, leads to cell death and genomic
instability following irradiation damage (Al-Khodairy and Carr, 1992; Weinert and Hartwell.
1988). The presence of a strong G1:S ratio in B78MCI166 and B78MCS56 in response to PALA,
may be due to the action of a similar mammalian checkpoint gene, acting to induce growth arrest

in G1, with possible downstream effects in G2.



-133-

To explain the differences in the PALA-induced responses of B78 and the chromosome
3 containing hybrids, one can hypothesize that chromosome 3 contains a growth regulatory gene
which also inhibits apoptosis. Due to cell to cell variations, only a proportion of cells in the
chromosome 3-containing hybrids may actually synthesize the functional encoded protein in
sufficient quantity. During PALA exposure, these cells may be able to avoid the apoptotic
process by arresting in G| following initial S phase delay. The ability to maintain a G1 arrest
may result in increased survival as compared to B78 and the other hybrids. Cells which fail to
observe the G1 checkpoint during PALA exposure may be destined to dic via apoptosis. This
would explain the observation of high day 4 GI.S ratios in the viable PALA-exposed
chromosome 3 containing hybrid cells, since non-arrested cells would be selected for apoptosis.
Some cycling cells may also survive via other drug resistance mechanisms, such as CAD gene
amplification, or increased CAD gene copy number by chromosomal rearrangement (Schaefer
etal., 1993). CAD gene amplification was shown to occur rarely in these hybrids, and their gene
amplification potential was calculated to be less than that of B78 (Table 4.2). Gene amplification
would not, therefore, be expected to emerge as a drug resistance mechanism in a significant
proportion of the population of viable cells during the four day PALA exposure period. Southern
blot analysis of DNA from treated and untreated cells confirmed that the CAD gene copy number
was not appreciably different, or increased in B78MC166 and B78MC56 during short term
PALA exposure, as compar:d to B78 and the other hybrids (Fig. 4.9).

Indirect evidence supports the view that CAD gene amplification was not responsible for
the PALA-responsive phenotypes of B78MC166 and B78MC56. For example, it should be

noted that Alu-PCR FISH failed to reveal any human chromosome 2 elements (the human iocus
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of the CAD gene) in the selected hybrids (B78MC166 shown, Fig4. 8). Furthermore, if
additional CAD genes were responsible for the reduced apoptosis observed in B78MC 166,
removal of human chromosome 3 would not have resulted in loss of the PALA-responsive
phenotype of this hybrid. Reduced PALA-induced cell death was not accompanied by cellular
proliferation, signalling classical drug resistance, in B78MC 166 and B78MC56. Morcover, the
differences in apoptosis and GI:S ratios could not be explained by differences in rates of
proliferation, since the hybrids tested had cell generation times which were not significantly
different from that of B78 (Table 4.2). This, and the high G1:S and G2:S ratios ol B78MC 166
and B78MCS56 during PALA exposure support the view that continuous short term PALA
exposure resulted in selection for survival of growth arrested cells in chromosome 3 containing
hybrids, rather than survival through drug resistance by gene amplification.

Interestingly, Alu-PCR FISH revealed several human chromosome 3 breukpoints in 166-
61 which appear to be in proximity of established cytogenetic markers for chemically-induced
chromosome 3 breaks. One of these fragile sites, FRA3B, is closely linked (o at least one
candidate tumour suppressor gene locus, at 3p14.2 (Sutherland and D. H. Ledbetter, 1989.).
Since the other growth arrested hybrid, B78MCS56, contained only the p arm of chromosome 3,
the microdeleted regions of the short arm of chromosome 3 are the candidate regions for the gene
acting in PALA-induced growth arrest and suppression of apoptosis.

It was determined that B78 lacked wild-type p53 protein. This resulted in a poor Gl
response to both PALA and ionizing radiation, but did not prevent PALA-induced apoptosis.
Although the presence of p53** appears to be required for efficient activation ; growth arrest

and/or apoptosis, cells which lack functional p53 have been shown to be capable of undergoing



-135-

radiation- and drug-induced apoptosis, albeit at higher doses (Kaufmann, 1989; Lennon et al.,
1991; Sen and D'Incalci. [992; Strasser et al., 1994). This suggests that the apoptosis threshold
of a particular cell is dependent upon its genetic makeup (Fisher, 1994; Fisher et al., 1993).

The presence of human chromosome |7, in hybrid B78MC27, failed to result in either
increased sensitivity to PALA, or induction of G1 arrest (Table 4.1). It is possible that in
B78MC27, human p33, under control of its natural promoter, mediated growth arrest inefficiently
in the murine cells, or was inactivated either by mutation or by interaction with mutant murine
p33 protein. Alternatively, p53 may be incapable of promoting drug-induced growth arrest in
highly tumorigenic celis, or may only be effective in growth suppression in co-operation with
other growth suppressor genes, These genes, acting as co-mediators of growth arrest during toxic
conditions, may be required for efficient activation of growth suppression. It is likely that such
growth regulators would be selected against during tumour progression. If some growth
regulators are also survival genes, acting to suppress apoptosis, their inactivation may, as is the
case with oncogene activation, result in both deregulated growth, and increased apoptosis. The
chromosome 3-mediated growth arrest revealed in our experiments may represent part of a
complex growth arrest pathway which operates in normal cells to suppress apoptosis and control
the cell cycle during toxic conditions. Genes in this pathway, if intact in some tumour cells, may
provide a mechanism for tumour cell drug resistance by raising the apoptosis threshold in the
absence of p53. Alternatively, these genes could control proliferation during sub-optimal
conditions, leading to dormancy, and thereby preventing apoptosis. An understanding of the
molecular basis for differences in the responses of normal cells versus tumour cells to cancer

therapy is of utmost importance. Identification of genes affecting tumour cel! sensitization and
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resistance to apoptosis will lead to new approaches to cancer therapy (Fisher, 1994). The
eventual isolation of a survival gene implicated in suppression of drug-induced apoptosis, may
thus help further the understanding of the mechanisms of cell death in anti-cancer therapy, as well

as contribute to the study of cell cycle control in normal and neoplastic cells.
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Chapter 5. Molecular Analysis of Differentially Expressed

Sequences Involved in Apoptosis Suppression



5.1 Abstract

Chromosome 3 containing microcell hybrids were shown to exhibit evidence of apoptosis
suppression and growth arrest during short term exposure to the chemotherapeutic agent, PALA.
However, a hybrid with microdeletions in the short and long arms of chromosome 3 showed
revertant phenotype, with loss of growth warrest potential, and increased induction of apoptosis
during PALA exposure. To identify genes that influenced the PALA response in these hybrids,
gene expression was analysed by differential display reverse transcriptase assay. Several novel
transcripts were isolated and sequenced, which may play a role in the promotion of growth arrest
and suppression of apoptosis in these hybrids. Also, murine TIS7, an interferon-related gene, was

identified, suggesting its involvement in the early response to PALA exposure.

5.2 Introduction

Techniques which permit the isolation of differentially expressed, unknown genes, are
limited to the classic molecular techniques of differential screening and subtractive hybridization,
and the more recently developed technique of differential display reverse transcriptase-FCR
(DDRT-PCR) (Hedrick et al., 1984; Lee et al., 1991; Liang and Pardee, 1992). The carlier
methods have disadvantages, in that they are unidirectional, and pairwise, permitting Lhe selection
of genes which are expressed in one cell line as compared to another. They do not allow
detection of quantitative differences between samples, and often require multiple attempts to

obtain the differentially expressed genes. In contrast, DDRT-PCR allows the detection of
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differences, both qualitative, and quantitative, in gene expression, between multiple cell lines, or
multiple treatments at once.

The DDRT-PCR method is based on the use of arbitrarily selected primers 1o PCR
amplify a subset of cDNAs from cach cell line or treatment being analysed. The arbitrary primers
anneal (o the cDNA template at a low temperature. PCR products result from amplification of
cDNA fragments which have sequences which match, or nearly match the arbitrary primer.
Differences in gene expression can then be detected by electrophoresing the PCR products
(radiolabelled during the amplification step) on a sequencing gel. Using this method, and with
a sufficient variety of arbitrary primers, it is theoretically possible to amplify almost all expressed
sequences.

Analysis of B78MC microcell hybrids’ response to the chemnotherapeutic agent PALA
suggested that PALA-induced apoptosis was inhibited in hybrids which contained human
chromosome 3. Comparison of B78MCI166, a chromosome 3 hybrid; 166-61, a subclone of
B78MC166 with microdeletions; and B78MCS56, an independent chromosome 3 hybrid
containing the short arm of chromosome 3, suggested that the gene involved in the apoptosis
suppression pathway resided upon the short arm of chromosome 3. DDRT-PCR was undertaken
o try to isolate the cDNA derived from this gene, as well as other cDNAs which were
differentially expressed in the suppressed hybrids during PALA exposure, but not necessarily
mapping to chromosome 3. A similar strategy has been used successfully by others to identify
genes induced by a variety of treatments, including vitamin response, radiation induction, retinoic

acid response, and regulation by growth factors (Kumar and Haugen, 1994; Jung et al., 1994;
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Donohue et al., 1994: McClelland et al., 1994, Here. 15 difTerentially expressed fragments were

isolated in a partial analysis of differential expression between PALA-exposed cell lines,

5.3 Materials and Methods

5.31 Cell Culture and PALA assay

B78MC hybrids, B78 and HSF-5 were cultured as described previously (Chapier 2,
Materials and Methods). During the PALA assay, the cells were grown in non-selective medium,
supplemented with 10% dialzyed fetal bovine serum. The cells were cultured in 150 ey’ Masks
(approximately 10° cells per flask) and exposed to 13ug/mi PALA (diluted in sterile water) for
2 days, after which they were harvested by trypsinization and centrifugation. Dead and dying
cells were discarded in the supernatant. Controls were cells which were cultured in parallel, in

non-selective medium, supplemented with 10% dialysed serum only.

5.32 RNA Isolation

Pelleted cells were rinsed in 0.9% saline, transferred o 1.5ml microfuge tubes, and
briefly microfuged. On ice, total RNA was released from the cells by detergent lysis (300u]
10mM Tris-HCI [pH8.0]; 150mM NaCl; 2mM MgCl.; 0.5% NP-40). The mixture was
microfuged briefly, and the supernatant, containing total cellular RNA wes ireos,erred o fresh
tubes. TSEAS buffer (300ul) was added to the mixture (10mM Tris-HCI [pH&.0J; 150mM NuCl;
SmM EDTA; 0.2% SDS) and the RNA was extracted twice using 50% phenol / 50%

chloroform:isoamyl alcohol (24:1). Finally, the RNA was precipitated with a 1/20 volume 3M
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NaCl and 2 volumes 99% ethanol. The samples were stored at -20°C in this form. or pelleted and
resuspended in 100ul TE (10mM Tris-HCl [pHS8.0]: imM EDTA) + 0.15:SDS. and stored at -
80"C. Purified messenger RNA was isolated from total RNA samples using an mRNA isolation
kit, according to the manufacturer’s instructions (Oligotex. Qiagen). RNA was quantificd by
spectrophotometer (wavelength 260nm). Purity was determined by the ratio of 260/280 (pure

samples had a ratio of approximately 2).

5.33 Differential Display by PCR

For DDRT-PCR, a modified method of the originally i:scribed technigue was used
{Liang and Pardee, 1992; Liang et al., 1993; Bauer ct al., 1993: &iou et al., 1994). RNA (rom
PALA exposed (2 days) B78, 166-61 and B78MC166 were selected to identily cDNAs which
were differentially expressed in B78MC166 as compared to 166-61 and B78. DNA was
eliminated from total RNA by incubation in DNAse [ buffer for 30min at 37°C (50ug RNA; 10U
RNAse Inhibitor; 0.1M Tris-HCI [pH 8.3]; 0.5M KCI; 15mM MgCl,: 10U DNAse §). The RNA
was phenol/chloroform extracted and diluted to 200ng/ul. The RNA was stored at 20°C until
use.

A subset of cDNAs representative of the mRNA present in each cell line were made by
reverse transcription, using different anchored polyT primers (T1 IMN where M=A,C or G and
N =T.A,Cor G) followed by PCR amplification using the same T11MN primer, and an arbitrary
decamer, DDX (Table 5.1). Samples, consisting of: 1X RT buffer, 0.1M DTT; 20uM dNTPs;
IuUM T11MN; 10U RNAse Inhibitor and 400ng DNAse treated RNA, in 1941, were incubated

at 65°C for Smin to denature secondary structure, followed by 10min at 37°C to allow the primer
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to anneal to the RNA. To cach sample, 200U of Superscript Reverse Transcriptase was added.
and the samples were incubated for S0min at 37°C. followed by Smin at 95'C to inactivate the
cnzyme.

The cDNAs were then PCR amplified in a reaction buffer consisting of: 3l of cDNA:
IX PCR buffer (10mM Tris-HCI {pH 8.3]. 1.5mM MgCl,. 50mM KCI, and 0.01% gelatin}: 2uM
dANTPs; 1uM THMN: 0.2uM DDX where DDX was an arbitrary decamer: 10uCu *S dATP;
and 3U AmpliTaq (Perkin-Elmer Cetus) in a volume of 20ul with an oil overlay. An overnight
PCR program was performed on a Pharmacia Gene ATAQ Controller Thermal Cycler as follows:
40 cycles of denaturation at 94°C, 30sec: followed by annealing at 40°C, 2min: and extension
at 72°C 30sec. After a post-extension of 72°C for Smin, the samples were refrigerated until use
the following day. To analyze the PCR products. 4-6ul of denatured sample (95°C, Smin and
kept on ice), containing 1x formamide loading buffer (0.025 % bromophenol blue: 0.025%
xylene cyanot: 10mM EDTA in formamide) was loaded onto a large 6% polyacrylamide / 8M
urea denaturing sequencing gel. The gel was electrophoresed for approximately 4 hours. at
I1800V; 60W: 30 amps. The gel was transferred to 3MM Whatmann paper, covered with plastic
wrap, and dried at 80°C for lhr. Radioactive (“P-dCTP) ink was used to mark the corners of the
gel-covered Whatmann. The gel was then exposed to XAR Kodak film overnight.

To isolate differential bands, the autoradiograph and gel-covered Whatmann were
positioned. using the radioactive ink spots as guides, Differential bands were cut out using
a clean razor blade. The polyacrylamide gel fragment was then transferred to a sterile |.5m]
microfuge tube. The PCR product present in the differential band was eluted by boiling in

[00u1 sterile water for 15min. The sample was microfuged for 2min, and the supernatant,
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containing the selected PCR product. was transferred (o a clean wbe. The sample was then
precipitated (1/10 volume 3M sodium acetate: Spl glycogen( 200 g/uby 2 volumes 99¢% cthanol;
-80°C for 30 min). and microfuged at 4°C for 15min. The supernatant was discarded, and the
pellet was rinsed once with 5001 cold 85% ethanol. The pellet was allowed o drv.and the PCR
product was resuspended in 10ul H,O.

To re-amplity the excised band, the PCR product was amplified inf a reaction bulter
consisting of: 4ul from the excised band: 1x PCR buffer; 20uM dNTPs, IUM TTIMN. 0.2uM
DDX and 2.5U AmpliTaq in 40pl. The samples were overlaid with oil. and PCR amplilied
using the PCR program as before. To verify that the re-amplification was successtul, and to
determine the size of the fragment. [0l of the sample was electrophoresed on 2% Nusicve
GTG (3:1) agarose gel containing ethidium bromide. One pl of the remaining 30p1 was used

to quantify DNA concentration of the sample (TK-100 fluorometer).
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Table 5.1 List of 5" arbitrary decamer primers

Decamer Sequence (5'to 3")
DD2] T A C A A C G A G G
DD22 T GG G AT T G G T C
DD25 G G A A C C A A T C
DD27 T € G A T A C A G G
DD29 T ¢ G G T C A T A G
DD30 G G T A C T A A G G
DD32 c T 6 ¢ T T G A T G
DD42 G A T C G C A T T G
DD43 G A T C T G A C T G
DD44 G AT €C A T G G T C

Note: Decamers are 50% G/C and 50% A/T, and are non-selfcomplementary.
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5.34 Subcloning of DNA from excised bandys

The re-amplified DNA from the excised bands was subeloned into pCRII veetor (TA
Cloning Kit. Invitrogen). A 1:1 molar ratio of the PCR product with the pCRII cloning
vector was used. based on the length of the PCR product. which ranged between 125 bp 1o
800 bp. An equimolar mixture of fresh PCR product was ligated to 50ng pCRI vector in 1x
Ligation Buffer and 4U T4 DNA ligase, ina 10ul volume, at 14°C overnight. Following this,
a 2pl aliquot of the ligation mixture was added to 50ul of competent cells in the presence of
20mM B-mercaptoethanol. The cells were incubated on ice for 30min. and heat shocked lor
30sec at 42°C. The cells were then placed on ice for 2min, 450u1 SOC (2% Tryptone; 0.5%
Yeast Extract; 10mM NaCl: 2.5mM KCl: 10mM MgSO,; 20mM glucose) medium was
added to the cells, which were then incubated {or 1hr at 37°C. For each translormation. SOul
and 200ul of cells were spread onto separate labelled LB agar plates containing 50pg/ml
ampicillin and overlaid with 40ul of 40mg/ml X-Gal in dimethylformamide. Controls were
self-ligation reactions, with pCRH vector only, to determine the rate of false while colony
formation and transformation efficiency controls, to test the competency of the cells to be
transformed by a control plasmid (pUCI18). The plates were inverted and placed at 37° C
overnight to allow colony growth. White colonies (recombinants) were picked and cx pundexd
overnight in 2ml LB (1% Tryptone; 0.5% Yeast Extract; 1% NaCl [pH7.0]) with ampicillin.
Recombinants were labelled according to the originating primer sets used, and given an

alphabetic name (eg. four MA2If1 clones were picked and labelied MA21f14, fib, flc, and

fld).
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Restriction analysis was performed on the recombinants to ensure that the inserts
were the expected size. The insert was released from the vector by an EcoRI digest (10u] of
plasmid DNA incubated for 2 hours at 37° C. in a digestion buffer consisting of 10U RNAse,
Ix H buffer [Bochringer Mannheim] , 10U EcoR1. in a volume of 15ul). The digest was
then clectrophoresed on a 1% ethidium bromide agarose gel. with a 100bp ladder to
determine the fragment size. Alternatively. the plasmid was PCR amplified as described in
the PCR protocol above, and the PCR product was electrophoresed. and compared with a

100bp ladder marker.

5.35 Northern Blots

Each cell line was either untreated. and in exponential growth. or treated with PALA
(13pg/ml) for 2 days prior to RNA isolation. Total RNA (15ug) or mRNA (0.5 or | pg)
from each cell line was loaded onto a formaldehyde gel (1.2% agarose; 1x MOPS [20mM
MOPS; 5mM sodium acetate: 0.5mM disodium EDTA]; 1.0M formaldehyde), and
clectrophoresed at approximately 56 V for 3 hours. Marker lanes were Ipg total RNA from
B78 with 100ug/ml ethidium bromide added). For Northern transfer, the gel was placed on
a Whatman paper covered sponge soaked in 10X SSC (20XSSC=3M NaCl: 0.3M trisodium
citrate). A nylon membrane (Pall Biodyne) was cut to the same dimensions as the gel, and
placed on top of the gel. A Whatman paper was placed over the membrane, and
approximately 3 inches of blotting pads were placed on top. The RNA transfer was allowed
to take place overnight. Following transfer, the lanes were marked, and the RNA was

crosslinked to the membrane using a UV source (Stratalinker, Stratagene) set at
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Autocrosshink. Membranes were stored in prehybridization solution (30€F formamide; 0.5M

NaHPQO, [pH7.2]: imM EDTA: 5%8DS} at 4°C until use.

5.36 Dot Blots

Denatured aliquots (2ng in 2ui 0.4M NaOH/IOmMEDTA. boiled 2min) of cach
cloned fragment were dotted onto a damp nylon membrane equilibrated in 0.4M NaOH. The
dots were allowed to dry. the membrane was rinsed briefly in 2XSSC. and stored in

PEG/SSPE hybridization buffer (see Materials and Methods, 4.37).

5.37 Preparation and labelling of probes

Probes were labelled with “P-dCTP by PCR-labelling, or by random priming. using
Prime-It IT Random Primer Labelling Kit (Stratagene) according to the manutacturer's
instructions. For random priming, 25ng of DNA was denatured (100° C, 5min) in the
presence of oligonucleotide primers, in a volume of 34pl. The denatured DNA was bricfly
centrifuged, and primer buffer (§X), 5Ci “P-dCTP (3000 Ci/mmol), und 5U Klenow were
added to a final volume of 50pl. The mixture was incubated for 10min at 37° C, and stopped
with 2ul stop mix. The mixture was then diluted to a volume of 220ul in low TE (10mM
Tris-HCI [pH8.0]; 0.ImM EDTA). Probe specific activity was determined by TCA
precipitation (1ul probe mixture in 2ml 5% TCA with 0.04% BSA) and quantificd by
scintillation counting. Unincorporated nucleotides were eliminated by precipitation of the
probe with 40pg salmon sperm DNA and 2mM spermine. The probe was resuspended in

135ul low TE. A 1/10 volume of 4N NaOH and 5M NaCl were added to dissolve the pellet.
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Prior to use, the probe was denatured by heating to 65°C for Smin. placed on ice for 2min.
and added o 10ml hybridization solution.

Alternatively, PCR probes were made from re-amplified, excised ¢cDNA PCR
products Tor use on Nothern blots. The reaction mixture consisted of 25-50ng of re-
amplified PCR product, 1x PCR buffer, 2.5uM dNTP-dCTP. [uM TIIMN. 0.2 pM DDX,
2.5U Amplitag and 100pCi *P-dCTP (3000 Ci/mmol) in a volume of 20pl. Oil was overlaid
onto the sample. and the previously described PCR program was run overnight. The “P-
labelled PCR products were then removed from the oil by dotting onto paratilm, and
transferred to a clean microfuge tube. The probe was diluted in 200l low TE and was

purified and quantified as described above for the random-primed probes.

5.38 Hybridization of Blots

Northemn blots were placed face up in roller bottles and equilibrated at 42°C in 10ml
prehybridization (50% formamide: 0.5M NaHPO, [pH7.2]: lmM EDTA: 5%SDS) solution.
in a hybridization chamber (Robbins Model 400) for at least !5min. Denatured probe was
added to the solution and hybridization was allowed to take place at 42°C overnight. The
hybridized blots were rinsed in 2XSSC/0.1% SDS (2x 15min, 42°C) and 0.1XSSC/0.1%SDS
(30min, 65°C). The blots were then wrapped and exposed appropriately on Kodak XAR-5
fitm with intensifying screens, or on Molecular Dynamics phosphe:imaging screens. The
intensity of signals was analysed by phosphorimaging (Molecular Dynamics) or by

densitometry. Signals were calibrated to control hybridizations (tubulin or GAPDH).
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Dot blots were equilibrated at 65°C in prehybridization solution (PEG/SSPE) for 2
hours.  Denatured probe was added to the solution and hybridization ok place at 63°C
overnight.  The blots were washed at 63°C in 2XSSC/).1% SDS (2x153min) and
0.1XSSC/0.1%SDS (30min). The dot blots were exposed on Kodak XAR-5 film with

intensifying screens. or on phosphorimaging screens (Molecular Dynamics ).

5.4 Results

5.41 Differential display of cDNAs

Analysis of the PALA responses of B78 und the microcell hybrids, suggested that the
turning point for survival via growth arrest as opposed to cell death via apoptosis occurred
during day 2 of PALA exposure. Removal of PALA following onc day of treatment, but not
2 days of treatment, partially rescued B78 from PALA-induced cell death (Fig. 5.1). Also.
cell proliferation levelled off for all the cell lines at day 2 (Fig. 4.4), in spite of the lact that
viability was still almost 100%. Also at day 2, all the cell lines showed similar flow
cytometric histograms, and were still primarily blocked in S phase of the cell cycle (see
Chapter 4, Fig. 4.2, and Fig. 4.4). Therefore, it was assumed that cach cell line would have
similar patterns of gene expression, except for those genes which affected the decision to
undergo apoptosis, or survive via growth arrest. For these reasons, day 2 of PALA exposure
was chosen as an appropriate starting point for identifying differentially expressed sequences.

PALA-exposed B78 and 166-61 were used in the DDRT-PCR screen, to represent

cells that responded to PALA with apoptosis. PALA-exposed B78MC 166 was chosen to
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represent cell types that responded to PALA with growth arrest and improved survival. It
was assumed that B78 and 166-61 would have matching displays during PALA exposure,
exeept for cDNAS derived [tom human chromosome 3 that were non-conserved between the
two species. It was also assunied that B7I8MC166 would have matching displays with B78
(the murine background), and 166-61 (micro-deleted human chromosome 3), but differ in
genes expressed which were either linked to the microdeleted regions of human chromosome
3in 166-61, or which were growth arrest specific (human or down-stream murine).

Ten different arbitrary decamers were selected (Table 5.1), in combination with 4
different TIIMN primers: TIIMA; TIIMC; T1IMG; and TIIMT. DDRT-PCR was
performed on RNA extracted from 2 day PALA-exposed cells, and the products were
analysed for differential expression. The reactions were repeated, using cDNAs which were
reverse transcribed on different days, and duplicate experiments were electrophoresed
together, on sequencing gels (Fig. 5.2).

Forty independent subsets of mRNA species (4 anchored primers x 10 DDX primers)
revealing approximately 120-150 bands per experiment were differentially displayed, in
duplicate. Fifteen individual fragments were found which were differentially dispiayed, ie.
present in greater intensity in the B78MC166 lanes as opposed to 166-61 and B78. The
fragments were named for the primer sets used, and numbered sequentially (eg. MA32f1).
The fragments were cut from the gel, extracted and reamplified. One of the fifteen fragments
failed to reamplify, and was discarded (MG43f10). Fourteen fragments were re-amplifiable,

and these were subcloned for further analysis.



Figure 5.1 Rescue of PALA-exposed B78.

B78 was exposed to PALA for 0. 1, 2 and 4 days prior to removal of PALA. The
cells were washed and allowed to continue to grow in regular medium until cultured
for a total of 4 days. Cell viability was measured by trypan bluc. There was no
significant difference in cell survival between 2 days and 4 days of PALA exposure
(P>0.05). Celi survival following | day of PALA treatment was significantly higher

than survival following 2 or 4 days of PALA treatment (P<0.001) (Bonferroni
multiple comparisons test).
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Figure 5.2 Example of DDRT-PCR sequencing gel, difterential bands. cDNA was
made from RNA from PALA exposed B78. 166-61 {(-61). and B78MC166 (166).
using, in this case. TIIMA anchored primer. The ¢DNAs were used in PCR
reactions using T1IMA and ditferent arbitrary decamers (shown here, DD42 and
DD43). Each experiment was repeated onee and the PCR products from the replicate
experiments were electrophoresed in duplicate lanes. A differential fragment
(MA4213) 1s shown {arrow).
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Figure 5.2
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5.42 Northern blot analyses

Northern blots were performed, using PCR-radiolabelled fragments as probes, and
quantified by phosphorimaging to measure the relative level of expression of the
corresponding RNA in the presence and absence of PALA. RNA was isolated from
untreated, and PALA-treated (13 pg/ml, 2 days) cells from the three cell lines used for the
DDRT-PCR experiments, and other cell lines with known PALA responses. Differential
increased expression was expected to be detectable between cell lines which showed reduced
PALA-induced apoptesis and growth arrest (growth arrested, GA cell lines: B7SMC166 and
B78MC56) as opposed to those that showed higher levels of PALA-induced apoptosis and
no growth arrest (apoptotic, AP cell lines: B78, 166-61 and 166-R2). Differences in gene
expression between the cell lines were detected using several of the DDRT fragment probes;
however, they were weak and difficult to reproduce (Table 5.2). Probes MA21f1, MA29(2
and MG32f9 failed to reveal any differences in expression between cell lines.  Scveral
probes revealed a differential response to PALA in one or more lanes, but they did not show
a consistent difference between GA and AP cell lines (probes MA42f5, MC25f6, MG44f1 1;
MGA44£12). The failure of these probes to detect differences in expression between the cell
lines and their responses to PALA may be attributed either to spurious differences in the
differential display, or due to mosaicism in the cell lines, which allowed the detection of
differential expression by the DDRT-PCR technique, but diluted the detection of differences
in expression by Northern blotting,

The MA32f4 probe detected two messages, one at 1.9kb, and the other, at 1.3kb,

indicating that either at least 2 cDNA fragments were present in the original gel slice, or the
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probe revealed an alternatively spliced mRNA (Table 5.2). Whereas the 1.3kb band showed
no consistent differences between cell type, the 1.9kb band showed differential expression
between the GA cell lines as compared to the AP cell lines (Fig. 5.3). This band showed up
regulation or little effect in the GA lanes, and relatively strong down regulation in the AP
lanes.

The MC44f13 and MC44f14 probes also indicated consistent differential expression
pattern between AP and GA cell lines (Table 5.2). The 1.9kb message revealed by the
MC44f14 probe did not appear to be strongly affected by PALA in the AP cell lines, but was
relatively upregulated in the GA celi lines (Fig. 5.4). The MC44f13 probe revealed a {.5kb
message that was either weakly expressed (B78) or strongly down regulated in the presence
of PALA, for all remaining AP cell lines. It was weakly down regulated in GA cell line
B78MCI166, but showed higher residual expression relative to the AP cell lines. The

message also appeared to be up regulated in B78MC56 during PALA exposure (Fig. 5.5).
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Table 5.2 Northern analysis of differentially displayed fragments.

Probe

mRNA Size PALA Response Expression
MAZ111 1.6kb No change Not ditferential
1.5kb No change Not differential
1.0kb Induced in all Not differential
MA29f2 0.9kb Reduced in all Not differential
MA32f3 N.D.
MA32f4 1.9kb Differential MC166/MC56: up; others: down.
i.3kb Differential B78: down; others: no change
MA42{5 1.5kb Dillerential MC356: up; others: unchanged, or down
MC2516 2.9kb Differential R2: down; others: up
MC32f7 N.D. homologous to 14
MG3218 N.D. homologous (o {14
MG32{9 1.8kb Reduced in ail No differential
MG44f11 1.6kb Differential MC166/56/166-R2: up; B7S,
MCI166-61: down
MG44f12 2.1kb Differential MCI66/MC56/R2:up; B78, 166-61: down
MC44f13 1.5kb Differential MC166/MC56: remains high; others:
down
MC44f14 1.9kb Differential 166/56: up; B78/166-61: unchanged
MC44f15 N.D.

N.D., not determined



-156-

Figure 5.3 Northern blot analysis of MA32f4.

(a) Northern blot probed with labelled MA32f4. Cells were harvested and RNA was
isolated following 2 days of growth in the presence (+) or in the absence (-) of
PALA. Approximately lug polyA* RNA was loaded in each lane. GAPDH was the
loading control.

(b}  Quantification of each lane. Band intensities were determined by
phosphorimaging, corrected relative to GAPDH and standardized to the B78 (-) lane.
Light hatch, controls; dark hatch, PALA exposed.
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Figure 5.4 Northern blot analysis of MC44f14.

(2) Northern blot probed with labelled MC44f14. Cells were harvested and RNA
was isolated following 2 days of growth in the presence (+) or in the absence (-) of
PALA. Approximately 15pg total RNA was loaded in each lane. Tubulin was the
loading control.

(b)  Quantification of each lane. Band intensities were determined by
phosphorimaging, corrected relative to Tubulin and standardized to the B78 (-) lane.
Light hatch, controls, dark hatch, PALA exposed.
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Figure 5.5 Northern blot analysis of MC44f13.

(a) Cells were harvested and RNA was isolated following 2 days of growth in the
presence (+) or in the absence (-) of PALA. Approximately 1pg polyA* RNA was
loaded in each lane. The blot was probed with labelled MA32f4 probe, and GAPDH.
(b) Relative expression was quantified from the ratios of signal intensities between
MC44£13 and GAPDH, and standardized to the B78 (-) lane. Light hatch, controls,
dark hatch, PALA exposed.
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5.43 Cloning and sequencing

To allow further analyses of the DDRT-PCR fragments, it was necessary to PCR-
amplify them using the appropriate primers and subclone them into a cloning vector (pCRII,
Stratagene). To ensure that the correct fragment was cloned, multiple colonies were picked
and expanded, and plasmid DNA was extracted for analysis. The sizes of the cloned
fragments were tested against the known size of the uncloned fragments, by PCR
amplification, and by plasmid digests. To identify clones which corresponded to the desired
amplifiable fragment, uncloned fragments were PCR-labelled and used as probes on dot blots
containing DNA from each cloned fragment (Fig. 5.6). Those clones which were of similar
size, and hybridized to the fragment probes from which they were derived were then
sequenced (Table 5.3).

The T11 primers, which were complimentary to the poly A tail of mRNAs, also
targetted the 3'-UTRs which are known to be high in A and T content (Proudfoot and
Brownlee, 1976). Sequencing of the DDRT fragments revealed that most were indeed rich
in A and T content A database search (BLASTN and BLASTX) revealed that the majority
of fragments 1solated were novel; most likely due to a paucity of 3'UTR sequences registered
in the gene databases.

Sequencing of MA32f4-2c revealed no extensive homologies at the protein level.
However, interestingly, a short region of this clone was homologous to part of exon 2 of
murine bcl-2, a gene already known to be involved in the suppression of apoptosis (Fig.
5.7b). Sequencing of MC32f7a, an unrelated fragment, revealed identity between f4 and f7

(Fig. 5.7a). Both fragments were derived from amplification of a unique sequence flanked
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by DD32 at both the 5’ and 3" ends. and therefore the t4/7 fragments probably originated
from internal sequences. The fact that the same ¢DNA fragment was subcloned
independently twice, in combination with the Northern analysis (Fig. 5.3) suggested that it
was truly differentially expressed.

The MC44f14{ sequence corresponded to murine 7187, a B-interferon-related gene,
possibly suggesting the involvement of this gene in growth arrest and cell survival in this
system. The sequence of MC44f14f overlapped with an independently isolated fragment,
MG32f8¢ (Fig. 5.8a and b). This occurred in spite of having been derived from ¢cDNAs
made from different anchored polyT primers (T1IMC vs. T1 IMG) and different decamers
(DD44 vs. DD32). Sequence analysis of MG32f8c and MC44f14f revealed that these
fragments, which were amplified using both different decamers and anchored polyT primers,
were nested fragments of 7/S7, a murine B-interferon related gene (Fig. 5.8c). The longer
fragment, MG32f8c, showed homology at both the protein level, and the nucleotide level
(Fig 5.8a and 5.8d). MC44f14f was homologous to the 3'UTR of 7/S7. Furthermore, the
size of the RNA revealed by the MC44f14 probe was similar in size to that reported for 71S7
(between 1.8 and 2.0kb). All of these findings suggest that TIS7 was up regulated in GA cell
lines during PALA exposure.

In contrast to the above finding, the majority of the DDRT fragments were found to
be novel, and lacked agreement in the nucleotide and the predicted protein sequences. This
was most likely due to the fact that the DDRT methodology was biased in favour of cloning
fragments complementary to the 3' UTR of mRNAs. An example is MC44f13, a 290 bp

fragment which revealed differential expression in the GA cell lines as compared to the AP
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cell lines (Fig. 5.5), and showed no homologies to any known genes (Fig. 5.9). An analysis
of its GC and AT content showed that, from the decamer-primed start of the fragment to
nucleotide [ 13, the percentage of A+T bases was approximately equal to the percentage of
C+G bases (52.2%). However, as the sequence approached the T11 primer, it became more
A+T content rich. The percentage of A+T bases within the final 180 nucleotides leading to
the T11 primer rose to 68.9%. As well, an analysis of the possible reading frames of the
MC44113 fragment (Clone Manager 3.11) revealed an open reading frame beginning at the
first base of the decamer primer, and ending with the TAA stop codon at nucleotide 128
(shown underlined in Fig. 5.9). This coincides approximately with the change in base

composition and may represent the end of the coding region of the message.

-
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Figure 5.6 Dot blot of cloned fragments. Uncloned, labetled MC44114 was used
to probe a dot blot of the subcloned fragments (two rows shown, opposite). The
probe hybridized strongly to plasmids MC44f14b, d, ¢, and f. The probe also
hybridized faintly to MG32f8c, which contains a homologous sequence to 14
fragments. MC44fl4c, which failed to hybridize was found 1o be a rearrangement
of the vector. The labels refer to the fragment clone (i.c. 8c represents MG32{8,
subclone c; please see Table 5.2). V is for vector, negative control.
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Figure 5.6
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Table 5.3 Characterization of DDRT-PCR fragments.

Fragment Size Plas  Size  Sequence Homology
(bp)’* mid  (bp)®
MA21fl1 500 d 500 N.D.
MAZ26f2 1907210 b 210 Novel sequence
MA32f3 800 c 800 N.D.
MA32f4 350 2c 320 Novel sequence; same as {7
MA42f5 600 d 400  Plasmid rearranged with vector-novel
sequence
MC25f6 2007210 i 255 Novel sequence
MC3217 300 a 340 Novel sequence; same as f4
MG32f8 400 c 400  TIS7; overlaps f14
MG32f9 150 b 150 Novel sequence
MG44£11 400 c 400 N.D.
MC44f£12 500 c 300 N.D.
MC44£13 320 e 290  Novel sequence
MC44f14 1507250 f 280  TIS7; overlaps f8
MC44f15 125/225 a 190 Novel sequence

N.D., not determined

* bp size was estimated by gel electrophoresis and comparison with a 100bp ladder, or if
sequenced, by counting nucleotides between and including the primers.
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Figure 5.7 Sequences of identical cloned fragments MA32f4-2¢c and MC32f7a.
(a) Sequence of MC32f7a is shown. Lower case letters cotrespond to primer
sequences. MA32f4-2c is shorter, ending at the internal (lower case italicized)
primer site.

(b) Murine bcl-2 exon 2 region (3443-3489) showing homology with f4/f7 clones.
Superscript letters represent non-matching bcl-2 bases.
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Figure 5.7
a. MC32f7a

ctgettgatg GAGGAGAAAT TTGGAAAAAA GAACCTAAAA TTTTAGGTGC
AGCAAACACG ATTGTGGAAA GTAATGGAAA ATCTATTGTG G TGTGTCTAA
AGCCAATCTG AAATATGAAC TTAACACATC TCGCTCTC CT AGTAGTACTT
CTTCAAACTA TCTTGATCAT TTCTGGAGTA TTGTAACTCA GGAAGAAACA
ATTTTCTATT TCGATGAAAA TAAAGAAGAA TGGATAAGTT GTGGAAATGG
CATAAGTACT CAGTAATCGC CAACATAAAT AGACATTCAG TACTGCATNA

AACATCGCCA ACCAAGCAAT TACACA catcaagcag ACCA TCAAGCAGTC
catcaagcag

b. f4/f7 region of murine bel-2 exon 2 hemology (3' regulatory region)

TG® GT° T® AAGCC®T TCTGAAATATGAACT/C A6 CA% TS GCTCTC



-165-

Figure 5.8 Sequences of 7157 related cloned fragments

(a) and (b) are representative sequences of TIS7 related fragments, MG32f8 and
MC44f 14 respectively. The italicized lower case letters indicate the f14 priming sites
The // in (a) represents an unsequenced region. The region of homology with 7757
is underlined.

(c) The extent of homology between f8/f14 and TIS7 is shown. Superscript letters
represent 7157 non-matching bases. -//- represents the unsequenced region in f8 and
a region of non-homology presumed to be artifactual. The asterixes encompass the
region of f8 which is homologous to a part of the coding region of TIS7.

(d) Homology between f8 and TIS7 at the protein level is shown. The final amino
acid residue is followed by the stop codon, ATC. Note: the nucleotide sequences are
shown in anti-sense conformation.



-165a-

Figure 5.8
a. MG32f8¢c

gac*gaactac GACGTTGTGA ATTTTGGTAC TTCCAAAGAG CAAAACTTTC
CGTAAATATA TTGAGACGTC GAAAGTTTCG AGCTTGTTTT CGAGCTTCGT
TTACGGCTCT ATTCTCTCGT CTACAACCTC TTAAGAAC*AT CACAGACTT
AAA/ICGATG AGATTCATAT ATTCGA AATCTCTGTC _AAAAatapadccas
TTGAATTTAT TAAAAACTAC ATCCCCACCC AACATAAAAT TAAATTACAT
GTCACAATGT TTAATTACTC AAGAAATGAG AGACATTTIT ATTGACCATT
GGTGTTTATT TCACAAACAC TA CAAACCA getrtttettttt

b. MC44f14f

ctagtaccag  TTGAATTTAT TAAAAACTAC ATCCCCACCC AACATAAAAT
TAAATTACAT GTCACAATGT TTAATTACTC AAGAAATAAT ATACATTTIT
ATTGACCATT GGTGTTTATT TCACAAACAC TAGTACCAG Gegttttttt tttt TTTTTT
TAGTCTTTAA CCTCTTTAGS AATCGTGTTA AAAGATTTTT TATTGTCTGT

AAAAACAATA TGTAATCTGA TAGTCTGTGA CCTGGATGGA ATTACCAATC
TGTGAAATA cgtittittet

c. f8/f14 region of homology with TIS7(273-439)

*GAACTACGAC GTTGTGAATT TTGGTACTTC CAAAGAGCAA AACTTTCCG
TAAATATATT GAGACGTCGA AAGTTTCGAG CTTGTTTTCG AGCTTCGTTT
ACGGCTCTAT TCTCTCGTCT ACAACCTCTT AAGAACATC*-//-AATCTCTGTC
AAAAA* taga accagTTGAA TTTATTAAAA ACTACATCCC CACCCAACAT
AAAATTAAAT TACATGTCAC AATGTTTAAT TACTCAAGAA AT* AGAGACA
TITTTATTGA CCATTGGTGT TTATTTCACA AACACTACAA ACCAgc” ttt tettttt

d. f8/TIS7 coding region

£8: * TLXKTMKVSRFERHLYNSAAFKARTKARSKCRDKRADVGEFL *
TLKTMK+SRFERHLYNSAAFKARTKARSKCRDKRADVGEFL
TIST: 409 TLKTMKISRFERHLYNSAAFKARTKARSKCRDKRADVGEFL 449



-166-

Figure 5.9 Sequence of novel cloned fragment MC44f13e.

The non-capitalized letters represent primer sites. The 3 underlined bases represent
the first stop codon in an open reading frame beginning with the first nucleotide of
the sequence. A second clone, MC44£13} (not shown) was identical in sequence to
MC44f13e.
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Figure 5.9

MC44£13e

ctagtaccag GTTTGTCCAA AACCAAGTCA GAACAAAACT TTTACTTACT
GATTACCCAC TGGCGGGAGA GACAGCACAC AGAAACGTTT GCCTCCGGGA
CCCTACATGA GACAAAGTAC TGTACTAAAC TAAACTAAAA ACCTTTTTTT
TATTACTAAA AATTCGAGAA ACATAGAACC TAAAAAAAGG GGAATTTTAC

AAGAATTTCT ATCGTTACCT TGGGTTGAGG TCCCGAMCGA AAAATAGTTG
TCAATAAATA TTTAAATTTT AGAGGGACAC cgtreeteeetet
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5.5 Discussion

The recently developed DDRT-PCR technique, was used to screen for differentially
cxpressed cDNAs from cell lines having a differential response to short term PALA
treatment. Four different anchored primers were used with 10 different arbitrary decamers,
resulting in a cummulative display of approximately 6,000 fragments (about 150
bands/display track). It has been estimated that most cells express approximately 15,000
genes, and therefore, if each cDNA is represented by differential display as an independent
band, at least 25 different arbitrary decamers should be used (25 decamers x 4 T1 IMN X 150
bands). However, the results of this partial screen suggest that two, and possibly more
independently primed fragments can be displayed from the same cDNA, and therefore, fewer
mRNAs may have been represented on the displays than expected. For example, on two
separate occasions, the same cDNA fragment was isolated from independent differential
screens (MA32f4/MC321‘7 and MG32f8/MC44f14), using different combinations of primers.
Thus, different fragments of a particular cDNA may be represented by differential display,
several times. For this reason, it is not possible to estimate accurately what percentage of the
active genome was screened here.

Fourteen differential fragments were isolated and cloned. Five of the fragments
(MA32f4/MC32f7;, MG32f8/MC44f14; and MC44f13) were candidates for further analysis,
since they showed evidence of differential expression by Northern blot analysis (Table 5.2).

Candidate fragments, MA32f4!MC32f7 and MC44f13 fragment sequences showed
no significant homologies to known genes. These fragments can be used however, to screen

cDNA libraries and to isolate the full length cDNAs. Also, quantitative PCR could be used
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to try to improve the detection of differences in expression of the candidates, in the presence
or absence of PALA, and between cell lines.

The MG32f8/MC44f14 fragment was most interesting, due (o its homology with the
TIS7 murine B-interferon-related cONA. TIS7 was identified as an immediate carly gene
(IEG) with antiviral properties that was inducible by a varicty of treatments, and which
showed homologies to human interferon-B 1 (Skup et al., 1982; Kujubu et al., 1987; Vamum
et al., 1989). IEGs, which include c-fos and ¢-jun, are believed to initiate genetic responses
to changes in the cellular environment (Gubits et al., 1993). It is also interesting to note that
humar interferon-f1 (also known as human fibroblast interferon) has an antiproliferative
effect on human melanoma cells (B78 is a murine melanoma cell line) and members ot the
interferon family have been shown to produce this affect via suppression of apoptosis in
association with growth arrest (Ida et al., 1982; Graham et al., 1991; Krasagakis et al., 1993;
Lotem and Sachs, 1995; Milner et al., 1995). The interferon-mediated growth arrest pathway
appears to involve pRB, since suppression of phosphorylation of pRB can be triggered by
interferons, possibly via a TGFB-mediated pathway (Kerr et al., 1989; Resnitzky et al., 1992;
Satterwhite and Moses, 1994). Furthermore, the interferon-pB1 locus (9p21) is deleted in a
number of human cancers, including familial melanomas (Diaz et al., 1988; Cannon-Albri ght
et al., 1992). These findings lend credence to the possibility that murine 7787 may be
involved in the growth arrest and suppression of apoptosis seen in PALA-exposed
B78MC166 and B78MC56, and may be downstream from a chromosome 3 linked signalling
gene. A simple test of this hypothesis, would be to observe the response of B78 to

recombinant human interferon-B1 (playing the role of TIS7 induction) in the presence and
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absence of PALA. A good candidate for the role of signalling gene may be the TGF[
receptor 1L (TGFBRII) located on 3p22.

In summary, DDRT-PCR has provided with relative ease, a manageable number of
candidate cDNAs, one of which is an interferon-related gene product, that may be involved
in the promotion of cellular survival via growth arrest during chemotherapeutic treatment.
Further screening, using new arbitrary decamers will lead to the cloning of more candidate
genes. It is hoped that eventually, these investigations will lead to an improved
understanding of the cellular decisions of life vs. death, as relating to chemotherapy and drug

resistance.
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Chapter 6. General Conclusions
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In this thesis, I have described the construction and analysis of a novel panel of
microcell hybrids. This panel is unique, in that a dual selectable marker permits the selective
retention or removal of the tagged chromosome as desired. When hybrids from the pane! are
used as donors in further microcell fusion experiments, reversal of the chromosome-mediated
phenotypic change can be confirmed via dominant negative selective removal of the tagged
chromosome. This solves the problem of heterogeneity within the genetic background of the
recipient cells which could otherwise affect the interpretation of the results.

Although the B78MC panel of microcell hybrids was originally created as an
intermediary tool for the transfer of human chromosomes into human tumorigenic cell lines
to study and map new human tumour suppressor genes, we believed also that the panel could
be used directly to screen for cancer-related genes, affecting a variety of phenotypes. In
preliminary studies, not discussed in this thesis, the panel was used to screen for human
chromosomes that could directly suppress the tumorigenic phenotype of B78. Tumour
formation by subcutaneous injection in nude mice, as well as growth in soft agar were tests
used to screen for new tumour suppressor loci. For example, human chromosome 10
appeared to be associated with reduced anchorage dependent growth by soft agar assay, and
chromosome 12 was implicated in producing delays in tumour formation in nude mice.
However, only a small fraction of the panel could be screened at a time using these
techniques. Also, because these procedures were time consuming, extensive passaging
occurred, during which time the phenotypes altered, most likely due to loss of untagged
chromosomes associated with phenotypic changes. This resulted in difficnlty in verifying

=

the influence of a particular human chromosome. One alternative would have been to clone
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purify the entire panel. and identify the individual tagged human chromosomes in cach
hybrid, to eventually obtain a complete panel of tagged human chromosomes trom 1 o Y:
a very long, and unimaginative preliminary step. The alternative chosen here, and described
in this thesis, was to rapidly screen the entire panel at early passage for alterations in
chemotherapeutic drug responses, blindly select the hybrids showing the desired response,
and identify the specific human chromosomes involved in the response,

The ability of cancer cells to undergo apoptosis during chemotherapeutic treatments
contrasts dramatically with the tendency of most normal cells to respond to the same
treatments with growth arrest. The molecular mechanisms which influence these alternative
responses are therefore important to determine, in order to improve the efficacy of cancer
treatments, and to safeguard against tumour cell resistance to apoptosis. The tumour
suppressor gene, p53 has been piripointed as a strong regulator of growth during stressful
conditions in most normal cell types, and as an inducer of apoptosis in most transformed cell
types. It has been suggested that pS3 may simultaneously upregulate the growth arrest
pathway (via induction of p21) and the apoptosis pathway {via induction of Bax), und
depending upon the presence or absence of additional factors, one pathway may take
precedence over the other (Han et al., 1996). However, the actual molecular conditions
required by the cell (in the presence of p53**) for selection of one course of action over the
other have not yet been clarified.

pS3-directed apoptosis is not the only line of defence against DNA damage. For

example, following anticancer drug treatment, cells deficient in p21, a component of the p53-

dependent growth arrest and apoptosis pathway, arrest briefly, but then continue to undergo
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DNA replication resuiting in malformed polyploid nuclei that eventually die via apoptosis
(Waldman et al., 1996). This suggests a model whereby p53 and its downstream components
direct a first tier of defence against DNA damage by prevention of DNA replication through
G1 arrest or apoptosis, depending upon the cellular context. A second tier of damage
control, which is p53-independent, may however be activated following transmission of
damage during replication, thus eliminating transmitted DNA damage by apoptosis.
However, other modes of survival exist, since cancer cells often manage to survive DNA-
damaging chemotherapeutic and radiation treatments. Cancer cell survival has been
attributed to increased expression of drug resistance genes which limit the ability of the
treatment to induce damage. An alternate form of cancer cell survival may be via dormancy -
the ability to lie low during chemotherapeutic treatment. However, the molecular basis of
p33-independent dormancy is difficult to ascertain, since cancer cells display myriad
mutations affecting the ability of the cell to survive under the diverse conditions of tumour
initiation, progression, metastasis and finally, therapeutic interventions.

In this study, whole cell hybrids between B78, a tumorigenic murine cell line which
responded to the chemotherapeutic agent PALA with apoptosis, and human fibroblasts which
responded with growth arrest, were shown to be suppressed for ability to undergo apoptosis
in response to PALA. To attempt to identify individual human chromosomes which affected
the cellular decision to undergo apoptosis or growth arrest during PALA exposure, the
B78MC panel of microcell hybrids was screened for evidence of differential response to
PALA exposure. Using this technique, the short arm of human chromosome 3 was shown

to be associated with increased resistance to induction of apoptosis via G1 arrest.
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The primary goal following this finding was to attempt to clone the gene or cDNA
located on human chromosome 3 and responsible for the growth arrest and apoptosis
suppression phenotype. Due to the availability of two hybrids which were almost identical,
except for small, microdeleted regions of human chromosome 3 (B78MC166 and
B78MC166-61), it was possible to attempt to clone the desired cDNA immediately, via
isolation of differentially expressed sequences. The differential display reverse transcriptase
method was used in a partial analysis of differential sequences between B78, BISMC166-61
and B78MC166, and resulted in the isolation of 15 differentially displayed cDNAs. Five of
these cDNAs were shown here to be candidates for the growth arrest pathway instigated by
an as yet identified chromosome 3-linked gene.

One of the candidate cDNAs identified here was homologous to a portion of the
murine interferonf-related gene, TIS7. This is an interesting finding, given that interferons
are known to be cytostatic, and are particularly effective against melanoma, which is the
genetic background of the hybrids (Krasagakis et al., 1993). The differential upregulation
of this murine gene in the growth arrested cells may be due to upstream influence by a gene
residing on human chromosome 3.

The short arm of human chromosome 3 is a hot spot for tumour suppressor research.
A number of candidate tumour suppressor genes have been mapped to chromosome 3,
including VHL, at 3p25.2, a small cell lung and renal cell carcinoma gene at 3p2{; and an
ovarian cancer gene at 3p25, 3p23 and 3p21 (Rimessi et al., 1994; Smith et al., 1995). Also,
there are several interesting candidate genes which may be invoived in the chromosome 3-

mediated response described in this thesis. For example, the xeroderma pigmentosa (XP)
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complementation group C (XPCC) gene maps to 3p25 (Legerski et al., 1994). The XP genes
are thought to be responsible for nucleotide excision repair, which is a G2 checkpoint process
(Chapter 1). XP is a sun hypersensitivity syndrome, resulting in skin cancers, and patients
with the XPCC mutation are particularly prone to development of malignant melanoma
(Lynch et al., 1984). Since the B78 cell line is‘ a melanoma cell line, it is possible that a
mutation on the murine homolog of XPCC was complemented by the human XPCC on
chromosome 3 and contributed in some way to promoting drug-induced growth arrest.

Another interesting candidate gene on chromosome 3p21-p14, is the protein-tyrosine
phosphatase gamma (PTPG) gene. This gene has been shown to be deleted in several renal

rand lung carcinoma cell lines (LaFogia et al., 1991). The PTPG protein is a receptor type
protein phosphatase, and it is interesting to speculate that such a protein may be involved in
opposing the activities of kinases involved in transducing proliferative si gnalling in cancer
cells. The introduction of this locus into B78 via chromosome 3 may provide the opposition
to growth necessary to promote G1 arrest, and thereby avoid apoptosis induction. It is also
interesting to note that PTPG maps to one of the microdeleted regions in 166-61.

Finally, a third possible candidate gene on chromosome 3 is transformin g growth
factor-beta receptor type Il (TGFARII). TGFBRII, which maps to 3p22, mediates growth
inhibition via the TGFp signalling pathway resulting in the hypophosphorylation of pRB
(Chen et al., 1993; Mathew et al., 1994 and Fig. 6.1). This pathway may be involved in the
PALA-responsive growth arrest pathway in the chromosome 3 hybrids, since functional pRB
has previously been shown to suppress apoptosis in addition to inhibiting proliferation. It

is possible that the mouse TGFARII, which has been found to be inactivated in a subset of
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cancers, is down regulated in B78, and the re-introduction of its human counterpart resulted
in re-establishing the TGFf/pRB link in these cells (Markowitz et al., 1995). It is interesting
to note that TGFp activity has been previously shown to mediate the cytostatic effects of
human interferons (Kerr et al., 1989), Furthermore, TGFp has been shown to be a potent
inhibitor of melanoma cell proliferation, although it has also been shown to stimulate some
melanoma cells to grow (Newman, 1990; Rodeck et al., 1994; Krasagakis et al., 1995). It
has also been suggested that insensitivity to TGFp growth regulation may be involved in
melanoma oncogenesis (Krasagakis et al., 1994). Since the murine interferon-related gene
TIS7 was upregulated during PAL A-induced growth arrest and apoptosis suppression
(Chapter 5), one wonders if there is a relationship between the introduction of TGFBRII on
chromosome 3, upregulation of TIS7, and the ability of the cell to undergo growth arrest
during PALA exposure. As TIS7 was originally cloned due to its ability to be induced by the
tumour promoter TPA (Varnum et al., 1989), and TGF# has been shown to induce
immediate early genes via the TPA responsive element (TRE) (de Groot and Kruijer, 1990),
one can envision a pathway whereby PALA exposure induces a TGF B growth arrest pathway
in cells with intact TGFRII, possibly mediated by 7IS7 (Fig. 6.1). The evaluation of the
status of TGFARII in B78MCI166, and its revertant subclone 166-61 should provide an
answer to this question. As well, since human TIS7 (hTIS7) has recently been cloned and
mapped to human chromosome 3, determining the expression pattern of ATIS7 (using a
human specific probe) could further clarify the model presented in Figure 6.1.

Future considerations for the continuation of this project will be to test the ability of

some of these already cloned candidate genes to modulate the responses of B78 to
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chemotherapeutic agents, such as PALA. Also, further analysis of the novel differentially
expressed sequences identified by DDRT-PCR, such as f4/f7, and MC44f13 and continued
screening with more arbitrary decamers will hopefully lead to the identification of the human

chromosome 3 gene responsible for growth arrest and apoptosis suppression in these hybrids.
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Figure 6.1 Hypothetical model of PALA-induced TGFf growth arrest pathway.
According to this model, PALA exposure triggers an autocrine production of TGFp.
Cells which lack functional TGFSRII (B787), fail to undergo growth arrest, and
follow an alternate apoptosis pathway. Cells containing functional TGFGRI]
(B78MC1667) are capable of transducing the TGF signal, possibly via induction of

TIS7. Growth arrest and apoptosis suppression follows, most likely via activation of
pRB.
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Figure 6.1
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A.1 Autofluorescence.

To determine the effect of PALA on autofluorescence of B78 cells, flow cytometry was
performed on B78, untreated (Control), or exposed to PALA (13pg/mi) for 4 days. The
cells were fixed, and were either stained with propidium iodide as per the protocol
described in Chapters 3 and 4 (Propidium lodide), or they were unstained
(Autofluorescence). Flow cytometric log scale histograms show an increase in
autofluorescence associated with PALA exposure. However, the autofluorescent peak
did not overlap that of the “apoptosis” peak seen in the PALA-exposed, propidium iodide
cells (arrow). This indicates that changes in the autofluorescence of the PALA-treated

cells did not influence the formation of the “apoptosis” peak detected in the propidium
iodide stained cells.
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Figure A.1
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A.2 Sequences of Cloned fragments (not discussed in text)
MA29£2b

ageeagtate GTAGATTTGG TTCGAACGAA TGTTAGTGAT TTATTATACT ATAATATICA
TCGAATGTGT ACCGAACATT  ATAGAGAAAT CTTAAACATC  TAGAAAGAAC
TTTGTAGATG  AGATCAAGGA  AAGATAGCAC TATGGACAAG  AGTCACTTCA
TAGAGGAGAC CTCGTCATTC CACCGTCGTA GGTAAATAGA C aglitittritt

MAJ32f5d

ITTCCAGCACA CTGGCGTAAC CTTAGTGGAT CCGAGCTCGG  TACCAAGCTT
GATGCATAGCTTGGTATTCT ATAGTGTCACCTAAATAGCT TGGCGTAATC ATGGTATAGC
TGTTTCCTGT GTGAAATTGT TAT/

(/ direct insertion into vector)

MC2516i

cetiggitag GTTACTCCTT CTACCCCCAC CGATACCTCA CTGACCCTTC AATCITATITL
TGTAAAGACG AACTTGGGAATTTCCATATAGGATTCATTT TAATCTAAATGAAAATTATG
TAATTCACAA AAGTAGTGGT CTTCCTACGA CCTTAAAGATGAGTAAAATC TGGTCCCTCA
GTCCAAACCCACCTTTTTTT TTTTTTATTT ACGCTTACAC AAACCACGTA AGAAAGTACT
CACC cotttttitetet

MG3209b

ctgettgatg TTAANNMGGCA GCATCCAGAA GAACATGAAN CCGAATNCTN CAGATATNCA
TCACACNNNN NNCCNNCGAG CATGCATCTA GAGGNCCAAT  NNCCTATAGT
GAG/CTATAG  ATACTCAAGC TATGCATCAA GCTTGGNACC GAGCTNGGTC
CACTAGTACG GCNGNNAGTG TGCTGGAATT CGGNTTCTGC  TTGATGTTAA
CCGGCAGCAT CCAGAAGAAC ATG/

(/f unsequenced region; / direct insertion into cloning vector)

MC44dfl15a

HAAGCCGACTA GTACCAGACC TCGTCCCCGT CGACCCGAAA CGATAAGACC
TCCTGTACCGGTTCAGTACCTGAAAGTCAA GCCTCCTGAA ACACCNCGTG ATCTACCACT

ACCONNTTTT TTTTTTCTTC TTNTTTTTGT CTTTAGTAAA AAAGGCGATTA ACGAAGACCG
GTACAACAAA TAGTGT cntuttteieet
(//unsequenced region)

MC44f15e

ctagtaccag TCTCTCTACA CNNNGACTCT TTAACCTTTG NCACTACTTT AAAAGCAGTAA
AACACGTTAT ATTAATTTAT TTGTCTGGTA ACGTATAAAT CATCGTTTTT TTTTTTTTGA
TTTTGTAGAG ACCCTGAAAG ACCCCTGAAG TACCTCCCTA CAGTGGTTGG GGTGT
oreLateatiing

(this fragment failed to hybridize with MC44f15 probe on dot blot)
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A.3 Table of cloned differential fragments

Differential fragments were subcloned and analyzed by dot blot. The shaded boxes in
the “Clone™ column represent those clones which hybridized to the respective probe on
the dot blot, Those clones which hybridized to the probe were presumed to be
representative of the differential fragment and were sequenced. Some clones which did
not hybridize to the dot blot were also sequenced, to confirm the validity of selecting
clones by this technique.
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A.3 Cloned differential fragments

FRAG

SIZE (bp) DDRT | EXPRESSION CLONED FRAGMENTS
PL ! BP SEQUENCE
a 500
- detected 3
MA21f1 500 + bands b
[Edsg] hyb to 16
ant novel
R
ﬁﬁ 190 same as 20
MA292 | 190210 = detected 1| 1 4
band
L17 rib protein
MA232(3 860 4 too weak
novel same as 7a,¢
MA3214 300 +4+ single band 2a | 300
2b | 300
m 300 novel, same as Ih
[=248| 300
MA4215 600/300/200 ¢ 600
+ weak
d 600 VYector + novel
MC25f6 200/210 + weak

Noevel




A.3 continued

~21ib-

FRAG SIZE (bp) | DDRT | NORTH CLONED FRAGMENTS
BP SEQUENCE
210 same as Ge
MC25f6 200/210 weak
210
300 novel (same as f4)
300
300
MC32f7 300 *% see f4
300
320
320 novel (same as f4)
MG3218 400 ++ see f14 400 IFN B (TIS7)
MG3219 150 ++ weak b 150 novel
400
MG44f11 400 ++ weak 400
400
MG44f12 560 + weak [ 500
320 novel
320
Bl
MC44£13 320 . weak  |iileE) 320
Gt T
Bkt 320
ﬂ% 320 same as f13e
150
¢ 300 Vector
MC44f14 150 ++ weak 22 150
150 IFN p (TIS7)
d 200 IFN B plus rea
5 125 Novel
MC44f15 125 + too weak
e 125 Novel




Curriculum Vitae

NAME:

ADDRESS:

TELEPHONE:

EMAIL:

Marsha D. Speevak

1669 Taché Way
Orléans, Ontario
K4A 2T7

613-824-4467 (home)
613-562-5800 ext 8403 (work)
613-562-5440 (Fax)

mdspeevak @cyberus.ca



1

2

PERSONAL

Date of Birth:

Nationality:

Marital Status:

EDUCATION

Academic Degrees
McGill University:
Montréal, Québec
University of Ottawa

Technical Certifications

CS.LT.

June 7, 1953
American Citizen
Landed Immigrant in Canada, 1959

Married, with two children

B. Sc. Biology, 1975

Ph.D., Biochemistry (Winter, 1996)

R.T. (C.G.) Registered Technologist, Specialty,
Cytogenetics (1981)

ART. (CG) Advanced Registered
Technologist,
Specialty, Cytogenetics (1991)



2)

3)

4)

5)

SCHOLARSHIPS AND AWARDS

Ontario Graduate Studies Scholarship, 11,859.00 $
Sponsored by the Ontario Ministry of Education
University of Ottawa, Ottawa, Ontario

May, 1992-April, 1993,

Ontario Graduate Studies Scholarship, $11,859.00
Sponsored by the Ontario Ministry of Education
University of Ottawa, Ottawa, Ontario

May, 1993-April, 1994,

Ontario Graduate Studies Scholarship, $11,859.00
Sponsored by the Ontario Ministry of Education
University of Ottawa, Ottawa, Ontario

May, 1994-April, 1995.

C.R.S. Studentship, $15,050.00
Sponsored by the Cancer Research Society
| Place Ville Marie, Suite 2332

Montreal, Quebec

July, 1995-July, 1996

University of Ottawa Tuition Scholarship, $3,400.00 per year
Graduate Studies Department

University of Ottawa, Ottawa, Ontario

May, 1992-May 1996



2)

3)

4)

EXPERIENCE AND EMPLOYMENT HISTORY

Employment History

McGill University
Montréal, Québec

1975-1976 Research assistant,
Polypeptide Laboratory,
Biochemistry Deptartment

Fisher Scientific Company
Ottawa, Ontario

1976-1978 Inside sales representative

Children's Hospital of Eastern Ontario
Ottawa, Ontario

1978-1980 Cytogenetic technologist
Cytogenetics Laboratory
Genetics Division

Montreal Children’s Hospital
Montréal, Québec

(980 Cytogenetic technologist
Cytogenetics Laboratory
Genetics Division



5)

EXPERIENCE AND EMPLOYMENT HISTORY (continued)

Children's Hospital of Eastern Ontario
Ottawa, Ontario

1981-1982 Cytogenetic technologist
Cytogenetics Laboratory
Genetics Division

1982-1986 Prenatal counsclior
Genetics Division

1986-1991 Cytogenetic technologist
Promoted to Chief technologist, 1988
Cytogenetics Laboratory
Genetics Division



2)

4)

5)

6)

7

8)

9N

REFERENCED PUBLICATIONS

speevak, M. D., and M. Chevrette (1996). Human chromosome 3 mediates
growth arrest and suppression of apoptosis in microcell hybrids. Mol. Cell. Biol.
16:2214-2225.

Speevak, M. D., N. G. Bérubg, I. J. McGowan-Jordan, S. D. Lupton, and M.
Chevrette (1995). Construction and analysis of microcell hybrids containing dual
selectable tagged human chromosomes. Cytogenet. Cell Genet. 69:63-65.

Speevak. M.D., and M. Chevrette (1994). Identification of chromosomes
implicated in suppression of apoptosis in somatic cell hybrids. Biochem. Cell
Biol. 72:655-662.

McGowan-Jordan, I. J., M. D. Speevak, D. Blakey, and M. Chevrette. (1994).
Suppression of tumorigenicity in human teratocarcinoma cell line PA-1 by
introduction of human chromosome 4. Cancer Res. 54: 2568-2572.

Bérubé, N.G., M. D. Speevak, and M. Chevrette. (1994). Suppression of
tumorigenicity of human prostate cancer cells by introduction of human
del(12)(q14). Cancer Res. 54:3077-3081.

OTHER PUBLICATIONS

Ekker, M., M. D. Speevak, C. C. Martin, L. Joly, G. Giroux, and M. Chevrette
(1996). Stable transfer of zebrafish chromosome segments to mouse cells.
Genomics 33:57-64.

Ryjcan-Separovic, E., H.-S. Wang, M. D. Speevak, L. Janes, R. G. Korneluk, K.
Wakasa, and J.- E.Ikeda (1995). Identification of the origin of double minutes in
normal human cells by laser-based chromosome microdissection approach. Hum.
Genet. 96:39-43,

Goldsmith, C.L., M. D. Spegvak, H.-S. Wang, B. Carpenter, and A. G.W. Hunter
(1993). Mosaic r(13) in an infant with aprosencephaly. Am. J. Med. Genet. 47:
531-533.

Speevak, M, D,, C. Goldsmith, and H. -S. Wang (1992). A familial non-
Robertsonian translocation resulting in a child with Down syndrome. Applied
Cytogenet. 18: 93-95.



10)

i)

13)

1)

2)

3)

4)

5)

6)

Speevak, M. D, A. G. W. Hunter. D. M. Cox, and H.-5. Wang (1989). The use
of computer database for storage and retrieval of cytogenetic data. Karyogram
15: 51-53.

Speevak, M. D., A. G. W. Hunter, H. Hughes, and D. M. Cox (1985). A familial
paracentric inv(1)(g42q44) resulting in a child with a del{1)(q42). Ann. Genet.
28: 177-180.

Speevak, M.D,, B. Clifford, D. M. Cox, and A. G. W. Hunter (1985). Detection

at amniocentesis of a maternally inherited X;Y translocation, Clin. Genet. 27:
595-599.

Hunter, A.G.W,, B. Clifford, M_D. Speevak, and S. B. MacMurray (1985).
Mosaic tetrasomy 21 in a liveborn male infant. Clin. Genet. 21: 228-232.

ABSTRACTS

Speevak, M.D., and Chevrette, M. Microcell hybrids and (heir use in
phenotype/genotype identification. Great Lakes Chromosome Conference,
Toronto, Ontario, Canada, May 24-26, 1995.

Chevrette, M., Speevak, M.D,, Joly, L., and Ekker, M. Mapping the zebrafish
genome with a collection of zebrafish/mouse hybrids. EMBO Genomes and
Chromosomes Symposium, Heidelberg, Germany, October 3-6, 1994,

Speevak, M.D., and Chevrette, M. Identification of chromosomes implicated in
suppression of apoptosis in somatic cell hybrids following exposure (o
N(phosphonoacetyl)-L-aspartate. Molecular and Cell Biology of Apoplosis in
Development, Disease and Cancer Symposium, Lake Placid, New York, U.S.A.,
September 29 - October 2, 1994,

Rajcan-Separovic, E., Wang, H.-S., Speevak, M.D., Janes, L., Korneluk, R.G.,
Wakasa, K., and Ideda, J-E. Application of laser-based chromosome

microdissection to clinical cytogenetics. Genesphere Symposium, Tokyo, Japan,
Sepetember 21-22, 1994,

Speevak, M.D., Bérubé, N.G., McGowan-Jordan, LJ., Ekker, M., and Chevrette,
M. Fluorescence in sifu hybridization of microcell hybrids and their derivatives.

Great Lakes Chromosome Conference, Toronto, Ontario, Canada, May 25-27,
1994,

Rajcan-Separovic, E., Speevak, M.D., Wang, H.-S., Janes, L., Komeluk, R.G.,
and lkeda, J.-E. Application of laser microdissection for characterization of
chromosomal material of unknown origin: a case of a marker and a 4p+



7)

8)

9)

chromosome. Great Lakes Chromosome Conference, Toronto, Ontario, Canada,
May 25-27, 1994.

Ekker, M., Joly, L., Speevak, M.D., and Chevrette, M. Stable transfer of
zebrafish chromosome fragments into mouse cells. Cold Spring Harbor
Laboratory Meeting on Zebrafish: Development and Genetics, U.S.A., April 27-
May 1, 1994.

Speevak, M.D, Bérubé, N.G., and Chevrette, M. Analysis of tumor suppression
in mouse melanoma microcell hybrids. American Association for Cancer
Research, Genetics of Cancer meeting, Hilton Head, South Carolina, U.S.A.,
November 4-7, 1992,

Bérubé, N.G., Speevak, M.D,, and Chevrette, M. Analysis of tumor suppression
in microcell hybrids derived from prostate cell line DU [45. American
Association for Cancer Research, Genetics of Cancer meeting, Hilton Head,
South Carolina, U.S.A., November 4-7, 1992,





