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Abstract 

The degree of DNA supercoiling in the cell is carefully controlled by DNA 

topoisomerases. These enzymes catalyze the passage of individual DNA strands 

(Type I DNA topoisomerases), or double helices (Type II DNA topoisomerases) 

through one another. 

The purpose of the present study is to conduct a detailed analysis of the topo 

lla and f3 mRNAs expressed in several vertebrate cell lines. The final aim of this 

project is to analyze the relative roles of topo lla in chromatin condensation and 

chromosome segregation during mitosis, by performing topo lla gene targeting 

experiments in the DT 40 chicken lymphoblastoid cell line. The knock-out strategy 

was based on the observation of a high rate of homologous recombination versus 

random integration in the DT40 cell line. The topo lla gene was shown to be located 

on the chicken chromosome 2 (APM unpublished), for which the DT40 cell line is 

trisomic. The targeting vector completely replaced the 32 kb topo II a genomic locus, 

generating a topo lla (-/+/+)cell line, which showed an increased resistance to topo 

II inhibitors. Paradoxically, 150 f.!M etoposide or 1 00 f.!M mitoxanthrone induced 

apoptosis within 5 hours in the topo lla (-1+1+) cell line, more rapidly as compared to 

the normal DT 40 cells. A topo II a (-I-I+) cell line has also been generated. 

This study revealed the presence of evolutionarily conserved alternatively 

spliced forms of both topo lla and f3 isoforms between birds and humans. 

Hybridization screening of two chicken eDNA libraries, MSB-1 and DU249, revealed 

the presence of two distinct forms of both topo II a and f3 cDNAs. One form of topo 

lla, designated topo lla-1, encodes the chicken topo lla amino acid sequence 

previously reported (dbjiAB007445) in the database (unpublished). The second form, 

designated topo lla-2, encodes a protein containing an additional 35 amino acids 

inserted after Lysine-322 of chicken topo lla-1 protein sequence. In the case of topo 

11(3 mANA, one form, designated topo IIB-1, encodes the protein already described 
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(dbjiAB007446). The second form, tapa IIB-2, would encode a protein missing the 

next 86 amino acids after Valine-25 in tapa II B-1 protein sequence. The tapa 1113 

variant is positioned similarly to one previously described in human (Hela) cells. The 

5 amino acid insertion in the human tapa 1113-2 variant follows v23. In chicken cells, a 

longer insertion of 86 amino acids sequence follows v25, the homologous position in 

the tapa 1113 protein. In human cells, the situation with tapa lla is more complex, as 

revealed by RT-PCR experiments (APM, unpublished) which generated several 

bands. One of these amplified species was found to contain a 36 amino acids 

insertion, positioned after residue K321 in the human tapa II a eDNA, similarly to 

chicken tapa lla-2 variant. The second human tapa lla spliced form eDNA was 

shown to contain a 26 amino acids insertion after residue A 401 in the canonical 

human tapa lla protein sequence. The third eDNA variant isolated from human cells 

was described to encode a 81 amino acids insertion after residue Q355 positioned 

within the known human tapa I Ia protein. It appears possible that the 

posttranslational modifications of the a-2 and 13-2 isoforms may differ substantially 

from those of the canonical a-1 and 13-1 isoforms. Such variant proteins could fulfill 

specialized functions, which might be tissue or cell-type specific. 

In summary, two novel forms of tapa lla and 13 cDNAs have been identified in 

three chicken cell lines. These spliced versions of both tapa II a and 13 isoforms seem 

to be evolutionary conserved, with similar forms occurring in their human 

counterparts. Future functional analysis of vertebrate tapa I Ia and f3 will have to 

account for the existence of these novel isoforms, which might encode proteins that 

may exhibit different regulation of their subcellular localization, interaction with other 

proteins, or catalytic activity. 
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Chapter 1 : Introduction 
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1.1 General introduction and background 

DNA topology and topoisomerases 

The DNA of all organisms has a very complex and fascinating topology. It can 

be viewed as two very long, closed curves that are intertwined millions of times, 

linked to other closed curves, tied into knots, and subjected to several successive 

orders of coiling, to convert it into the compact structure of the chromatin for 

information storage (114). 

The total amount of DNA in any individual nucleus seems very large when the 

length of the molecule is compared with the dimensions of the cell. For example, a 

typical E. coli cell, which is 1 f..tm x 2 f..tm (190), contains 4.7x106 base pairs of DNA 

(19, 48, 53, 170). Since each base pair is 0.34 nm apart from the next, the length of 

the E. coli chromosome is expected to be about 1.7 mm. Fortunately, the bacterial 

chromosome can adopt a more compact configuration, due to supercoiling and the 

action of a number of proteins. 

For information retrieval and cell viability, some geometric and topological 

features must be introduced, and others quickly removed. The interconversion 

between different DNA topological isomers is performed by a diverse family of 

proteins, called DNA topoisomerases. 

In a double helical molecule of DNA, the two polynucleotide backbone chains 

have rotational freedom about one another as long as the ends are not fixed. If any 

part of a linear molecule of DNA is locally twisted, then that twist can be redistributed 

throughout the entire molecule and it can re-assume its most stable conformation 

(205). However, if the twist occurs in a circular DNA, the strands could not rotate. 

The molecule must undergo structural rearrangements to isolate the twist in local 

domains and permit the bulk of the DNA to adopt a 8 form conformation (205). 

The topology of a circular DNA molecule can be described in terms of 3 

parameters: the linking number, the twist and the writhe (45, 46, 205). By modifying 

the topology of a particular DNA molecule, the DNA topoisomerases will alter the 
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linking number of that molecule by 1 unit (type I DNA topoisomerases) or by 2 units 

(type 11 DNA topoisomerases) for each enzymatic step (45, 46, 182, 230). 

The linking number (4<) (229, 230) is the number of times one DNA strand 

crosses another. (4<) is invariant for a given DNA molecule, as long as the covalent 

structure remains intact. (4<) can be divided into two components, Twist (T) and 

Writhe (W), as described by the equation: 

( Lk)=(T)+(W). 

Twist (T) is the number of helical turns in the structure, which can be 

calculated as the product of the length of the molecule and the helical repeat in base 

pairs per turn (46, 229, 230) [see Figure 1.1]. 

Writhe (W) is the geometrical factor which describes the number of the 

crossovers of the helix axis in 3 dimensions (46, 229, 230) [see Figure 1.2]. 

DNA topoisomerases: definition and classification 

All cellular processes involving the movement of macromolecular assemblies 

along DNA, require the remodeling of the chromatin structure (130). The disruption of 

the highly organized nucleosomal structure in order to facilitate the accessibility of 

replication and transcription factors to DNA, can generate both positive or negative 

supercoils (154, 186). The degree of DNA supercoiling in the cell is carefully 

controlled by DNA topoisomerases (186). They control the level of supercoiling by 

cleaving and resealing the phosphodiester backbone of the DNA. DNA molecules 

exhibiting various levels of supercoiling are shown in Figure 1.3. 
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~· .. · 

Panel A 

T=O T = + 1/2 T = +l 

Panel B Lk = T=O Lk = T = + 1 

Agure 1.1: Graphical representation of DNA Twist {T) 
Panel A:-relaxed, circular double helical molecule (left), gray 

-1x twisted circular double helical molecule (right), red 
Panel 8 :- upper:- 30 diagram of a relaxed molecule (left) 

- 30 diagram of a 1f2X twisted molecule (middle) 
- 30 diagram of a 1x twisted molecule (right) 

- lower: - 30 diagram of a relaxed, circular molecule (left) 
- 30 diagram of a 1 xtwisted circular molecule (right) 
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_j ...... 
... --· ... -

~-

Lk = 0 

f :.,..,.--.---·-- . ---

W = +2 Lk = +2 

Figure 1 .2: Graphical representation of DNA Writhe (W) 

Panel A: 

Panel B: 

- relaxed. circular double helical molecule 

- 3D diagram of a positively supercoiled DNA molecule, in which 
the linking number changed by 2 units with the introduction of 2 
positive (right handed) writhes. 
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DNA topoisomerases are enzymes that catalyze DNA topological 

transformations by transiently cleaving either a single DNA strand (type I DNA 

topoisomerases) or a pair of complementary DNA strands (type II DNA 

topoisomerases) in one duplex segment, to form an enzyme-operated gate. 

The DNA topoisomerases are classified as type I and type II enzymes, 

according to their reaction mechanism and phylogenetic relationships. These 

enzymes catalyze the passage of individual DNA strands (type I DNA 

topoisomerases), or double helices (type II DNA topoisomerases) through one 

another, unwinding or winding the DNA [see Figures 1.4a and 1.4b] (127, 149). 

Prokaryotes maintain their DNA in a supercoiled state by the balanced action 

of two enzymes that can alter the linking number of DNA without changing its primary 

structure. One of the bacterial enzymes, DNA gyrase, utilizes the energy of ATP to 

induce supertwists in the bacterial chromosome. The other, DNA topoisomerase I, 

relaxes supercoiled DNA [see Figure 1.4a]. It is the combined action of these two 

opposing enzymes that allows bacteria to maintain the balanced superhelical density 

of the chromosome that is required for replication (21) recombination (9), repair and 

gene function. 

In higher organisms, the fundamental unit of chromatin packaging is the 

nucleosome. The wrapping and unwrapping of the DNA in a left-handed helical path 

around the octameric protein complex, the core histones, causes DNA supercoiling. 

The degree of supercoiling in the cell must be carefully controlled, by the action of 

DNA topoisomerases. The global DNA superhelical density is a very important 

biological parameter, which has to be permanently monitored by the cell. 

The DNA of malignant eukaryotic cells is generally underwound. In one study, 

(86) the superhelical properties of nuclear DNA from malignant cells of human origin 

(leukaemic cell line Reh-, a mesothelioma cell line D-562, and peripheral blood 

monocytes from acute monocytic leukaemia patients) were investigated in neutral 

sucrose gradients with ethidium bromide. 
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relaxed supercolled 

supercoillng progression 

Rgure 1.3: circular DNA molecules wtth varying levels of supercolllng {161) 

Panel A: 
PanelS: 
PaneiC: 
PaneiD: 
Panel E: 

relaxed circular molecule 
low level of DNA supercoiling 
moderate level of DNA supercoiling 
high level of DNA supercoiling 
very high level of DNA supercoiling 

Reverse Gyrase {Topo I) 

negatively 
supercolled 
circular DNA 

Topo I .. 
To poll .. 
+ATP 

+ATP Topo I 
~ 

relaxed circular 
DNA 

To poll .. 
+ATP 

Gyrase (Topo II) 
positively 

supercoiled 
circular DNA 

Bqure 1.4a: lnterconversion between different DNA topological isomers by DNA 
topoisomerases 

Type I enzymes = green 
Type II enzymes= red 
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Supercoils 

Ligase L\J Topo II 
relaxation .. y- ATP Mg2+ 

Knots 

~ £ Topo II ... unknotting 

Linear DNA 

~ 
ATP, Mg2+ 

Catenanes 

~ Topoll 

ATP,Mg2+ .. 
decatenation 

Figure 1.4b: Diagram for the DNA topo II activity in relaxing supercoiled, catenated and knotted 
DNA molecules 

As compared to the commonly observed superhelical density of nuclear DNA 

from normal cells, the DNA released from malignant cells showed a substantially 

higher negative superhelix content. The resulting negative supercoils favor reactions 

which would lead to unwinding of the double helix, such as the action of the 

polymerases which need a single stranded template for activity (45, 46, 182). 

Negative supercoils can also favor the formation of cruciform structures and lett

handed helices (Z-ONA) (1 0). 

1.2 Topo II: evolutionary distribution and conservation 

DNA topoisomerase family members are highly conserved during evolution, 

from archaebacteria and viruses (1 04) to eukaryotes. The first known member of this 

class of enzymes, one which specifically relaxed negatively supercoiled DNAs, was 
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partially purified from E. coli cell extracts in 1971 . This factor was named DNA topo I 

(52, 134, 143, 206). Two years later, an activity identified in mouse cellular extracts 

was shown to be able to relax both positively and negatively supercoiled DNAs, and 

was therefore considered to represent the eukaryote homologue of DNA topo I (121, 

220). In the same year, a new E. coli activity, capable of introducing negative 

supercoils into a relaxed DNA was isolated (79, 140, 141). As it turned out, these 

enzymes, now known to be the E. coli topo I, mouse topo I and E. coli gyrase, or 

DNA topo II, represented members of three distinct subfamilies of the DNA 

topoisomerases. 

Since 1989, each of the three subfamilies has been enlarged by the discovery 

of new members. Topo II is found in phages, archaebacteria, ASF virus, prokaryotes 

and eukaryotes [see Figure 1.5]. In bacteriophage T4, topo II represents the product 

of the genes 39, 52 and 60 (104). Within the type II subfamily, the pare and parE 

genes of E. coli, known to be involved in chromosomal partitioning, were shown to 

encode the two subunits of an enzyme, termed DNA topo IV (22, 151 ). The amino 

acid sequences of the Pare and ParE subunits are homologous to those of the gyr A 

and gyrB subunits, respectively. In the presence of ATP, purified DNA topo IV 

catalyzes the relaxation of supercoiled DNA, catenation-decatenation and knotting

unknotting of double stranded DNA rings. Unlike bacterial gyrase, DNA topo IV does 

not catalyze DNA negative supercoiling. Thus, bacterial gyrase remains the only type 

II topoisomerase capable of DNA negative supercoiling. 

In eukaryotes, the type II topoisomerases are a homodimers of about 170 kDa 

subunits. Only one form of topo II is present in yeasts, Drosophila (238) and C. 

elegans (15, 41 ), all organisms where the genome has been fully sequenced. A 

second type II DNA topo II has been found in vertebrates. This 180 kDa protein, topo 

II~, was first found in human cells (11, 111, 245). More recently, topo II~ has been 

identified in mouse (3, 4), rat (227), hamster (54) and chicken cells [AB007445; 

AB007446; 1997, unpublished]. 
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Sequence comparisons between the topo II a and B isoforms reveal a high 

percentage of homology, both at the nucleotide and peptide levels. This may reflect 

the relatively high conservation of the catalytic core of the enzyme (see below). Topo 

11~ has biochemical, pharmacological and antigenic characteristics readily 

distinguishable from those of topo I Ia. The coding sequences of the human topo I Ia 

and ~genes have been determined. The human topo I Ia gene was mapped to 

chromosome 17q21-22 (207) and the topo II~ gene to chromosome 3p24 (111) One 

alternative splice variant of topo II~ has been described in human cells (51). This 

variant, designated topo ll~-2, contains a 5 amino acid insertion after V23 in the 

human topo II ~-1 protein sequence. 

1.3 Topo II: structure and function 

Domain organization 

Budding yeast topo II contains a 125 kDa core flanked by N- and C- terminal 

domains (181, 211). Similar subdomains have been found in fission yeast topo II 

(211). The central core alone is responsible for the full DNA catalytic activity in vitro 

(211), and, as expected, it is relatively conserved. Prolonged papain digestion 

experiments produce three smaller sub-domains of the active core. These contain 

regions homologous to the ATPase domain of gyrase 8 (gyrB) and to the subdomain 

containing the active Tyrosine of gyrase A (gyrA), respectively [see Figure 1.6]. 

During evolution, the most conserved of these subdomains has been the 

central one. At the nucleotide level, this subdomain comprises the consensus 

sequence [LIVMA]-X-E-G-[DN]-S-A-X-STAG that has been termed the topo II 

signature motif [see Figure 1.5]. There is much greater divergence in the amino acid 

sequence at the N-and C-terminal ends of the proteins. 
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Crystal structure 

The crystal structure of a 92 kDa fragment of budding yeast DNA topo II has 

been solved to 2. 7 A resolution [see Figures 1.6 and 1. 7] (242) This fragment 

comprises residues 410-1202 of the 1429 amino acid protein (242). 

The 92 kDa fragment is dimeric in solution, as well as in the crystal. In 

solution, the fragment does not relax supercoiled DNA, but it does retain the ability of 

the intact enzyme to cleave the double-stranded DNA and to form a DNA-protein 

complex. The 92 kDa fragment can be thought as composed of two subfragments: 

the 8' subfragment (residues 41 0-660), corresponds to the C-terminal half of the 

gyrB subunit, and the A' subfragment (residues 661-1202) corresponds to the gyrA 

subunit of the gyrase. 

In the crystal, a pair of the crescent-shaped monomers contact each other to 

form a heart-shaped dimer with a large central hole, 55AI25AI60A in the three 

dimensions [see Figure 1.7]. The primary dimer contact involves residues 1036-

1128. The 8'-8' contact is less substantial, but appears significant. The dimer in the 

crystal can be viewed as a V-shaped A'-A' dimer, with the opening of the V capped 

by a 8'-8' arch, to form the large hole. The pair of active site tyrosines are positioned 

near the tips of the V opening (see Figure 1.7]. 

Reaction mechanism 

Topo II is an enzyme that catalyzes DNA topological transformations by 

transiently cleaving a pair of complementary DNA strands in one duplex segment, to 

form an enzyme-operated gate (242). This DNA segment will be referred as the "G

segment" or "gate-segment" [see Figure 1.8]. The second double stranded DNA 

fragment, which will be referred as the T -segment" or "transferred-segment", is 

transported through the gate by the enzyme, after which the severed strands in the 

G-segment are rejoined. This mechanism of action was proposed well before 

crystallography revealed the structure of the active core in budding yeast topo II. 



33 

...____ __ ( i G segment I 

A' = gyrA homology 

B' = gyrB homology 

* = A TP binding site 

T segment 

G segment = "gate" segment 

T segment = "transferred" segment 

Figure 1.8: the "gate" model for the mechanism of topo II action 
(165, 166, 242) 

intact DNA broken DNA 

C4' C4' 
base ribose base ribose 

C3' H c-c 
b o-c(Tyr'~ 

O=P~O 'c--c1 
I 

,P 4 ~ 
CS' Topo II 

6,, 
base ribose 

C3' 
base ribose 

C3' 
Tyr =the active Tyrosine 

OH =the attacking hydroxyl group of the 
active Tyrostne 

Figure 1 .9; The biochemistry of the DNA catalytic activity of topo II 



34 

It has been speculated (165, 166) that, initially, the C-terminal halves of the 

eukaryotic topo II form the V-shaped dimer, with the G-segment of the DNA duplex 

held in a pair of semicircular grooves near the top of the "V". The pair of B' domains 

form a dimeric arch over the 'V", if they are in the ATP-bound conformation. The B' 

domains separate by ATP hydrolysis. When the B' domains are apart, corresponding 

to the open-clamp form of the enzyme, the T-segment can enter the protein clamp 

through the gate. Upon ATP binding, both of the B' and A' fragments undergo 

conformational changes, which result in the B' dimerization [see Figure 8]. As a 

result, the T-segment will be trapped and passed through the gate, after the 

cleavage of the G-segment. In the final step, the "gate" in the DNA is religated after 

ATP hydrolysis. This causes further conformational changes leading to the release of 

the T-segment from the protein clamp (165, 166, 221, 222). 

All type II DNA topoisomearses interact with a segment of DNA centered on a 

pair of 5'-staggered cleavage sites, four base pairs apart. This cleavage site 

symmetry suggests that cleavage of DNA by topo II might resemble that by 

restriction enzymes. However, unlike restriction enzymes, which make permanent 

hydrolytic cuts in the DNA, topo II makes a temporary cut, and holds one of the loose 

ends until the reaction is reversed and the DNA is religated. 

The mechanism by which topo II cleaves the DNA consists of a nucleophilic 

attack by the active site Tyrosine onto the phosphodiester bond between DNA base 

pairs (221, 222, 236). Chemically, the breakage involves two successive 

transesterification reactions (165, 221 , 222). In the first reaction, the active tyrosil 

group of the enzyme attacks an internucleotide phosphorus, forming a tyrosine

phosphate bond at one end of the transiently broken DNA strand, leaving a hydroxyl 

group on the deoxyrybose at the other end of the broken strand [see Figure 1.9]. 

Eukaryotic topo II is linked to the DNA 3'-phosphoryl group, whereas the bacterial 

enzyme is linked to a 5'-phosphoryl group. The reaction requires Mg2+. The second 

transesterification reaction reverses the first, resulting in rejoining of the DNA strand 

and setting free the enzyme from the covalent attachment to DNA. The free energy 
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tor the entire reaction is small, on the order of 1 kcal/mol. Semi-empirical calculations 

confirmed that the broken DNA is favored by a little more than 1 kcal/mol. This 

suggests a reason why A TP is required for the final religation step, and not for the 

initial DNA cleaving step. In principle, ATP seems to be essential for the enzyme 

turnover (148, 150). In this context, topoisomerase II seems to be one of the rare 

enzymes which acts against thermal equilibrium. 

1.4 Topo II: biological roles 

One of the major cellular functions of topo II, is to prevent excessive 

supercoiling of intracellular DNA, which can occur during replication and transcription 

(215), recombination, chromosome condensation or sister chromatid segregation 

[see Figure 1.1 0] (21, 219, 221, 222). 

DNA replication is initiated by binding of initiation factors to the origin of 

replication. Nucleosomes are known to inhibit the access of the replication machinery 

to origin sequences. Recently, nucleosome remodelling factors have been identified 

that increase the accessibility of nucleosomal DNA to transcription regulators. Two 

years ago, in one study, the SV40 DNA was assembled into chromatin in Drosophila 

embryo extracts (215). It was shown that in the presence of T -antigen and A TP, a 

new chromatin-associated cofactor allowed the efficient replication of the DNA 

following its assembly into nucleosomes. This new energy-consuming enzyme 

complex, the "chromatin accessibility complex" (CHRAC), was able to alter the 

nucleosomal structure at the origin of replication, allowing the binding of T-antigen 

and initiation of replication. One component of this new protein complex was shown 

to be topo II. In this complex, topo II seems to associate with the ISWI1 ATPase 

(!mitation of ~ch Protein) (215), which was shown to represent a member of the 

SW/2/SNF2 ATPase family, encoding the 140 kDa subunit of the Nucleosome 

Remodeling Factor (NURF) (139, 208, 209, 237). 
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In S.cerevisiae, a novel protein was shown to act in concert with topo II during 

chromosome segregation (223, 224). This protein was identified as the product of the 

Pat1 gene, and to be a 90-kDa proline and glutamine-rich polypeptide. Pat1 protein 

interacts with a highly conserved leucine-rich region of topo II in vivo (223). This 

leucine-rich region could be the putative leucine zipper motif. It is possible that topo II 

may heterodimerize with Pat1 protein, via this interaction. It was previously shown 

that Pat1 protein is essential for mitotic growth in S. cerevisiae, being required for 

multiple cell cycle events, as passage through START, DNA synthesis and proper 

mitosis through a microtubule-mediated process (125). Mutant cells lacking Pat1 

protein, display aberrant cellular and nuclear morphology (125). Recent studies 

indicate that yeast Pat1 protein is required for the formation or stabilization of the 

preinitiation translation complex (239). The participation of topo II in protein 

complexes involved in regulation of chromosome condensation and segregation, has 

also been reported-

One current model of higher-order chromatin organization suggests that DNA 

loops of 50-150 kbp are anchored to a network of nonhistone proteins which, in 

interphase, forms the nuclear matrix, and in mitosis condenses to form a 

chromosome scaffold (59, 62, 63, 88, 123, 152). It has been known for over ten 

years that topo II is one of the major components of the metaphase chromosome 

scaffold (5, 6, 29, 61, 77, 196), which binds specifically the (AT) rich DNA regions 

present at the bases of the chromatin loop domains, as illustrated in Figure 1.11 (67, 

105, 137, 160). A second major component of the scaffold is Sell, a member of the 

SMC family. It was therefore interesting when, in 1992, Ma and Saitoh observed an 

apparent interaction between topo II and Sell in the context of a DNA-binding 

complex, which was referred as UB2. UB2 was originally identified through its ability 

to bind to a very specific and highly conserved sequence motif present in the 

promoter of human, mouse, rabbit and chicken ~-globin genes, as well as carbonic 

anhydrase I, the c-myb gene, and the immunoglobulin heavy chain enhancer region. 
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Purification of UB2 revealed three major components of 170, 116 and 48 kDa 

respectively. The 170 kDa protein was identified as topo II, and the 116 kDa factor as 

one of its proteolytic products. The 135 kDa component turned out to be Sell. The 

conclusion that UB2 might play a structural role in formation of chromosomal loops 

was supported by further experiments. It was shown that UB2 interacts with DNA 

elements termed scaffold-associated regions (SARs) (62), which are characterized 

by the presence of AT-rich sequences of 0.3 to several kilobase pairs (123). These 

particular binding sites were consistent with some other experimental results of the 

mapping of topo II DNA cleavage sites in intact cells or salt extracted nuclear matrix 

(5, 59, 60, 62, 64, 77, 78, 123). These were shown to be present with a spacing of 

50-300 kbp (17 4) [see Figure 1.11 ]. Numerous immunostaining experiments have 

tried to localize topo II during the cell cycle (89, 91, 246). Due to several 

contradictory results, this is still a controversial topic. The proper biological answer 

might depend on the generation of a topo I Ia null cell line. The functional distribution 

analysis between the two topo II isoforms requires a tight phenotypical 

characterization of topo II a knock-out cells. This is one reason why the production of 

a topo II a deficient cell line could become very useful. 

In mammalian prophase chromosomes, topo II forms a thin line that extends 

along the chromatid axis (194). Chromosomes at a later stage of prophase, show a 

double line of topo I Ia along their axis, although the chromosomes do not yet seem 

to be divided into separate chromatids (194). 

At metaphase, the highest concentration of both the a and f3 isoforms, is at the 

centromeres, at least in some studies. The arms display a thin axial distribution. The 

appearance of topo II at the centromere precedes the morphological maturation of 

the kinetochore in mitosis (158). This suggests that topo II may have a role, whether 

structural or enzymatic, for the proper formation and maturation of 

centromere/kinetochore structure (142). This was supported by an experiment that 

showed that inhibition of topo II resulted in abnormalities of kinetochore morphology 
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(40, 56). In the later stages of mitosis, topo II is no longer concentrated at 

centro meres. 

Another study did not find topo II~ to be associated with mitotic chromosome 

scaffold, but present in the nucleoli (245). A different result was obtained by another 

topo II localization study using confocal immunofluorescence and immunogold 

electron microscopy on growing Chinese hamster fibroblasts (83). In this study, both 

topo II a and ~ isoforms were localized in both the nucleoplasm (at the periphery of 

heterochromatic regions), and the nucleoli. During mitosis, both of the isoforms were 

detectable in the cytoplasm. However, this result is contradicted by many other 

experiments (62, 64, 78, 88, 91, 99). 

Despite its localization on centromeres and apparent coincidence with the 

scaffold, it is not yet possible to conclude unequivocally that topo II has a structural 

role in mitotic chromosomes, since there are studies indicating that the enzyme may 

act in a non-structural manner during mitosis, being localized on chromosomes only 

during a portion of mitosis (95). 

When the barren product of Drosophila gene was isolated, it proved to play an 

important role in chromosomal segregation, and it was proposed to interact with topo 

II ( 16). There is still no direct evidence for a physical interaction between topo II and 

the barren protein. The capacity of barren product to alter the activity of topo II was 

proposed to regulate the conversion of topo II from a chromosome condensation 

function to a catalytic one, required for proper segregation of the chromosomes 

during mitosis (16). There are many other experiments consistent with the 

speculation of this catalytic role for topo II (99, 100, 150). 

In one study, using frog egg extracts, following addition of ca++ to promote 

CSF degradation, metaphase spindles were induced to enter anaphase in vitro. It 

was shown that topo II inhibitors could prevent chromosome segregation at 

anaphase, suggesting that the chromatids are catenated at metaphase and that 

decatenation occurs at the start of anaphase (180). 
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It has been shown that DNA topo II is continuously required for mitotic 

chromosome condensation in S.pombe, by Yanagida and colleagues, who 

constructed cold-sensitive (cs) or temperature-sensitive strains mutated in the genes 

coding for topo II and beta-tubulin (nda3). The ATP-dependent activity of the top2(cs) 

gene product, was shown to be cs in vitro. A double mutant top2(cs) nda3(-/-) at 

20°C showed long, entangled chromosomes, which condensed and separated upon 

the shift to permissive temperature (212, 213). 

When spindle formation was prevented at permissive temperature using 

drugs, the chromosomes condensed but did not separate. When the activation of 

beta-tubulin at permissive temperature allowed the normal spindle formation, the 

inactivation of topo II resulted in "streaked" aberrant chromosomes (212, 213). 

In another study the effects of the bis(2,6-dioxypi perazine) topo II inhibitors 

ICRF-187 and ICRF-159 on the progression of cultured epithelial cells through 

mitosis was assessed beginning approximately 1.5 h after drug addition (81 ). It was 

shown that chromosome condensation was significantly inhibited as the cells 

progressed through mitosis. The cells entered and progressed through M phase at 

near normal rates, but there was incomplete chromosome separation at anaphase, 

resulting in catastrophic mitotic events. 

lmmunolabelling with anticentromere antibodies from autoimmune patients 

and with MPM-2 monoclonal antibody, which recognizes mitotic phosphoproteins, 

suggested that the centromeres of the chromosomes assembled normally in the 

presence of ICRF-187 and ICRF-159. Centromere separation in anaphase was 

initiated normally, but the chromatid arms failed to segregate. As a result, 

chromosome bridges were formed with a high frequency. Chromatin was, in most 

cases, trapped as a compact mass in the cleavage furrow (cut phenotype), leading to 

its unequal distribution to the daughter cells. In some cases, all the chromatin was 

pushed into one of the two dividing cells. In contrast to the previous observations, 

based on flow cytometry studies, which had been interpreted to show that bis(2,6-

dioxypiperazine) derivatives can cause an accumulation of cells with a 4N DNA 
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content, suggesting a G2 arrest (8, 31, 113, 119), this study revealed that 4N cells 

arose from the incomplete segregation of chromosomes in mitosis due to the topo II 

inhibition (81 ). This conclusion was also, obtained from parallel studies (1 06-1 08) 

and was shown in S.pombe, by several experiments. In one study (240), showing for 

the first time that anaphase A and B occur in yeast in a similar manner as in higher 

eukaryotes, the fluorescence in situ hybridization (FISH) technique was successfully 

used to analyze mitotic chromosome movement and disjunction in topo II deficient 

cells. It was observed that in the absence of topo II, the chromosomal DNA remains 

undivided while the sister centromeres are, surprisingly, separated. In another study 

(144), the dynamics of S. pombe centromeres during the metaphase to anaphase 

transition was studied in the presence and absence of topo II inhibition. In contrast to 

higher eukaryotes, whereas anaphase takes place in two phases (anaphase A and 

B) with the spindle elongation during the second stage, S. pombe has three phases 

in spindle dynamics: spindle formation (1 ), constant spindle length (2), and spindle 

extension (3). Sister centromere separation normally occurs at the end of phase (2). 

Topo II inhibition prevented the normal transition from phase (2) to (3), indicating an 

important role for topo II in chromosome segregation during mitosis (144). 

In mammalian cells, the distribution of function between the two known type II 

enzymes, a and (3, is largely unknown. The a isoform is probably the major activity in 

the decatenation of replicated chromatids at anaphase. Expression of an antisense 

RNA targeting specifically the topo lla message indicated that the essential role of 

topo II a during mitosis can not be substituted by endogenous topo II f3 isoform [f. 

Andoh-unpublished]. 

1.5 Expression and modification of topo II 

During the cell cycle, the topo I Ia isoform is undetectable until DNA replication 

begins in the cells inS-phase (88-90). The level of the enzyme increases through S 
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and G2, and peaks in late G2/M. After the cells divide and enter G 1 , the amount of 

the enzyme decreases, due to degradation (36, 37, 89, 233). 

In contrast, the amount of topo II f3 isoform remains constant through all 

phases of the cell cycle (233). This difference in the expression pattern of the two 

isoforms suggests that, at least in some of their functional roles, topoisomerase 

lla and f3 act differently. 

In addition to alterations in the overall levels of polypeptide, it is also possible 

that posttranslational modifications of the enzyme may have a role in regulating its 

activity. There have been identified several types of posttranslational modifications of 

eukaryotic DNA topo II, including phosphorylation, poly(ADP)-ribosylation, 

ubiquitination and glycosylation (233). 

Phosphorylation: It has long been thought that topo II is regulated by 

phosphorylation (1, 2, 232, 233). The level of phosphorylation increases during G2/M 

phase. Phosphorylation enhances the catalytic activity by several fold, but 

dephosphorylated topo II is still active (173, 196). The phosphorylation sites are 

primarily located in the terminal regions of the protein, which are dispensable for the 

catalytic activity of the enzyme (76, 243). 

Studies done on S. pombe suggested that at least some of these sites are 

phosphorylated by cdc2 (243). However, in vitro experiments showed that cdc2 

mutant fission yeast extract could phosphorylate topo II, suggesting that cdc2 is not 

the sole kinase for the enzyme, at least in yeast (243). 

In higher eukaryotes, topo II is phosphorylated during the G2/M phase of the 

cell cycle. Casein kinase 2 (1, 26-28, 42, 49, 1 02) and protein kinase C (43, 93, 102, 

168, 173) both phosphorylate topo II in vitro. In addition, topo II is one of the MPM-2 

family of mitotic phosphoproteins (196). Phosphorylation of topo II may be involved in 

regulating the interaction of topoisomerase with different proteins. 

The C-terminal region of mammalian topo II is highly phosphorylated. It 

remains to be determined whether the phosphorylation of this dispensable region of 
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the protein is involved in regulation of the interaction between topo II and other 

proteins. In fission yeast, the terminal phosphorylated acidic stretch in the amino 

region might be implicated in regulation of nuclear localization of the enzyme (4, 

243). Alternatively, it could be that some phosphorylation sites are located within the 

active core, but are phosphorylated for a very short time during the cell cycle, and 

have yet to be detected. 

Poly(ADP)-ribosylation: Poly(ADP)-ribose polymerase is an evolutionary 

conserved nuclear enzyme present in most eukaryotic species. P ARP catalyzes the 

posttranslational modification of proteins with poly(ADP)-ribose, by transferring 

successively ADP-ribosyl groups derived from NAD+ hydrolysis (179). In addition to 

a role in DNA repair, poly(ADP)-ribosylation has been proposed to be involved in cell 

differentiation, integration of foreign DNA into the cell genome, genetic 

recombination, and finally apoptotic or necrotic cell death (179). 

A number of "acceptor" proteins, covalently modified with poly(ADP)-ribose, 

have been identified in vivo and in vitro, including PARP itself. The modification of 

non-histone proteins by poly(ADP)-ribosylation was studied in detail in Hela cells 

(179). Isolated Hela nuclei were incubated with 32P-NAD, and the main labeled 

proteins were found to have sizes of 170, 116, 70 and 45 kDa. The 170 kDa band 

was identified as topo II a. This was the first experiment providing evidence that DNA 

topo I Ia is poly(ADP)-ribosylated in Hela cells. To possibly correlate the poly(ADP)

ribosylation of nuclear proteins with the extent of DNA damage, permeabilized Hela 

cells were incubated with 32P-NAD after treatment with the alkylating agent 

dimethylsulfate. Poly(ADP)-ribosylated proteins were isolated by boronate 

chromatography. A strong increase in the poly(ADP)-ribosylation of the PARP protein 

was observed, but no further modifications of the topo I Ia protein were noticed. One 

study suggested that topo II activity is down regulated by poly(ADP)-ribosylation 

(116). 
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1.6 Topo II: pharmacological properties 

Topo II as a target of anticancer drugs 

Like bacterial gyrase, which has been shown to be inhibited by coumarin and 

quinolone antibiotics (e.g. norfloxacin, nalidixic acid), eukaryotic topoisomerases 

have been recognized as major targets of antitumor agents (47). Inhibitors of both 

topo I and topo II are known [see Table 1.1 ]. As a drug target, topo II occupies an 

important niche in antineoplastic therapy. 

Cytotoxicity with anti-topoisomerase drugs results both from the inhibition of 

the enzyme activity and from the creation of a form of DNA damage by virtue of the 

drug's perturbation of enzyme function. One consequence of this is that drug potency 

increases with the intracellular enzyme content. 

Based on the type of interaction between DNA and the drug, the 

topoisomerase drugs can be divided into two classes. Class I drugs, including the 

bacterial gyrase quinolone antibiotics, the topo I drug camptothecin, and several topo 

II drugs (doxorubicin, amsacrine, epipodophyllotoxins, etc.), act through the 

stabilization of the covalent ternary complex formed between topoisomerase, DNA 

and the drug (cleavable complex). This class of drugs has been called 

topoisomerase "poisons". Class II drugs interfere with the catalytic activity of the 

topoisomerases, but do not trap the cleavable complex. This class includes 

topoisomerase inhibitors such as suramin, merbarone, the bis(2,6-dioxipiperazine) 

derivatives compounds ICRF-159, 187 and 184, etc. [see table 1.1]. For this class of 

drugs, information about the mechanism is not complete, and it may involve inhibition 

of topo II catalyzed reactions, such as interference with the ATPase activity, or with 

the DNA breakage and rejoining steps, or involving allosteric changes that normally 

accompany the reactions catalyzed by the enzymes (167). Topo II "poisons" are 

thought to act through the formation of the ternary complex DNA-enzyme-drug, 

which results in the inhibition of the resealing of the transient DNA break induced by 

the enzyme. DNA single- or double-strand breaks can be recovered from cleavable 

complexes by addition of SDS (sodium dodecyl 
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Anticancer drugs that target topo I 

Non-DNA Camptothecin 

binders Topotecan 

CPT-11 (lrinotecan) 

Actinom_ycin D 

DNA - binders Saintopin 

lntoplicine 

Morpholinyldoxorubicin 

Hoecht 33342 

minor- groove Distamycin 

binders Neutropsin 

Anticancer drugs that target topo II 

Anthracyclines (e.g. Doxorubicin, Epirubicinj 

lntercalaters Ellipticines (e.g. 2-methyl-9-hydroellipticinum) 

and Aminoacridines (CI-921, AMSA) 

DNA - binders Anthracenediones (Mitoxanthrone) 

Actinomycin 0 

Saintopin 

Epipodophyllotoxins (e.g. Etoposide, Teniposide) 

Thiobarbituric acid derivatives (e.g. Merbarone) 

Non-DNA bis(dioxo)piperazines (e.g. ICRF-159, 187, 154, 193) 

lntercalaters Suramin 

Novobiocin 

Genistein 

Fostriecin 

Table 1.1 
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sulfate) or strong alkali. The stabilization of the cleavable complex most likely starts a 

cascade of events, one of which might be the blockage of replication forks, ultimately 

leading to cell death ( 47). The cellular consequences of cleavable complex formation 

induced by class I drugs include chromosomal aberrations, arrest of cell cycle 

progression in G2 phase, and finally cell death. 

Maximal cytotoxicity was observed when cells were treated in S phase. 

Quiescent cells were initially thought to be less sensitive than proliferating ones, 

possibly owing to the reduction in intracellular topo II content accompanying 

quiescence. In more recent studies, there is no clear correlation between the topo II 

levels and cellular toxicity in solid tumours (214). Among the topo II inhibitors, 

anthracyclines and epipodophyllotoxins are widely used anticancer drugs, both for 

the treatment of haematological malignancies and widespread solid tumors, such as 

lung and breast cancer. Other drugs of this group, such as mitoxanthrone and 

amsacrine, have a more restricted application to the clinic. 

Between the two topo II isoforms, there is no clear evidence which isoform is 

more important for the interaction with the cytotoxic drugs. For example, the topo 

1113 isoform is 3-4 fold less sensitive to inhibition by epipodophyllotoxins than topo I Ia, 

but is 9-10 fold more sensitive to mitoxanthrone than topo I Ia (57). 

DNA intercalation by class I drugs is not essential for the stabilization of the 

cleavable complex. Epipodophyllotoxins are potent topo II inhibitors that bind only 

weakly to DNA and do not intercalate. Uke many DNA-damaging agents, these topo 

II inhibitors induce sister chromatid exchange, chromosomal recombination and 

chromosomal aberrations, and are associated with a significant risk of secondary 

leukaemia. Recently, chromosome band 11 q23, which is involved in reciprocal 

translocations that occur frequently in secondary leukaemia, was found to contain 

translocation breakpoints that are topo II cleavage sites, strongly suggesting this 

enzyme might be involved in the development of secondary leukaemias (70, 71). The 

ability of topo II inhibitors to cause double-strand breaks, allowed the recent 

development of screening methods to identify new topo II anticancer drugs (195) by 
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taking advantage of a DNA double-strand break repair deficient CHO cell line. The 

ratio of double- to single-strand breaks varied between different topo II drugs: 

anthracyclines and ellipticine produce almost exclusively double-strand breaks, while 

VP16 (etoposide) and amsacrine produce 1 0-20 times more single-stranded than 

double-stranded breaks (153, 226). 

Resistance to topo II inhibitors 

Cellular resistance to epipodophyllotoxins can occur for a variety of reasons. 

The drugs are one of the known substrates of the mdr protein, which actively pumps 

them out of cells that express high levels of this transporter (147). Selection for high 

levels of MDR expression can occur as a consequence of cellular exposure either to 

epipodophyllotoxins (87), or to a variety of other substrates for the transport protein 

(97, 218). Resistance can also result from a decrease in intracellular topo II content 

(147, 175), either as a natural consequence of cellular quiescence, or from loss of 

one of the two alleles of topo II gene (97, 249). Alterations in the topo II molecule, 

can also give rise to cellular resistance (14, 133, 216). Each of the above 

mechanisms has been studied in experimental cell culture systems. Studies of 

human tumor cells of haematopoetic origin indicate that intracellular topo II content is 

highly variable and that this heterogeneity could account in part for differences in the 

chemotherapy results (13, 14, 17). 

Topo II levels and drug sensitivity: A 2- to 4-fold reduction of topo II activity 

or expression, correlated with markedly decreased drug induced topo 11-mediated 

DNA cleavage has been reported in several drug resistant cultured cell lines (192). 

These cell lines have been mainly selected in vitro by prolonged exposure to topo II 

drugs. However, there is evidence that decreased levels of topo II may also be 

associated in tumors with reduced sensitivity to topo II inhibitors. A correlation 

between topo II expression and chemosensitivity was observed in 7 unselected 

human lung cancer cell lines (80). A distinct difference in topo II levels was observed 
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between bladder cancer cell lines, which are relatively resistant to drugs, and testis 

cell lines (115). This might partially explain the higher response of the former to 

etoposide and doxorubicin. As an additional mechanism of resistance, the authors 

also reported a lower etoposide uptake in non-small cell lung cancer cells (115). 

Using yeast as a model, the induced overexpression of topo II led to a 

hypersensitivity to the topo II inhibitors amsacrine and etoposide (146), confirming 

that topo II is a cellular target for these drugs, and suggesting that modulation of topo 

II expression may offer a way to increase activity of topo II drugs. 

A relative resistance to topo II inhibitors during the quiescence phase has 

been shown for several cell lines, human lymphocytes and murine tissues (248). 

Very little is known of the mechanism of reduced expression of topo II genes. One 

suggested mechanism is the hypermethylation of one allele of the topo II gene (204). 

Methylation can interfere with transcription and may have profound effects on the 

affected genes. In addition, changes in methylation pattern may alter the distribution 

of the cleavage sites produced by anticancer drugs in chromatin. 

Diminished activity of topo II can be due to the posttranslational modification 

of the protein. In one study, phosphorylation of the enzyme induced a significant 

reduction in the ability of topo II inhibitors to stabilize cleavable complexes ( 42). 

Interestingly, no cross-resistance was seen between topo II inhibitors that induce 

DNA cleavage and newer topo II inhibitors that do not cause DNA breaks, such as 

merbarone, aclarubicin, fostriecin, etc. (30), providing additional evidence of a 

different mechanism of action of these two types of topo II drugs. 

Several mechanisms may simultaneously play a role in the same cell (96, 

164). During the cell cycle, not only have modifications in topo II expression been 

seen, but changes have also been seen in MDR1 expression. In one study of P388 

doxorubicin resistant cells (P388/R-84) (157) MDR1 mANA increased 3-fold in cells 

inS phase. 

An inverse relationship has been described in a number of cell lines between 

sensitivity to topo II inhibitors and sensitivity to alkalating agents. Increased cellular 
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sensitivity to cisplatin was shown to contrast with increased resistance to etoposide 

and teniposide (201). Conversely, increased expression of topo II a by transfection of 

full length Chinese hamster ovary topo II a eDNA into EMT6 mouse mammary 

carcinoma cells was associated with 5-1 0-fold increased resistance to cisplatin. This 

suggests that topo I Ia might play a role in cisplatin resistance, possibly involving an 

increased repair of the Cisplatin-induced DNA damage (65). 

Another mechanism by which topo II levels can be regulated is gene 

amplification, although this does not appear to be a frequent phenomenon (44, 231 ). 

Co-amplification of the topo I Ia gene with c-erb-82 has been shown in several breast 

cancer samples and cell lines (1 09, 110, 185). In addition, it was shown in several 

breast adenocarcinoma cell lines that the topo lla gene can be independently 

amplified, or co-amplified with the c-myc gene (Jarvinen TA-personal 

communication). 

It remains rather unclear if both of the topo II isoforms are equally important as 

targets of topo II drugs. While abundant evidence is available to link the topo 

lla isoform to resistance to topo II drugs, less evidence might suggest a role for topo 

11(3 in generating sensitivity. In general, the expression of topo 11(3 is not modified 

(reduced) in resistant cell lines. 

However, in one HL-60 cell line resistant to mitoxanthrone (84), and in Susa 

testicular cell lines with a moderate resistance to etoposide, reduced topo I Ia levels 

and concomitent low expression of topo II (3 were observed (1 01). Interestingly, in a 

human leukaemic cell line made resistant to the topo II inhibitor genistein, a marked 

reduction of the topo 11(3 level was observed, with no apparent modification of the 

expression of the topo lla isoform (135). These findings indicate that topo 11(3 might 

have some role in drug resistance to topo II inhibitors. 

Topo II mutations and drug resistance: Mutations of the topo II genes have 

been proposed as an alternative mechanism of drug resistance in several tumor line 

models. However, the role of mutations of the topo II genes, which lead to the 
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production of a mutated enzyme and to cellular resistance, remains to be firmly 

established. Mutations have been described as ranging from single base pair 

changes, to large rearrangements. 

In an unselected human small cell lung cancer cell line relatively resistant to a 

wide array of anticancer drugs, including topo II inhibitors, a large rearrangement in 

the topo I Ia gene was described (247) leading to a larger 7.4 kb transcript in addition 

to the canonical topo lla transcript. The mutated mANA lacked a substantial part of 

the 3' end of the gene, and the topo II a in this cell line was more readily extracted 

from the nuclei at lower salt concentrations, suggesting a lower affinity of the enzyme 

for DNA. 

Another gross rearrangement was described in a doxorubicin resistant P388 

murine leukaemia cell line (136). The rearrangement has been identified as a fusion 

with part of the murine retinoic acid receptor a gene. Both genes, topo I Ia and 

RARa mapped on the same q21 band on the chromosome 17. Interestingly, the topo 

11(3 gene was also mapped together with the RAR() gene, on the q24 band on the 

chromosome 3. The significance of this is still unclear. 

Particular functional areas of topo II sequence have been identified as 

important for the induction of drug resistance. Although the ATP-binding site in 

human topo II has yet to be rigorously identified, putative ATP-binding sites have 

been described within the topo II a protein sequence, as amino acid motifs located at 

positions 160-165, 449-460 and 466-494 respectively. Point mutations within these 

putative ATP-binding motifs (14, 228) and around the catalytic site of the enzyme, 

represented by the active tyrosine at the position 804 within the amino acid 

sequence, have been identified in several drug resistant cell lines (14, 216). 

In one human melanoma cell line made resistant to VP-16 (25), a 3bp 

deletion was found in the topo I Ia gene. This generated a deletion of Ala-429. 

Although the extractibility of topo I Ia in nuclear extracts was the same as in the 

parental cell line, the resistant cells were much less sensitive to topo II drug-induced 

cleavable complex formation. It was therefore suggested that this alteration may 
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either modify the intracellular localization of the enzyme, or change its interaction 

with other factors. Interestingly, the same mutation in the topo II gene has been 

described in two human leukaemia cell lines resistant to m-AMSA (94). 

In CCRF-CEM cells resistant to VM26, two point mutations were observed, 

one thought to involve the ATP-binding site (24) and the other around the active Tyr-

804 site (50) .. Expression of these mutated forms of topo II in yeast conferred 

resistance to topo II agents (1 02). Furthermore, the simultaneous presence of both 

mutations could induce a higher level of drug resistance than single mutations 

separately. 

Another possible mechanism of resistance to topo II drugs was described in 

H209N6, a small cell lung cancer cell line resistant to etoposide, in which topo 

lla was aberrantly localized in the cytoplasm (138). A new topo lla of 160 kDa, 

derived from a 4.8 kb mANA was present in this cell line, in which a 988 bp 

sequence from the 3' coding region and from the 3' uncoding region was absent. 

This could have led to the loss or disruption of the three bipartite nuclear localization 

signals, thereby causing the cytoplasmic localization of the 160 kDa topo II a. 

Another cell line, independently characterized, was also reported to contain an 

160 kDa topo lla-related protein. These HL-60/MX2 cells, which are mitoxanthrone 

resistant, also expressed very low levels of topo 11(3, compared to the parental cell 

line, in the absence of structural gene alterations. An additional 4.8 kb topo 

lla message was observed (85). This arose due to the replacement of 1321 

nucleotides missing from the 3' end, by 122 nucleotides which contained an in frame 

stop codon, originating from an adjacent intron, as a result of an altered RNA 

processing. The disruption of the topo II a gene carboxy-terminus in this cell line 

resulted in the loss of the putative nuclear localization signals, presumably causing 

the cytoplasmic redistribution of the 160 kDa protein. This could have been 

responsible for the growth advantages of this cell line in the presence of 

mitoxanthrone. The ultimate cause of the drug resistance remains, therefore, 

uncertain. 
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1.7 Aims 

Being involved in the regulation of three-dimensional structure of the DNA, 

topo II enzyme is important for gene expression and mitosis. Topo II protein is 

currently being intensively studied and biochemically characterized in several 

systems. The mechanism of action is now better understood. 

Several antitumor drugs (anthracyclines, epipodiphyllotoxins, acridines etc.) 

appear to interfere with topo II enzyme. The DNA-topo II complex, which is an 

intermediate in the normal enzyme pathway, is stabilized by the drug and forms a 

"cleavable complex", which appears to be cytotoxic. The central role of topo II offers 

the cell an opportunity for the development of resistance by its own level down

regulation (by gene methylation or down-regulation of mANA), or the production of 

resistant mutants (altered drug-DNA-protein interaction or ATP binding, 

posttranslational modification of the protein and alteration in expression of the 

isoenzymes), provided the adaptation does not hamper other vital cell functions. 

The scientific literature provided contradictory information regarding topo II 

biology. In order to perform a better analysis of topo II cellular distribution and its 

biological functions, the generation of a topo I Ia null cell line seems to be crucial. The 

phenotypic analysis of the topo II a and/or topo 11(3 knock-out cells could provide the 

proper biological answers. 

The first aim of the present study was to generate a topo II a null DT 40 chicken 

lymphoblastoid cell line. In the DT 40 cell line, topo II a gene was shown to be present 

in three copies, as discussed later in this thesis. Only within the cellular context of a 

topo II a null background, the biological functions of the endogenous (or 

overexpressed) topo llf) isoform could be assessed. In the same time, the topo lla 

defficient cell line would provide the biological tool for the functional evaluation of 

several topo II spliced isoforms which were identified and cloned during this study, 

and presented in details in this thesis. In the same time, the production of one and 

two alleles topo II a defficient cell lines during the completion of the DT 40 knock-out 
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project, would generate the tools in assessing the drug exposure behaviour of these 

cell lines in which topo lla gene was incompletely inactivated. The induction of 

apoptosis in these topo lla mutant cell lines by several topo II antitumor drugs (e.g. 

etoposide or mitoxanthrone) could estimate the modifications of the cellular response 

to the drug action, as a consequence of inactivating only one or two topo II a alleles. 

Chapter 3 of this thesis describes the identification of several spliced forms of 

the topo lla. mANA, by RT-PCR experiments performed on three chicken and two 

human cell lines. At least two of these spliced forms seem to be evolutionary 

conserved between birds and humans. The additional sequences described for the 

novel topo lla messages are located between the Walker A and Walker B motifs of 

the canonical topo II ATPase domain. This position is coincidental with the amino 

acids location within the ATPase domain of topo lla, previously shown to be mutated 

in several drug resistant cell lines. One biological question of this thesis is if 

alternative splicing was not an additional mechanism used by transformed (tumor) 

cells to generate different posttranscriptionally regulated mRNAs, encoding proteins 

with acquired drug resistance properties. The existence of these alternatively spliced 

forms of topo lla mRNAs has not been previously reported in the literature. 

Chapter 5 of this thesis describes a different behavior of DT 40 cells defective 

in one topo I Ia. allele upon exposure to etoposide or mitoxanthrone, as compared to 

the control cells. Genomic alteration of the topo I Ia locus apparently leads to a 

slightly increased resistance to etoposide, and increased sensitivity to 

mitoxanthrone. Interestingly, the mutant cells undergo apoptosis more rapidly then 

their normal counterparts. 

Knowledge of the working mechanism and the cellular regulation of topo II 

might lead to the selection of most effective drugs and treatment schedules, and to 

circumvention of the clinical drug resistance phenomena. 
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Chapter 2: Materials and Methods 
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2.1 Materials 

Analytical and reagent grade chemicals were purchased from Sigma, 

Boehringer Manheim, Promega, Bio-Rad, Pharmacia and BDH. Hybond N+ was 

obtained from Amersham Pty. Ltd. a-f2P]dCTP 3000Ci (111Tqb)/mmol at a 

concentration of 10 mCi/ml and [35S]dATP 1000-1500 Ci ( 37.0-55.5 Tqb)/mmol at a 

concentration of 12.5 mCi/ml were purchased from NEN Du Pont Company (New 

England Nuclear Research Products). 

Restriction enzymes were purchased from New England Biolabs and 

Boeringhen Manheim. The Klenow fragment was obtained from from Boehringen 

Manheim. The T 4 DNA ligase and proteinase K were obtained from the New 

England Biolabs. The reverse transcriptases, AMV-RT and MLV-RT were obtained 

from Promega Corporation. Taq DNA Polymerase was obtained from Boehringer 

Manheim. Purchased kits used were: Qiagen Mini, Midi and maxi Kit for plasmid 

DNA preparation, Qiagen Maxi Kit for lambda phage DNA preparation, Qiagen DNA 

and RNA Isolation Kit, Random Primed (Megaprime)DNA labelling Kit from 

Amersham Pty. Ltd, Dideoxy T7 Sequencing Kit from Pharmacia Biotech, Erase-a

base system and pGEM-T cloning kit form Promega Corporation. The RNA markers 

were purchased from Promega Corporation. All tissue culture plastic ware was 

purchased from Gibco BRL, fetal bovine serum and calf serum from Sigma Chemical 

Company. PCR was performed on a Biometra personal cycler. 

2.2 General molecular biology methods. 

Restriction enzyme digestion 

Complete digestion: Restriction enzyme digestions were carried out in 

appropriate buffers and conditions recommended by the manufacturers. Typically, a 

5-fold excess of enzyme was used. For plasmids and phage DNA the incubation was 
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performed for 2-3 hours. For DT 40 genomic DNA, the incubation was performed 

overnight, for 14-16 hours. 

Partial digestion: Partial digestions were performed by serial dilution of the 

enzyme. This method was preferred to the one based on the principle of the UV 

irradiation of DNA, which produces pyrimidine dimerization at or near the restriction 

sites because of the difficulty in reproducing the experiment. 

20 ,_.,g of DNA was taken into a volume of 1 00 JJ-I containing 1 x buffer, and 

divided into 5 samples, on ice, as follows : 30 JJ-I, 20 f-ll, 20 JJ-1, 20 f-ll, and 10 ,_.,1 in the 

first, second, third, fourth and the fifth tube, respectively. 15 U of the enzyme was 

added to the first tube, and mixed very well, by pi petting. Working on ice, 10 ,_.,1 of the 

first tube mixture was added to the second, so far performing serial dilutions. The 

final amount of the enzyme per reaction tube was: 1 OU, 3.3U, 1.1 U, 0.3U and 0.1 U 

of enzyme, against 4f-lg of DNA in each of the five tubes. 

The reaction was further incubated for 15 minutes at 37°C, and the enzymes 

immediately heat inactivated for 10 minutes at 70°C. The total volume of 20fll 

reaction was loaded on 0.3 °/o agarose gel, and electrophoresed for 14 hours, at 16V, 

for a better resolution of the large bands. 

Agarose gel electrophoresis 

Agarose gels were run in 1x TBE buffer (0.09 M Tris, 0.09 M boric acid, 8 mM 

EDT A, pH=8.3). Gels varied from 0.3o/o to 2.5°/o agarose, containing 0.5 ,_..g/ml 

ethidium bromide. 

Reverse transcription 

200 ng of cytoplasmic RNA deriving from several cell lines was reverse 

transcribed in the presence of ALV-RT (MSB-1, DU249 and DT40) or MMLV-RT 

(Hela and MCF7), using oligo(dT) primers. This reaction was performed as follows. 
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First, the annealing mixture (200 ng cytoplasmic RNA, 5x AMV-RT Buffer, 100 

pmol of oligo( dT) primer and DEPe-treated dH20 to complete the 7.5 fll reaction 

volume) was incubated for 1 hr. at 42°e. 

Next, the extension mixture (200 ,..,M dNTPs, 20 mM Mge12, 200 ,..,M DTI, 5U 

RNAsin and 5x AMV-RT-Buffer) was added to the annealing reaction. 

Reverse transcription was performed in the presence of 1 OU ALV -AT or 4U 

MMLV-RT for 1 hat 37°e. 1 fll out of each reverse transcription was used for further 

PeR amplification reactions. 

Southern transfer 

Southern transfer was performed as described (188, 189), with digested DNA 

run on agarose gels varying in concentration between 0.3% (for partial digestion and 

mapping of the lambda phage genomic DNA inserts) and 1 o/o (for standard genomic 

analysis). Agarose gels in 1 flllml EtBr containing 1 x TBE solution, were run for 14 

hours at 16 V, overnight. The next day, the picture was taken against a marker ruler. 

The gel was depurinated with 0.25 N Hel for 30 min, at room temperature, on a 

shaking platform, and rinsed with dH20. The gel denaturing step was performed in 

1.5 M Nael; 0.5 N NaOH, for 30 minutes, with shaking. The gel was rinsed with 

dH20 again, and neutralized for 30 minutes with 0.5 M Tris-el pH=7.5; 1.5 M Nael; 

0.01 M EDTA at room temperature, with shaking. The transfer membrane 

(Amersham Hybond N) was prewet in 20x SSe, prior to assembly of the standard 

blotting system. 

The transfer was performed with 20x sse, for 14 hours, overnight. The next 

day, the system was disassembled and the membrane floated in 50 mM Na2HP04 

(pH=7.2), for 10 minutes, at room temperature. 

The DNA was UV crosslinked at 120 J (Stratagene UV-Stratalinker). 
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Hybridization and washing 

Oligo-hybridization: 100 ng (20 pmol) of T3 oligo was used in a 20 fll volume 

kinase reaction, in the presence of 2 fll of 10x kinase buffer, 5 fll of y-32PdATP 

(5000 ei/mmol) and 1 0 U of T 4 polynucleotide kinase. The reaction mixture was 

incubated at 37oe for 45 minutes. After heat blocking the reaction at 65oe for 1 0 

minutes, 80 ~I of TE , 1 fll of 1 M EDT A(Na +) and 2 ~ of tRNA were added to the 

mixture and spun through a 10 em G-25 Sephadex column, at 3000 rpm, for 4 

minutes. 

The probe was added to the hybridization buffer (6x SSe; 5x Denhardt's; 0.2o/o 

SDS) and incubated overnight, at 30°e. The filter was washed the next day at 30oe 

(1x 5 minutes in 6x SSe; 0.2o/o SDS, and 1x 5 minutes in 3x SSe; 0.~/o SDS). The 

bands were visible after 2 hours of autoradiography against intensifying films, at -

aooe. 

DNA hybridization: Following transfer to the Hybond N + membranes, DNA 

was prehybridyzed in Church buffer, at 65°e, for 1-2 hours (39). Boiled probe was 

added and hybridization left overnight, at 65°e. After hybridization, the membranes 

were washed at 65°e, for 2x 45 minutes in 0.1 °k sse; 0.1 °k SDS and rinsed in 2x 

sse before exposure. 

DNA 32p labeling 

Fragments used as probes for Southern analysis were labelled with 

a-[32P]deTP by the random priming method (68, 69). The random priming 

Megaprime DNA labelling system was used according to the protocol provided by 

Amersham. Before use, the unincorporated nucleotides were separated from the 

labeled probe by using 1 ml G50 Sephadex (Pharmacia) spin column (2255x g for 3 

minutes). For membranes that needed to be reprobed, probe was stripped by adding 

buffer containing 0.1 °/o SDS and 2 mM EDT A at final concentration, and incubating at 

aooe, for 1-2 hours. 
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Sequencing 

Double stranded eDNA Exo Ill deletion series were sequenced using the ABI 

version 2.0 T7 Automatic DNA Sequencing Kit. The sequence was confirmed by 

performing T7 DNA polymerase dideoxy sequencing (T7Sequencing TM Kit

Pharmacia Biotech). Dideoxy sequencing depends upon base-specific termination of 

an enzyme-catalyzed primer extension reaction. Four separate reactions are 

performed, each containing primer, template, and the four deoxynucleotides, but 

including a different chain-terminating dideoxyoligonucleotide. In each reaction, a 

mixture of fragments is generated, each terminated with the particular 

dideoxynucleotide present in that reaction. Thus, the pattern of chain-terminated 

fragments in each reaction represents the occurrence of the corresponding 

deoxynucleotide in the sequence. When the products of the four reactions are 

electrophoresed side-by-side through a 6°/o polyacrylamide gel (6% acrylamide; 23°/o 

urea; 0.02°/o ammonium persulfate, and 0.5 t-tl/ml TEMED}, the sequence in which 

the nucleotides are added to the primer can be deduced from the sequence in which 

successively larger fragments occur in the four lanes. The position of the separated 

fragments are detected by virtue of the 35S label introduced during the primer 

extension reaction. The T7 DNA polymerase acts very efficiently, producing long 

chain-terminated fragments (around 1 kb in length), at high rate of polymerization 

and a even distribution of label between the fragments. To increase the amount of 

sequencing information from each set of reactions, two separate samples from each 

reaction were electrophoresed on the same sequencing gel, with a delay of 3 hours 

before loading the second set. The total time for a short and long run sequencing gel 

electrophoresis was about 4 hours, under 25W in 1 x TBE solution. 

The sequencing gel (80 ml) was detached from the plates by transferring to a 

sheet of filter paper (Whatman No.1), covered with Saran Wrap and dried under a 

vacuum gel dryer, for 2 hours at 80°C. When the gel was dried, the plastic wrap was 

carefully removed and the gel exposed to an X-ray film overnight at room 

temperature. 
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Computer analysis 

Nucleotide sequence comparisons were performed using the NCBIIBLASTN 

2.0.9. advanced databases (GenBank + EMBL + DDBJ + PDB) search engine, 

running within the following parameters: Blastn matrix 1-3, Gap Penalties Existence 

11 , Extension 1. The peptide insertion sequence comparison was performed at the 

BLAST2.0MP-WashU server via EMBL. The searching process was running within 

/dove2/data/db/nrdb95/ SwissProt databases, at a BLOSUM 62 matrix, (E=1 0, V=50, 

8=50), hspmax=1 0 and ctxfactor=1. 

In addition, the Hmmpfam (HMMER)/Washington University, BLIMPS/Fred 

Hutchinson Cancer Research Center and BLASTp/NCBI engines were used to 

search, via the Profile Hidden Markov Model Algorithm, the Pfam, PRINTS and 

ProDom databases. The profile search for peptide analysis was done at the 

Bioaccelerator/ProfileSearch EMBL servers. 

2.3 Cloning experiments 

Bacterial host strains 

DH5a (Gibco-BRL) - for cloning standard size fragments; JM1 09 (Promega) -

for pGEM-T cloned (Taq) PCR fragments; SURE2 (Stratagene)- for large, repetitive 

or unstable fragments, as well as for full length topoisomerase I Ia and ~ cDNAs; 

TOP1 OF' (Invitrogen) - for cloning final targeting vectors, with a high transformation 

efficiency. 

Plasmid vectors 

The following vectors were used: pBiuescript (KS) (Stratagene) - standard 

cloning, high copy number with blue/white selection; pGEM-T (Promega)- cloning of 

PCR products, with blue/white selection; pUHD10-3 - for tetOitopo lla expression 

(Manfred Gossen-unpublished). 
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Antibiotics 

For plasmid selection of standard size plasmids (3-12 kb), ampicillin was used 

at a final concentration of 100 f.lg/ml, in both media and plates. For plasmid selection 

of large size plasmids (12-17 kb), ampicillin was used at a final concentration of 25 

~g/ml, in liquid media, in which glucose was added to a final concentration of 20 mM. 

For cytotoxic plasm ids encoding topo lla and ~full length eDNA plasmid selection, 

ampicillin or metacillin was used at a final concentration of 50 flg/ml, and bacteria 

grown during the day, to an optical density not higher than 0.7 (OD<0.7). 

Isolation of DNA fragments 

DNA fragments to be used as probes or in cloning experiments were isolated 

from plasmid and phage DNA as described (217). DNA was first restriction enzyme 

digested and fragments separated on a 1 x TAE gel (0.04 M Tris-acetate, 0.001 M 

EDTA). The fragments were visualized under UV and the band of interest cut out 

with a scalpel blade. The DNA was eluted using the protocol and reagents provided 

by the GENECLEAN II kit. 

DNA ligation 

"Sticky"-end ligations were carried out at 16°C, for 14-16 hours, using the 

reagents supplied by New England Biolabs. The ligation was performed in a 15-20 f.ll 

reaction volume containing 1 x (NEB) ligation buffer and 400 U T 4 DNA ligase for 

each reaction. Typically, a 3-5 fold molar excess of insert to vector was used. Blunt

end ligations were carried out at 16°C, for 18 hours, using 2000 U of T 4 DNA ligase 

(NEB-concentrated form) for each reaction, in a volume of 20 f.ll, in the presence of 

1x ligase buffer ( 0.4 M Tris pH=8; 0.1 M Tris pH=6.8; 0.1 M MgCI2) and ATP in final 

concentration varying between 2-6 mM. Typically, a 2 fold molar excess of insert to 

vector was used. Ligations of large constructs were carried out for 8 hours, using 

2000 U of T4 DNA Ligase (NEB-concentrated form), in 15 fll of reaction volume 

containing 1 x (NEB) supplied buffer. The reaction started at 16°C, increased to 22°C 
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and decreased progressively back to 16 oc, during 32 cycles of 15 minutes, as 

follows: 16°C --- 22oc --- 16°C, with a ramp of 1 oc per minute (Dr. Sandrine 

Ruchaud). In some cases, the addition of 0.1 M MgCI2 and 0.1 °/o PEG (8000) 

enhanced the efficiency of blunt ligation into very large constructs. 

Vector dephosphorylation 

For "sticky"-end vectors, dephosphorylation was performed in the appropriate 

(NEB) restriction buffer for 30 minutes at 37°C, with 1 U of calf intestinal 

phosphatase (CIP) in 100 t-tl reaction volume. The enzyme was then inactivated by 

heating for 15 minutes at 70°C, followed by phenol; chloroform extraction and 

ethanol precipitation. For blunt end vectors dephosphorylation was performed in 1 x 

CIP-buffer (1 mM ZnCI2, 1 mM MgCI2, 10 mM Tris-CI pH=8.3) in the presence of 1 U 

CIP, for 1 hour at 55°C, and then for 30 minutes at 37°C, after adding an extra 1 U of 

CIP enzyme. The enzyme was inactivated by heating for 15 minutes at 70°C, 

followed by phenol; chloroform extraction and ethanol precipitation. 

End filling 

5' overhangs were filled in using 2 U of T4 DNA polymerase (NEB) for each 50 

fl.l reaction, in the presence of 1 x (NEB) buffer supplied with the enzyme, 1 x BSA and 

200 f.lm dNTPs at final concentration. The reaction was performed at 11 °C, for 20 

minutes. The enzyme was blocked by heating at 70°C for 10 minutes, followed by 

phenol; chloroform extraction. 

Transformation of E. coli 

Plasm ids were introduced into 1 00 JAl of heat shock competent DH5a (Gibco-

BRL), by an 80 second 42°C heat shock; into SURE2 cells (Stratagene) by an 30 

seconds 50°C heat shock; and into TOP1 OF' (Invitrogen) by electroporating using the 

810-RAD Gene Pulser (25 mF, 2.5 KV and 200 Q). Transformed cells were allowed 

to recover in LB media (for DH5a cells) , in NZY+ for SURE2 cells; or in SOC media 
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tor TOP1 OF' cells, for 45-60 minutes with shaking, at 37°C, before being spread onto 

L-agar plates containing the appropriate antibiotics. 

2.4 DNA preparation 

Mini and large scale plasmid preparation 

LB media with the appropriate antibiotic was inoculated with a single colony, 

and grown with shaking overnight or during the day ("toxic" plasmids), at 37°C (or 

30°C, for cytotoxic plasmids). Plasmids were prepeared by the Alkaly Lysis method 

(18) according to the modifications detailed in Sambrook et a/. (1989). Following 

large scale preparations, isolated plasmid was purified using Qiagen columns or in 

CsCI2 gradients. 

CsCI2 gradient plasmid preparation 

Following alkaline lysis, the DNA was precipitated with an equal volume of 

isopropanol. The pellet was air dried and resuspended in 2.7 ml TE (10 mM Tris, 5 

mM EDTA) and 3.4 g of CsCI2 was added followed by 0.3 ml of 10 mg/ml EtBr. 

Following centrifugation at 6150x g, the supernatant was transferred to a sealed 

Beckman centrifuge tube. This was then centrifuged at 164.000x g for 16 hours at 

20°C, and the plasmid harvested with a 19 gauge needle. The EtBr was removed by 

extracting with an equal volume of water-saturated butanol. The DNA was then 

precipitated with 2.5 volumes of ethanol and washed in 70°/o ethanol before 

resuspending in TE. 

Qiagen column purification of the plasmid 

Plasmid DNA was isolated from E. coli by the alkaline lysis procedure (18) and 

was purified by the use of Qiagen Tip-20 columns for small scale isolation, and Tip-

1 00 columns for large scale preparations, following the protocol recommended by 

the manufacturer (Qiagen, Studio City, CA., USA) 
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Qiagen purification of the 'A bacteriophage DNA 

5x1 oB pfu/1 o1 0 cells were incubated at 37°C, in 500 ml LB media, for 10 

hours (overnight), with shaking. The next day, 4 ml CHCI3 was added to the cultures 

with swirling at 37°C, for 10 minutes, to lyse the cells. After the chloroform was 

settled, the culture was poured into 500 ml polyallomar bottles, and spun at 1 O.OOOx 

g for 20 minutes, to remove bacterial debris and unlysed cells. The supernatant was 

treated successively with Qiagen buffers L 1, L2, 3, L4 and L5 as indicated by the 

standard phage DNA preparation protocol (Lambda DNA Maxi-Kit/Qiagen). The 

bacteriophage I DNA was extracted and purified on Tip-20 columns, according to the 

manufacturer instructions. The DNA concentration and purity was determined by 

measuring the absorbance at 260 and 280 nm. 

2.5 Analysis of genomic DNA and RNA 

Preparation of genomic DNA 

Preparation of genomic DNA from HiseR DT40 clones: After 6 days from 

the date of transfection, visible clones were picked up and transferred to 24 well 

plates. Two days later, the cells were passed to T 25 flasks and the genomic DNA 

extracted by standard Proteinase K method (98, 131, 145). 4x106 cells (4 ml culture) 

were collected in 15 ml culture tubes (MacKay and Lynn), and spun down for 8 

minutes at 3075x g. The cells were washed in cold PBS-EDT A, and the supernatant 

completely removed after spinning at 3075x g for 8 minutes. The cell pellet was 

resuspended in 400 ~tl of lysis buffer containing fresh proteinase K (1 00 mM Tris-CI 

pH=7.5; 5 mM EDTA pH=8.0; 0.2°k SDS; 200mM NaCI; 100 f.lg/ml proteinase K). 

The cells were resuspended by pipetting, and incubated at 37°C overnight, in 

waterbath. The next day, 400 f!l of 5M NaCI were added and mixed well with the 

lysed cells. After 10 minutes incubation on ice, the cell lysates were spun down 

(8200x g for 15 minutes at 4°C), and the supernatant transferred to clean 2 ml 

Eppendorf tubes. Ice-cold isopropanol was added (1 :1 volumes), and mixed by 
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vortexing. The tubes were spun down at 26650x g for 30 minutes, and the pellet was 

washed with 70°/o EtOH for 5 minutes, at 26.650x gat 4°C. The pellet was dried and 

resuspended in 50 ,_,.,1 of TE, overnight, at 4°C. RNA contamination was removed by 

incubating the DNA for 20 minutes at 37°C, in the presence of RNAse A. 

Preparation of genomic DNA from HisDRJneoR DT40 clones: 5x1Q6 cells 

were centrifuged at 2460x g for 5 minutes, and the media removed. The pelleted 

cells were lysed in 1 ml lysis buffer (10 mM Tris pH=7; 100 mM EDTA; 0.5% SDS), 

by vortexing. The lysate was either stored at -20°C, or processed further by adding 

RNAse A to a final concentration of 20 ,_,.,g/ml, and incubating for 2 hours at 37°C. 

After this incubation, proteinase K was added to a final concentration of 100 ,.,..gJml, 

and incubated overnight at 37°C. The next day, 1 ml of phenol (pH=B) was added 

and initially mixed thoroughly, and slowly later, on the wheel, for 10 minutes. The 

tubes were centrifuged for 15 minutes at 24600x g, at +4°C. The upper phase was 

recovered into appropriate tubes, and the DNA precipitated by adding 0.1 volumes of 

10 M ammonium acetate and 2 volumes of ethanol. The precipitated DNA was 

collected into 1 ml 70% ethanol for washing by centrifugation at 3075x g for 1 0 

minutes. The pellet was air-dried and resuspended in 100 f.d H20. The pellet was 

solubilized at 4°C, overnight. The DNA concentration and purity was measured by 

reading the absorbance at 260 and 280 nm. 

Preparation of high purity genomic DNA from DT40 clones: 1 x1 o? cells 

were centrifuged at 3075x g for 8 minutes, and the media removed. The pelleted 

cells were twice washed in 10 ml ice-cold PBS, gently resuspended by pipetting and 

centrifugation at 3075x g for 8 minutes. The pelleted cells were kept overnight at-

80°C, and the next day resuspended in 2 ml ice-cold lysis buffer (10 mM Tris; 10 mM 

EDTA pH=7.9; 100 ,_,.,g/ml proteinase K). SDS was added to a final concentration of 

0.5°/o, and the tubes were mixed gently and incubated at 37°C, overnight. The next 

day, NaCI was added to a final concentration of 0.15 M, and the DNA extracted with 
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phenol; chloroform. DNA was then ethanol precipitated, in the presence of 3M 

sodium acetate, resuspended in 4 ml of resuspension buffer (10 mM Tris; 10 mM 

EDT A), and incubated at 37 oc for 1-2 hours. Next, RNAse A was added to a final 

concentration of 20 t-tg/ml and incubated at 37°C, for 3-4 hours. NaCI was added to a 

final concentration of 0.2 M, SDS to 0.1 °/o, proteinase K to a concentration of 50 

~g/ml, and incubated overnight, at 37°C. The next day, the DNA was re-extracted, 

reprecipitated with ethanol, collected with a glass pipette, washed in 2 ml 70°/o 

ethanol, and resuspended in TE (10 mM Tris; 1 mM EDTA). 

Preparation of RNA 

Preparation of total RNA: The total RNA extraction from chicken or human 

cells followed the standard single-step method by acid guanidium thiocyanate

phenol; chloroform isolation of RNA (34, 73, 155, 183). 2x1Q7 cells were centrifuged 

at 2050x g for 5 minutes, and then washed by gentle, repeated pipetting in 10 ml ice

cold DEPC treated PBS. The pelleted cells were resuspended in lysis buffer (4M 

guanidine thiocyanate; 25 mM sodium citrate; 0.5o/o sarkosyl; 0.1 M 

2-f3-mercaptoethanol) by pipetting through a syringe needle. 0.1 volumes of 3M 

sodium acetate (pH=4.8) were added and mixed gently, by hand. Acid phenol 

(pH=4), or dH20 saturated phenol; chloroform was added in 1:1 volumes, mixed and 

centrifuged at 8200x g for 20 minutes, at room temperature. The tubes were kept on 

ice for 15 minutes, and the supernatant transferred to appropriate tubes for RNA 

precipitation in the presence of 213 volumes of ice-cold isopropanol and 0.1 volumes 

3M NaOAc. The eventual DNA contamination was removed by RNAse free DNAse I 

treatment, followed by phenol; chloroform extraction and reprecitipation. The total 

RNA concentration and purity was assessed by measuring A260 nm. 

Preparation of cytoplasmic RNA: Cytoplasmic RNA was purified from 1 x1 0 7 

MSB-1, DU249 and DT40 cultured cells. The cells were collected by centrifugation (5 

min at 300x g) and resuspended in freshly prepared, ice cold RLN lysis buffer (50 
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mM Tris-CI, pH=8; 140 mM NaCI; 1.5 mM MgCI2; 0.5°k v/v Nonidet P40; 1000 U/ml 

RNAsin-Promega; 1 mM OTT). Nuclei, which remained intact during this procedure, 

were removed by mild centrifugation (3 min at 300x g). The supernatant, which 

represented the cytoplasmic extract, was vigorously mixed with a highly denaturing 

GITC (guanidine-isothiocyanate) containing buffer (QRV1 Buffer-Qiagen), to 

immediately inactivate R NAses and to disrupt ANA-protein complexes. The buffer pH 

was adjusted (QRV2 Buffer-Qiagen) in order to facilitate RNA binding to the Qiagen 

column. Cytoplasmic RNA was eluted from the Qiagen column and precipitated by 

standard methods. The RNA concentration was calculated based on the A260. 

PCR/RT-PCR/5' RACE: 

Topolla. 

The primers (Oswel) were made to regions flanking the 105 bp insert in the 

topo lla-2 eDNA. The sequences of the primers were 5' primer -5' 

GAGATCCTGGTCAATGCT 3'; 3' primer 5' TCACAACATCAATGAGTT 3' (see 

Appendix 2). The same primers used for the RT-PCR experiment were used to 

amplify the corresponding fragments from the chicken DU249 eDNA library. In 

addition, we made an extra 5' end nested primer, sequence 5' 

AAATGCTTCAGCGTCATC 3'. The PCR reaction was performed under standard 

conditions using a 25 cycle amplification program, with 0.5 U of Taq DNA 

polymerase. The first round PCR cycle was as follows: 1 min at 95°C; 1 min at 62°C; 

and 1 min at 72°C. The second round PCR involved use of the nested 5' end primer. 

The amplification conditions were: 1 min at 95°C; 1 min at 65°C; and 1 min at 72°C, 

during 25 cycles, followed by 10 min extension step. PCR products were generated 

from all three chicken cell lines analyzed. PCR fragments were analyzed by 1.5°/o 

agarose gel electrophoresis, purified and cloned into pGEM-T (Promega), and 

sequenced both automatically and manually, as described above. 
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Topo II~ 

Chicken cytoplasmic RNA, prepared as described above, was used as 

template for the amplification of the 5' end of the topo 1113 eDNA. 2 ~g of RNA were 

mixed with 2 ~I of 1 M NaCI; 200 mM Tris-CI pH 7.5; 25 mM EDTA and 100 pmol of 

topo 1113 specific primer, kept 3 min at 65°C and then incubated at 40°C for 3-4 hours. 

The primer, 5' TGGTATACCCTITCCATT 3' (see Appendix 8), corresponded to the 

3' end flanking the novel spliced region in the topo II 13-1 message. The first strand 

eDNA synthesis was performed in the presence of 200 U of MLV-RT (Promega) for 

1 h at 37°C. The reaction contained 10 ~I of the primer-template mixture, 5x MLV 

buffer, 10 mM OTT, 300 ~M dNTPs and 5 U RNAsin (Promega), in a volume of 25 ~1. 

The tailing reaction was performed in the presence of 200 ~M dATP and 30 U of TdT 

(Promega), at 37°C, overnight. In the first round PCR, 1 ~I product of the tailing 

reaction was used as template, using 1 00 pmol of the 3' topo II 13 primer described 

above, and oligo( dT) to generate a topo II 13 5' end eDNA fragment. This first PCR 

reaction was performed for 30 cycles of 1 min at 95°C; 1 min at 55°C; 1 min at 72°C, 

followed by a 10 min extension step in the presence of 0.3 U Taq Polymerase. The 

amplification product was visualized following a second round of PCR in which 1 ~I of 

the first round PCR product was further amplified. This second PCR utilized a 

second nested 3' primer- 5' ATGCTGATAATGTTTGACT 3', and involved 25 cycles 

of 1 min at 95°C; 1 min at 60°C; 1 min at 72°C, followed by a final extension time of 

10 minutes. 

2.6 Screening methods and targeting analysis 

Isolation of lambda phage chicken topo lla and topo llf3 cDNAs 

cDNAs encoding the topo lla and 13 proteins were isolated from two lambda

ZAP libraries, deriving from two chicken cell lines, MSB-1 (lymphoblastoid) and 

DU249 (hepatoma derived). The libraries were created by Stefanie Kandels-Lewis in 

our laboratory, using oligo(dT) primers and MMLV reverse transcriptase for the first 
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strand synthesis, according to the manufacturers instructions (ZAP-eDNA Synthesis

Gigapack Kit-Stratagene-Catalog no. 200400). 

First, 2x1 o6 phages from both MSB-1 and DU249 libraries were plated out on 

22 em square plates, and incubated at 30°C overnight. The next day, the plates were 

chilled for 2 hours at 4°C, before plaque transfer onto Hybond N+ (Amersham) nylon 

membranes. Duplicate plaque lifts were made, for 2 minutes and 5 minutes, 

respectively. The membranes were denatured for 2 min with 1.5 M NaCI; 0.5 M 

NaOH, neutralized for 3 min with 1.5 M NaCI; 0.5 M TRIS-CI pH=7.5, and washed 

with 0.2 M TRIS pH=7.5; 2x sse. The DNA was UV crosslinked to the membrane 

(UV Stratalinker -Stratagene). 

The first rounds of screening, using a 32p labeled chicken 3' end topo 

lla eDNA fragment, kindly provided by Dr. Margarete Heck, were performed in very 

high stringency conditions. The random primed 32p labeled eDNA probe was added 

to the prewarmed hybridization buffer (Church buffer: 7°/o SDS; 0.5 M Na2HP04 pH= 

7.2) and incubated with the membranes, for 14 hours, at 65°C, overnight (39). The 

next day, the filters were washed in 65°C prewarmed buffer (40 mM Na2HP04; 1°/o 

SDS), as follows : 2x 5 minutes, 1 x 15 minutes, 1 x 45 minutes. The membranes 

were dried and autoradiographed overnight at -80°C. The next day, positive plaques 

were picked up into extraction buffer (SM buffer: 0.1 M NaCI; 8 mM MgS04x?H20; 

50 mM TRIS-CI pH=7.5; 0.01 °/o Gelatin) containing chloroform. The phages were left 

to diffuse from the agar medium, during 5 hours, at room temperature, or overnight, 

at 4°C. For further rounds of plaque purification, two sets of dilutions (1 o-1 and 1 o-2) 

were mixed with freshly prepared XL 1-blue cells, and plated out again on 9 em LB 

agar (pH=7) plates, following the same protocol. Pure plaques were obtained after 

three rounds of screening. The excision of the pBiuescript phagemid was done in 

duplicate for all the independent clones. 

The plasmid DNA was purified by standard methods, and the size of the 

inserts assessed by single and double digests of the pBiuescript, with Xhol and 

EcoRI enzymes (New England Biolab). 
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The last round of library screening was performed in low stringency 

conditions, using as probe a 32p labeled human eDNA fragment corresponding to 

the 5' end of the human topo II a eDNA. The human topo lla eDNA probe was a 700 

bp PCR amplified fragment from a pBiuescript clone containing the full length human 

topo I Ia eDNA, which was a gift from Prof. A. Kikuchi. The probe was 32P labeled by 

random priming, denatured and added to the hybridization buffer (Church buffer), 

already described. The overnight hybridization was at 50°C. The next day, the filters 

were progressively washed in increasing stringency conditions, as for very low (2x 15 

minutes in 6x SSG; 0.1°/o SDS, at room temperature), low (2x 15 minutes in 2x SSG; 

0.1 °/o SDS, at room temperature), moderate (2x 15 minutes in 0.2x SSG; 0.1 °/o SDS, 

at 42°C), high (2x 15 minutes in 0.1 x SSG; 0.1 °/o SDS, at 65°C), and really high 

stringency conditions (2x 5 minutes; 1 x 15 minutes; 1 x 45 minutes in 40 mM 

Na2HP04; 1 o/o SDS, at 65°C). 

The positive plaques isolated after the very low stringency washing were 

further purified during the next 3 rounds, using the same (very low) conditions of 

hybridization and washing. The phagemid excision was perfomed according to the 

manufacturers instructions, and the recombinant plasmids characterized by similar 

methods. 

Isolation of lambda Fixll chicken topo lla genomic fragments 

The Lambda Fix II genomic libary plating method was very similar to the one 

already described for the screening of the chicken eDNA libraries. Pure plaques were 

obtained after three rounds of hybridization screening. For the first round of 

screening, the 32p labeled probes were corresponding to a 855 bp Saci-Atnll (New 

England Biolab) fragment covering the 5'-most end of the eDNA, and a 918 bp Atn 11-

Sacl (New England Biolab) fragment covering the 3'-most end of the topo II a eDNA. 

For further genomic analysis of the topo llalocus, the 855 bp 5' end eDNA fragment 

used as a probe was subdivided by Haelll digest into 5 smaller eDNA fragments of 

136 bp, 69 bp, 33 bp, 362 bp and 255 bp respectively. All these fragments were used 



72 

as individual probes for later Southern analysis and mapping of the topo lla positive 

Lambda Fixll genomic phages.The Lambda Fixll genomic phage DNA isolation was 

performed according to the Qiagen Lambda DNA preparation protocol, as described 

before. 

Exonuclease Ill deletion 

Introduction 

Exonuclease Ill deletions clones for the topo Ita and ~ cDNAs were generated 

using the Erase-a-Base System Kit (Promega). This method is based on the 

procedure described developed by Henikoff (92), in which Exonuclease Ill is used to 

digest specifically the insert DNA from a 5' protruding or blunt end restriction site. 

The adjacent primer binding site is protected from digestion by a 3' end overhang 

restriction site, or by an alpha-phosphorothioate filled end. The uniform rate of 

digestion of the enzyme allows deletions of predetermined lengths to be made simply 

by removing aliquots from the reaction, at different times. By this method, a collection 

of unidirectional deletions spanning several kilobases can be constructed in several 

hours. 

Topo II a and (3 cDNAs Exolll deletion series 

10 ~g of topo Ita and ~ recombinant plasmid DNA clones 5 and 8 respectively, 

isolated from the DU249 library by low stringency hybridization screening, were 

initially digested to completion with Not1 (NEB) enzyme, leaving a 5' end protruding 

end (5'-GCGGCCGC-3'). The DNA was phenol; chloroform extracted and 

reprecipitated by the standard ethanol; NaOAc method. The pellet was resuspended 

in Klenow enzyme buffer (Promega), and a mixture of all a-phosphorothioate 

deoxyribonucleotides triphosphates was added to a final concentration of 40 ~M 

each. In the same time, OTT was added to the reaction to a final concentration of 1 

mM, and Klenow DNA polymerase to 50 U/ml. The reaction was incubated at 37°C, 

for 15 minutes, after which the samples were heated to 70°C for 10 minutes, in order 
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to inactivate the Klenow fragment. The DNA was further extracted as before, and 

resuspended in the appropriate restriction buffer for Xbal enzyme (NEB), which 

leaves an 5' protruding end (5'-TCTAGA-3'). The DNA was phenol; chloroform 

extracted, reprecipitated and resuspended in TE. Further, 5 J.lg of digested DNA was 

taken into 60 ~I volume of Exonuclease Ill reaction, performed in the appropriate 1x 

buffer supplied with the enzyme (Promega). The deletion series were performed at 

20°C, at a rate of 200 bp/minute. Time points were taken at second intervals, and the 

S1 nuclease mix added (60 U S1 nuclease for 200 f.ll reaction volume, in the 

presence of 1 x S1 nuclease buffer). The deleted series were religated and 

transformed into the heat shock competent JM109 cells (Promega), and plated out 

on ampicillin containing LB plates. DNA from Exo Ill deletion series was sequenced 

using the ABI version 2.0 T7 Automatic DNA Sequencing Kit. 

Southern blot analysis of targeting events 

The genomic DNA was digested with Bgnl enzyme (New England Biolab), and 

the Southern blot experiments were performed by the standard 20x sse overnight 

transfer protocol (188, 189). The hybridization detection of the gene-targeted 

integration event, was performed using a 3' end, 700 bp, external genomic probe, 

and confirmed with a 5' end, 900 bp external genomic probe. The probe DNA was 

diluted to 20 ng/f.ll and labelled by random nanomer priming, using the 

Megaprime TM DNA Labelling System (Amersham Ufe Science). The reaction was 

incubated at 37°C, for 20 minutes. The filters were stripped by baking (2 mM EDTA; 

0.1 °/o SDS, for 2h at 80°C), and rehybridized with a DNA probe covering the drug 

resistance marker, to confirm the first allele replacement by the topo II a targeting 

construct. 

Northern analysis 

RNA gels were prepared and run in the fume hood. The agarose 

concentration varied between 0.5-0.9o/o. The mixture containing water, agarose and 
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sox MOPS (2 ml for 100 ml gel), was boiled and cooled down to 65°C, at which point 

formaldehyde was added at a final concentration of 16.8°/o. 500 ml of running buffer 

contained 10 ml of 50x MOPS and 16°/o Formaldehyde (optional) in dH20. For each 

sample, 7 ~I of formaldehyde, 20 ~I of formam ide, 1 ~I of 50x MOPS, 2 ~I of 1 °,.{, 

bromphenol blue and 1 ~I of DEPC-treated dH 20 were mixed with 1 0 ~I of RNA 

sample (15-20 mg RNA), heated for 5 minutes at 70°C, chilled down on ice and 

loaded on the RNA gel at 90V, with EtBr containing RNA marker (1 ~I of EtBr 1 

mg/ml for each marker). The RNA gels were run for 2-3 hours. Long messages such 

as those of topo II a and ~. which are 6.5 kb and 7.5 kb in size, respectively, were 

better resolved by running the gel slower (50-60 V), for a longer time (3-4 hours). 

After taking a picture with the ruler, the RNA gel was washed 2 times, with 1 Ox SSG, 

for 20 minutes, with shaking. The gel was blotted overnight with Amersham Hybond 

N or Geenscreen in 8x-10x SSG. The next day, the blot was floated on 50 mM 

Na2HP04 (pH=7.2) for 20 minutes, at room temperature, on a rocking platform. The 

RNA was crosslinked in Stratagene crosslinker, on autocrosslink of 120 J. 

2. 7 Tissue culture 

DT40 cells 

Introduction: The entire functional 8-cell compartment of normal chickens is 

derived from a small population of precursor B-cells that rearrange their 

immunoglobulin (lg) genes during embryonic development. These cells colonize a 

specialized primary lymphoid organ, called the bursa of Fabricius, where they 

proliferate and eventually initiate a process of lg gene diversification by segment 

gene conversion. 

In chickens, infection with avian leukosis virus (ALV) results in the 

development of lymphomas. ALV-induced lymphomas develop in a series of distinct 

stages, beginning with a preneoplastic proliferation of lymphocytes within individual 

bursal follicles and leading to a lesion termed the transformed follicle. Cells within a 
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transformed follicle can undergo further malignant progression, giving rise to discrete 

bursal nodules and later to metastasizing lymphomas. In over 90°/o of these clonal 

neoplasms, ALV has integrated near the c-myc proto-oncogene, resulting in the 

deregulation of c-myc expression. Transformed follicle cells with deregulated c-myc 

genes maintain the ability to proliferate continuously within the bursal environment, 

and diversify their rearranged lgL genes, all characteristics of the bursal stem cells. 

Thus, deregulation of the myc gene during 8-cell development in the bursa appears 

to block differentiation and results in the bursal stem cell population. 

The LSCC-DT 40 cell line, referred as DT 40, is an ALV-induced bursal 

lymphoma cell line, isolated by soft agar cloning after serial passage of the primary 

tumor. The DT 40 cell line lacks a normal c-myc gene, but instead contains two 

copies of an ALV-deregulated myc gene, perhaps as a result of a mitotic 

recombination between the two parental alleles. 

Culture conditions: DT40 cells were grown in suspension, in RPMI media 

supplemented with 1 0°/o fetal bovine serum and 1 °/o chicken serum, at 37°C, or at 

39°-41°C. 

tTA expressing DT40 cells 

Introduction: From previous experiments performed in several organisms, as 

E. coli or yeasts, there is evidence that topo II is an essential gene. The tetracycline 

regulated system for gene expression was developed by Gossen and Bujard in 1992 

(7 4, 82) who modified the tetR system described in E. coli to one in which a chimeric 

transriptional transactivator domain drives the expression of itself and a target gene 

in cultured cells (tTA). In E. coli, the tetracycline repressor (tetR) binds the 

tetracycline operator (tetO) to prevent transcription of the tetracycline resistance 

gene in the absence of tetracycline. The tetR has high specificity for tetO. In the 

absence of tetracycline, the tetR binds tetO, effectively blocking transcription. The 

binding of tetracycline by the tetR, however, abrogates this transcriptional repression 
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as the consequent conformational change in the DNA binding domain of the protein 

releases the tetR from its association with tetO. Unlike the tetR system, in which 

transcription is activated by the addition of tetracycline, in the tT A system 

transcription is constitutively activated in the absence of the tetracycline. 

The tT A system was developed by fusing the full length tetR with the acidic 

transcriptional activation domain of the herpes simplex viral protein VP16. When the 

tTA is associated with its cognate tetO DNA sequence, the fused VP16 portion of the 

protein recruits the RNA polymerase complex and stimulates transcription. The 

addition of tetracycline releases the tT A from tetO, removing the fused transcriptional 

activator moiety and repressing gene expression. Tetracycline is a useful inducer for 

regulated gene expression, in part because of its low toxicity to mammalian cells and 

ready absorbtion across the plasma membrane. The only effect tetracycline has on 

mammalian cells is to inhibit mitochondrial protein synthesis. 

Previous topo II inhibition experiments performed on different systems, 

suggested that topo II is an essential protein. We expect topo II a to be essential for 

DT -40 cells. The real biological answer will be provided by the gene targeting 

experiments in chicken cells, which represent the first aim of this study. 

The gene targeting strategy in DT 40 cells follows the standard homologous 

recombination gene targeting procedure in high eukaryotes. In the first step, the first 

topo I Ia allele has to be completely removed by the integration of the targeting vector 

in the locus, providing the knockout cells with the drug resistance gene expressed 

under the control of the SV40 or chicken (3-actin promoter. Next, the second allele 

has to be removed. In the case of a single copy gene, the knock-out of the second 

allele will not be possible if the gene is essential for viability. An intermediate step 

should be taken into account, in order to generate a conditional null mutant for 

further phenotypic analysis. It was shown (data presented later in this thesis) that 

topo I Ia is present in three copies in the DT -40 cells. The generation of the topo II a 

second allele knock-out cell line did not require exogeneous topo I Ia protein to be 

supplied to the cells. The actual study stopped after the second allele targeting. 
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The completion of the targeting experiment involves the generation of the third 

allele topo lla knock-out cell line and phenotypic analysis. In order to perform the last 

targeting step, I prepared the conditional tetracyclin regulated chicken topo lla 

expression vector. 

Culture conditions: tTA expressing DT-40 cells were prepared in our 

laboratory by Dr. Paola Vagnarelli. The DT-40 cells were stably transfected with the 

tTA plasmid carrying the puromycin resistance cassette, and selected by puromycin 

resistance in the presence of 1.5 f.lg/ml final drug concentration. Good repression in 

an transient tetO/Lamin-G FP expression assay was detected in the presence of 1 0 

~g/ml doxicycline. tTA-DT 40 cells were grown in suspension in RPM I media 

supplemented with 1 0°/o fetal bovine serum and 1 °/o chicken serum, at 37°C, or at 

39°-41°C. 

Constructing the topo I Ia rescue vector: the full length chicken topo I Ia eDNA 

was cloned into the pUHD1 0-3 vector (M. Gossen-unpublished), downstream the 

Xball Nott multiple cloning site. The resulting plasmid was digested to completion with 

Xbal enzyme, blunted with T4 DNA polymerase and re-digested with Nott enzyme to 

completion. The Xbal blunt - Notl digested fragments comprising the 7, 3 or 1 (tetO) 

sequence repeats, PCR isolated by Steffanie Kandels-Lewis in our laboratory, were 

inserted into the Nott-Xbal blunted site of the topo I Ia plasmid created as described 

before. The 3 resulting plasmids were designed, therefore, to produce 3 different 

levels of topo II a expression under the tetracycline regulation, depending of the 

(tetO) strength as a function of (tetO) sequence repeats. It was shown that 

overexpression of the chicken topo lla in DT40 cells is cytotoxic (data not shown). It 

is likely that topo II a expression under the 1 x(tetO) or 3x(tet0) regulation to be less 

toxic for the cells, therefore facilitating the generation of the final conditional DT-40 

topo lla mutant cell line. 
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MSB-1 cells 

MSB-1 cells (chicken lymphoblastoid derived cell line) were grown in 

suspension, in RPMI media supplemented with 5o/o calf serum at 37°C, or at 39°-

410C. 

DU249 cells 

DU249 cells (CHEPS), derived from chicken hepatoma cells, were grown 

attached in RPM I media supplemented with 5°/o calf serum at 37°C, or at 39°-41 oc. 
The cells were harvested by 1 °/o trypsinization at room temperature. 

Topo lla. (-/+1+) cells 

Transfection of DT40 cells with the targeting vector: 1 x1 o7 cells were 

spun down (1500 rpm for 8 minutes at room temperature), and washed once with ice 

cold PBS. The cells were resuspended in 0.5 ml PBS and transfered to Gene Pulser 

Cuvettes (Bio-Rad 0.4 em electrode gap), and incubated on ice for 10 minutes. 25 f-19 

of Notl (New England Biolab) linearized pBS-3'HisD-5' vector, was used to transfect 

1 o7 DT 40 cells by electroporation (550 V at 25 f.lF), with the Gene Pulser Aparatus 

(Bio-Rad). After electroporation, the cells were incubated on ice for 1 0 minutes. 

The cells were incubated in 20 ml of non-selective media (RPMI with 10°/o 

FBS and 1°/o chicken serum) at 39°C for 24 hours, expanded in 80 ml of selective 

media (RPM I with 1 Oo/o FBS and 1 o/o chicken serum plus drug when applicable) and 

seeded into 96 well plates (200 f.tl per well). 

Selection of the topo lla. (-/+1+) cell line: 1 x1 o7 wild type tTA expressing 

DT40 cells, growing at 39°C, were transfected by electroporation with the topo 

lla targeting vector, in order to replace the first allele of the gene with the Histidinol 

resistant cassette, driven by the chicken f3-actin promoter (HisD gene). The 

transfected cells were selected by growing as described above in the presence of 

histidinol at a concentration of 1 mg/ml. Resistant clones were visible after 7 days, 
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and DNA could be prepared for Southern analysis by the 12lh day after 

electroporation. 

Topo lla (-/-/+) cells 

Transfection of topo lla(-/+1+) cells with the second allele targeting 

vector: 1 x1 o7 cells were transfected as described above, with linearized pBS-3'

neoA-5' vector. The cells received double electrical pulse, which enhanced the 

efficiency of transfection. After electroporation, the cells were incubated on ice for 1 0 

minutes. The cells were then plated as described above, except that the medium 

used for selection contained both 1 mg/ml histidinol and 1.5 mg/ml G418. 

Selection of the topo II a (-/-/+) cell line: Resistant clones were visible in 10 

days, and could be harvested and propagated in larger volumes for DNA preparation 

in 15 days from the date of transfection. 

2.8 Drug experiments 

Growth curves 

Growth curves were analysed for (wt)DT40 cells, (tTA)DT40 cells and topo 

lla.(-/+1+) cells which were independently grown at 35°C, 37°C, and 41 oc, in the 

presence of RPM I supplemented with :0°/o, 1 °/o, 5°/o or 1 0°/o FBS, or 5°/o FBS plus 1 °/o 

chicken serum. 

ICso determination 

Introduction: The calculation of 50°/o inhibitory concentration (IC5Q) required 

the median-effect equation (35) used in an exponential, or logarithmic form. The 

exponential form of the equation was used for describing a curve fit to the data points 

(fa and drug concentration) using non-linear regression: 

fraction affected( fa) = 11[1 +(ICs()fdrug concentration)lll] 
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The Systat 5.1 program can solve for IC50 and m simultaneously, using 

nonlinear regression modeling. After the equation's constants were determined, a 

curve of fa versus drug concentration could be constructed on a log-linear plot with 

the drug concentration on the log scale x-axis. 

ICso for etoposide: topo II a(-/+/+) and normal DT40 cells were seeded in 96 

well plates at a concentration of 4x1 o4 cells/well containing 50~1 RPM I media with 

5°/o FBS and 1 °/o chicken serum. Etoposide (VP-16) was added in serial dilutions to 2 

mM _.._ 1 mM _.._ 500 ~M _.._ 250 ~M _.._ 125 ~M _.._ 62.5 ~M _.._ 31.25 ~M 

_.._ 15.625 ~M final concentrations. 

The 96 well plates were incubated for 24 hours at 39°C. Duplicate plates were 

incubated at 37°C and 35°C as controls. After 22 hours of drug incubation, 0.5 ~g/ul 

MTT was added to each well, for colorimetric ELISA analysis and IC50 

determination. After 3 hours of MTT incubation, the cells were immediately lysed 

with 1 00 ~1/well lysis buffer (55.5°/o HCI in isopropanol). The 96 well plates were read 

at 570 nm for the formazan absorbance, and the difference with respect to the 

control was calculated and plotted. 

ICso for mitoxanthrone: topo I Ia ( -1+1+) and normal DT 40 cells were seeded 

in 96 well plates as above, and mitoxanthrone was added in serial dilutions in the 

following final concentration range: 1 mM _.._ 500 ~M _.._ 250 ~M --- 125 ~M _,._ 

62.5 ~M _.._ 31.25 ~M _._ 15.125 ~M _.._ 7.56 ~M _.._ 1.89 ~M _.._ 0.9 ~M. Cell 

survival was assayed using MTT as described above. 

Cytospin analysis 

100 ~I of (wt )DT40, (tTA)DT40 or topo lla(-/+1+) cells culture (1-2x102 cells) 

were centrifuged onto microscope slides using cytospin chambers, for 1 0 minutes at 

700 rpm, room temperature. The slides were air-dried, and the cells fixed and 

stained with Giemsa or DAPI, for nuclei morphology analysis. 
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2.9 Fluorescent in Situ Hybridization 

Chromosomes preparation: Log phase DT 40 cells were treated for 2 hours 

with vinblastine, spun down at 1200 rpm for 10 min., and resuspended in 

prewarmed, 75 mM KCI, at room temperature, for 15 min. The chromosomes were 

fixed for 1 hour in methanol; acetic acid (3:1) solution, air-dried and dropped directly 

onto precleaned microscope slides, from 50 em height. The RNAse treatment, 

dehydration through an ethanol series (70, 70, 90, 90 100°/o) and denaturation were 

performed by standard methods. The slides were further air -dried and fixed in 

acetone for 10 minutes. Before further use, the slides were aged by incubation at 

42°C, overnight, in an oven. (Alternatively, the slides were stored desiccated at room 

temperature, and used after one week). 

In Situ Hybridization was performed by the non-competitive method, without 

Cot-1 DNA prehybridization. The 5 kb genomic DNA fragments used as probes were 

homologous to the 5' end upstream and 3' end downstream topo lla locus, 

respectively. These DNA fragments were digoxigenin labelled by nick-translation, 

and the probes denatured for 1 0 min. at 70°C and immediately transferred to the 

water bath set at 37°C, for 30 minutes. Meanwhile, the metaphase spreads were 

denatured by incubation for exactly 2 minutes in 70°k formamide diluted in 2xSSC 

preheated in a water bath to 65°C. Next, the slides were transferred immediately to 

ice-cold 70°/o ethanol, dehydrate through an ethanol series (70, 90, 90, 100°/o) and 

air-dried. The probe/hybridization buffer was pipetted onto the metaphase spread 

and covered with a 22x32-mm clean glass coverslip. The edges of the coverslip were 

sealed with rubber cement. The hybridization was performed over night, at 42°C. 

The post-hybridization washing and the blocking treatment of the slides were 

performed by standard methods. The rubber cement was removed and the coverslip 

soaked off in 2xSSC. The slides were incubated at 42°C for 5 minutes in each of two 

changes of 50°/o formam ide diluted in 1 xSSC, followed by two changes of 2xSSC 

and incubated for 2 minutes at room temperature in washing buffer (0.25°k Tween 20 
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in 20xSSC). For developing, the slides were incubated at 37°C for 30 minutes, in a 

humidified box, with an Texas-red conjugated anti-digoxygenin antibody, dropped 

onto the slides and covered with 22x32-mm Nesco film. The slides were washed in 

three changes of washing buffer (0.25°/o Tween 20; 20xSSC) for 15 min. at 42°C. 

Next, 10 ~I of antifade mountant containing 3 ~g/ml DAPI plus 0.6 ~g/ml of propidium 

iodide was dropped onto the spread, covered with 22x32-mm glass coverslip, and 

sealed with nail varnish for microscopic examination, as recommended by the 

microscope manufacturer. The slides were viewed in Texas red or FITC channel 

using an epifluorescent microscope provided with a dual-filter block for DAPI and 

propidium iodide. 
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Chapter 3: Characterization of 
topo II cDNAs 
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3.1 Introduction 

The observation that topo II is highly conserved during evolution (221), has 

resulted in the isolation of homologues in many organisms, from viruses (1 04) to 

human (207). It was previously shown that human (11, 51, 111 ), mouse (3, 4) and 

hamster (54) cells contain a second topo II isoform, designated as topo 11(3, but it was 

not known if chicken cells contain a second isoform, as well. 

This chapter focuses on the isolation of the chicken topo II a and ~ cDNAs with 

their spliced variants, from two chicken eDNA libraries, in parallel with the isolation of 

the human topo II a spliced counterparts by RT-PCR amplification of the cytoplasmic 

RNA derived from two human cell lines, Hela and MCF-7. 

Two lambda ZAP-eDNA libraries, prepared from chicken MSB-1 

(lymphoblastoid) and DU249 (hepatoma-derived) cells, were initially screened under 

high stringency conditions, using chicken topo II a eDNA fragments as successive 

probes. Ultimately, the two libraries were screened under low stringency 

hybridization conditions, using a PCR-generated fragment of the 5'end human topo 

lla eDNA as a probe. Several positive clones were isolated and sequenced. The 

majority of the clones had a protein coding sequence identical with the unpublished 

chicken topo II a eDNA, recently deposited in the data bases. 

However, several of the clones (10°/o), deriving from both MSB-1 and DU249 

cell libraries, contained an insertion of 35 amino acids between K321 and G322 of 

the topo lla-1 protein. The longer version of the eDNA was designated as topo lla-2, 

referring to the previously described isoform as topo lla-1 protein. 

In addition to topo lla clones, the screening procedure generated a number of 

clones which corresponded to topo 11(3. Most of these clones were identical in 

sequence with the unpublished chicken topo 11(3 eDNA recently deposited in the data 

bases. However, one clone derived from the MSB-1 eDNA library was shorter, 

lacking 86 amino acids between v27 and E 114 of the reported topo 11(3 sequence. 
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3.2 Results 

Isolation of chicken topo II cDNAs 

Topo lla-1: In order to isolate a full length 5.1.kb length chicken topo 

lla. eDNA, three rounds of hybridization screening were performed on MSB-1 and 

DU249 libraries, using 700 bp, 220 bp and 750 bp probes 1, 2 and 3 (see Figure 

3.1 ). Probe 1 originated from a chicken topo II a eDNA clone, initially isolated by Dr. 

Margaret Heck. This probe, 700 bp in length, was complementary to the chicken topo 

lla. eDNA fragment covering the nucleotides 3850-4550 within the coding sequence. 

It was obtained by Pstl and EcoRI double digest of the original insert, cloned in the 

pUC9 vector. Probe 2 was a eDNA fragment of 220 bp that was PCR amplified from 

the 5'-most end of the longest clone obtained after the first round of screening, 

corresponding to the nucleotide positions 2735-2955 within the chicken eDNA. 

Probe 3 was a human eDNA fragment of 750 bp in length, amplified from a human 

topo lla. full length eDNA clone (gift from Prof. A. Kikuchi). The probe was designed 

to cover the most conserved 5' end fragment of the eDNA, corresponding to 

nucleotide positions 520-1270. This region was selected based on sequence 

comparisons between topo II genes from different species, available from the 

databases. The hybridization conditions were set up for high stringency (see Chapter 

2). 

Initially, 32 clones were isolated and their insert size estimated by double 

digestion with EcoRI and Xhol. These two enzymes were used for the initial cloning 

of the library (See Figure 3.2). Long run manual sequences were obtained from the 

T3 vector priming site for the 5' end of the insert, and from the T7 vector priming site 

for the 3' end respectively. The standard BLAST search gave the highest score of 

homology for the clones 1-, 3-, 5-, 6-, 9-, 18- and 21-(A) (see Figure 3.3A), with 

human topo I Ia eDNA. Therefore, the human topo II alpha eDNA was used as a 
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reference sequence for further reciprocal alignments of all the chicken clones against 

each other, in order to build up a longer contiguous sequence of the chicken topo 

lla eDNA. Different computer alignment programs available within the gcg9110 

package, were used for the confirmation of the individual BESTFIT alignments of the 

chicken clones against the human topo II a eDNA. 

For some of the clones 2-, 7-, 11-, 19-, 20-, 22-, 23-, 24- and 25-(A), the 

BLAST search indicated rearrangements involving fusion between chicken topo 

lla eDNA and different partner genes. These included the: chicken homologue of 

human translation initiation factor eiF-2, chicken c-b-3 beta tubulin gene, cytoplasmic 

~-actin and the chicken homologue of human KIAA0308 gene. These clones were 

considered artifacts of the library construction. 

The standard BLAST search for the clones 4-, 8-, 1 0-, 12-, 13-, 14-, 15-, 16-

and 17 -(A) and reciprocal multiple alignments, suggested that these clones might be 

overlapping. When the clones were analyzed for the consensus sequence, only 6 

clones overlapped. Their sequences were submitted to the consensus sequence 

assembly (GELMERGE) program. The program built up a fragment of 980 bp from 

the chicken topo lla eDNA, corresponding to the 3' end coding region (see Figure 

3.38). GELMERGE also found a consensus sequence for the clones 10-, 16- and 

14-(A). This was used to build up a 700 bp fragment complementary to the 3' 

untranslated region of the chicken topo II alpha eDNA (see Figure 3.3C). 

The insert corresponding to the clone 9-(A) was the longest chicken topo 

lla eDNA fragment obtained after the first round of screening. Therefore, a new 

probe (probe 2) was prepared from the most 5' end region of this insert by PCR 

amplification of a 220 bp fragment. The PCR reaction was performed using standard 

amplification conditions, as described in Chapter 2. The amplified eDNA fragment 

was 32P radiolabelled by random priming, and used as probe for a second round of 

MSB-1 and DU249 library screening. 
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Figure 3.1 :Schematic representation of the eDNA library screening strategy 

Panel A. The fragments used as probes 1, 2 or 3 are represented by boxes, with their 
corresponding location within the chicken. topo II a eDNA. The numbers indicate the nucleotide 
position. pUC vector diagram shows the initial chicken topo II a clone, isolated by Dr. Margarete Heck, 
which represented the source of the first probe used for chicken eDNA library screening. The probe 
was isolated by EcoRI/ Pstl double digest of this pUC9 clone, as indicated. 

Panel B. The 0.8o/o (probe 3) and 1.2% (probe 2) agarose gel migration of the PCR 
amplification product generating the DNA fragments used as probes for the second and third eDNA 
library screening. 

Panel C. Table indicating the probes 1, 2 and 3 with their corresponding location within the full 
length chicken topo II a eDNA. 
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Figure 3.2: Screening 1. Isolation of chicken topo lh eDNA clones 1(A}-32(A) 

Panel A. The 0.8% agarose gel migration pattern of 5 f.l9 plasmid DNA derived from clones 
1(A)-18(A), digested with a mixture of 5 U of EcoRI (E) and 5 U of Xhol (X) enzymes. The presence of 
the enzymes in the reaction is represented by the symbol"+". The clone 9-(A) contained the longest 
chicken topo II a eDNA insert (yellow box). 

Panel B. The 0.8% agarose gel migration pattern of 5 f.l9 plasmid DNA derived from clones 
19(A)-32(A), digested with a mixture of 5 U of EcoRI (E) and 5 U of Xhol (X) enzymes. The presence 
of the enzymes in the reaction is represented by the symbol"+". 
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Figure 3.3: Characterization and schematic alignment of chicken topo lla eDNA clones 1(A)-
32(A) against human topo lb eDNA 

Panel A: Schematic BLAST,.., BESTFIT (gcg10) alignment of chicken topo II a eDNA clones (blue 
arrows) against human topo II a eDNA. The numbers indicate the nucleotide position within the human 
topo II a complete eDNA. Panel B: Schematic representation of constructing the consensus sequence 
1. Duplicate chicken topo II a eDNA clones were sequenced in parallel, for confirmation. Panel C: 
Schematic representation of constructing the consensus sequence 2. Duplicate chicken topo 
II a eDNA clones were sequenced in parallel, for confirmation. 
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Figure 3.4: Screening 2. Isolation of chicken topo In eDNA clones 1(8~12(8) 

Panel A. The 0.8% agarose gel migration pattern of 5 14g plasmid DNA, digested with a 
mixture of 5 U of EcoRI (E) and Xhol (X) enzymes. The presence of the enzymes in the reaction is 
represented by the symbol"+". The longest clones 3 and 5 (blue boxes), were further sequenced. 

Panel B. Schematic BLAST -BESTFrT(gcg1 0) alignment of the chicken topo II a eDNA clone 
3(8) and 5(B) sequences (blue arrows) against the human topo II a eDNA (black). Numbers indicate 
the nucleotide position within the human topo II a complete coding sequence. 
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Figure 3.5: Screening 3. Isolation of chicken topo l in and topo I~ eDNA clones 1(C)-18(C). 

Panel A. The 0.8% agarose gel migration pattern of 5 119 plasmid DNA deriving from chicken 
topo II eDNA clones 1 (C)-9(C). digested with a mixture of 5 U of EcoRI (E) and Xhol (X) enzymes. 
The presence or the absence of the enzymes in the reaction is represented by the symbol "+" or "-". 
The clone number 8(C). marked by the blue rectangle, corresponded to the chicken topo II ~ eDNA 

Panel B. The 0.8% agarose gel migration pattern of 5 J.lg plasmid DNA deriving from chicken 
topo II eDNA clones 10(C)-18(C), digested with a mixture of 5 U of EcoRI (E) and Xhol (X) enzymes. 
The presence or the absence of the enzymes in the reaction is represented by the symbol"+" or"-". 
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After excision of the recombinant pBiuescript phagemid and plasmid DNA 

purification, the new inserts, coming from 12 independent clones (see Figure 3.4A) 

were mapped by single and double restriction enzyme digestion. The sequences of 

the longest and the second longest inserts, clone 5-(B) and clone 3-(B) in Figure 3.6, 

respectively, covering 300 base pairs from the 3' end of the inserts, were 1 00°/o 

identical to the consensus sequence 2. The BLAST search for the 5' end sequence 

of these inserts found the highest score of homology with the human topo lla eDNA. 

The schematic alignment is represented (see Figure 3.48). 

A third round of library screening was performed under conditions of low 

stringency hybridization. A human eDNA probe, 750 base pairs in length, was 

obtained by PCR from a full length human topo I Ia eDNA clone, gift from Prof. A. 

Kikuchi. After very low, but not after low stringency washing, several positive plaques 

were identified and isolated. After the third round screening, 18 independent clones 

were isolated and assessed for their insert size, by double digesting the recombinant 

plasmid DNA with EcoRI and Xhd enzymes (see Figure 3.5). The size of the inserts 

was estimated to be around 4-4.5 kb in length. BLAST search and sequence 

alignment analysis indicated that the "weak" signals corresponded to clones carrying 

the 5' region of the chicken topo II() eDNA, and the strong signals correspond to the 

5' region of the chicken topo II a eDNA. This was the first evidence that chicken cells 

contain the second topo II isoform, previously identified in human and mouse cells, 

although the presence of a second isoform in chicken cells had been suggested by 

previous cross species blot-hybridization experiments. The longest chicken topo 

lla eDNA analyzed, clone 7-(C), appeared to have an insert of 4.8 kb in length. 

Because at least one clone isolated in this round of screening was a library artifact, 

fusing the 5' end of the topo lla eDNA with part of a chicken RAS-Iike coding 

sequence, I undertook further experiments to confirm the validity of the clone 7-(C) 

eDNA. Two pairs of nested primers were designed, complementary to the already 

known sequence, derived from clone 5-(B) isolated after the second round of 

screening (see Figure 3.6). 
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Figure 3.6; Generation of Exo Ill deletions for chicken topo lla eDNA clones 5(8) and 7(C) and 
sequence confirmation by RT-PCR experiments 

Panel A. The 0.7% agarose gel migration pattern of the Exo Ill deletion steps 1-7 for chicken topo 
lla eDNA clone 7(C). and 1-12 for the chicken topo lla eDNA clone 5(8). The clone ?(C)-sense and 
5(8}-antisense specific primers are represented by red arrows. Panel B.Schematic representation of 
the 2 kb expected size RT -PCR product ,amplified by the primers represented in panel A .. Panel C. 
0.8% agarose gel migration of a 2 kb RT-PCR fragment amplified from chicken MS8-1 mANA, 
reverse transcribed with oligo d(T}, random primed or transcribed with chicken topo lla specific 
primer. The primers represented in panel A were used in the PCR reaction. 
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The antisense primers (primers A), were designed from the most 5' end of the 

clone 5-(B). The sense primers {primers B), were deduced from the clone 7 -(C) 

sequence, isolated after the third round of screening. The size of the fragments 

obtained after AT -PCR amplification experiment was consistent with the length 

deduced from the insert eDNA, of 2 kb (see Figure 3.6). 

To clone the full length topo I Ia eDNA, 5'RACE amplification experiments were 

performed on cytoplasmic RNA isolated in parallel from MSB-1, DU249 and DT40 

cells. The initiation codon was found 490 bp upstream from the topo II a specific 

primer homology. The RACE product was subcloned into pGEM-T vector, and 

sequenced. The sequences of the three products derived from the three cell lines, 

MSB-1, DU249 and DT40, were identical. To clone the full length topo II a eDNA, the 

Spei-Hincll digested 5'RACE fragment (New England Biolabs) was ligated into the 

Spei-Hincll digested pBiuescript (SK) clone 7-(C), isolated after the low stringency 

screening of DU249 eDNA library (see Figure 3.7). The full length topo lla clone was 

sequenced for the in frame cloning confirmation. Exolll deletion series were 

generated in order to sequence the full length chicken topo II a eDNA, and 24 

deletion time points were obtained, with a deletion rate of 150 bp/min, at 18°C (see 

Figure 3.6A). 

Topo lla-2: Several of the clones (10°/o}, deriving from both MSB-1 and 

DU249 cell libraries, contained an insertion of 35 amino acids between K321 and 

G322 of the topo lla-1 protein. The longer version of the eDNA was designated as 

topo lla-2. In order to confirm that the novel alternatively spliced form of the topo 

II a eDNA corresponds to a mANA found in vivo, cytoplasmic RNA from MSB-1, 

DU249 and DT40 (pre B) cells was analyzed by RT-PCR. Two primers flanking the 

putative splicing site within the topo lla-1 eDNA, were used to amplify a 765 bp 

fragment (corresponding to the a-1 variant) and a 870 bp fragment (corresponding 

to the a-2 variant of topo I Ia eDNA) in the same amplification reaction (see Figure 

3.8). 
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The two bands were gel purified and subcloned into pG EM-T for sequence 

analysis. The resulting sequence confirmed the presence of the 1 05 base pair 

insertion after the first 963 base pairs in the topo lla-1 eDNA. The sequence of 105 

base pair insertion and the predicted amino acid sequence (1 letter code) which it 

encodes is shown in Figure 3.8. Several databases were profile-searched to identify 

proteins sharing homology to the inserted sequence in the topo lla-2 isoform. The 

Blast 2.0MPIVVashU search engine was able to identify several proteins belonging to 

the Cytochrome 8/C or Cytochrome C oxidase-subunit II superfamily. The most 

interesting motif within topo lla-2 insertion sequence was found by the PROSITE 

pattern automatic search engine. This was able to identify, at the position 26-28 in 

the sequence,· the PKC Phosphorylation site pattern ([ST]-x-[RK]. (PROSITE 

PS00005) 

Topo llf3-1: After the third round of screening, clone 8-(C) was shown to 

correspond to the chicken topo llf3 eDNA. In order to sequence the full length insert, 

Exonuclease Ill deletions were performed, in series of 20 steps, at a deletion rate of 

200bp/min (see Figure 3.9). The overlapping sequences were used as input 

(Ge1Enter-gcg10) for a consensus sequence assembly project (Ge1Merge-gcg10). 

The 4.8 kb sequence, submitted to BLAST search, showed high homology to the 

human and mouse topo II f3 eDNA. To clone the full length topo llf3 eDNA, 5'RACE 

amplification experiments were performed on cytoplasmic RNA isolated in parallel 

from MSB-1, DU249 and DT 40 cells, for sequence confirmation. The initiation codon 

was found 280 bp upstream from the topo IIJ3-1 specific primer homology. The 

RACE product was subcloned into the pGEM-T vector, and sequenced. The 

sequence of the three products derived from the three cell lines, MSB-1, DU249 and 

DT40, were identical. To clone the full length topo IIJ3-1 eDNA, the Spei-BstEII 

digested 5'RACE fragment was ligated into the Spei-BsEII digested pBiuescript 

(SK) clone 8-(C), isolated after the low stringency screening of DU249 eDNA library 

(See Figure 3.1 0). 
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Figure 3. 7: Diagram showing the strategy for cloning the chicken topo I Ia complete eDNA 

Left panei:The 1% agarose gel migration of the 520 bp chicken topo lla 5' RACE product, 
deriving from MSB-1 chicken mANA (represented by the white, dashed line), andre-amplified using a 
chicken topo II a eDNA 3' specific primer and a Spel linked chicken topo II a eDNA 5' specific primer, 
covering nucleotides 1-18 within the eDNA. The amplification product was completely digested with a 
mixture of Hincll and Spel, and ligated into the Hincll ; Spel double digested clone ?(C). 

Right panel: Schematic representation of the 4.3 kb length chicken topo lla eDNA insert 
deriving from clone ?(C), isolated by the third screening of chicken DU249 eDNA library. The clone 
contains an Spel restriction site within the multiple cloning site, and an Hincll site within the coding 
sequence of the insert. 5 ~ of plasmid DNA deriving from clone ?(C) was double digested with a 
mixture of Hincll and Spel, and combined with the Spei-Hincll dgested 5' RACE amplification product, 
thereby generating the final chicken topo II a complete eDNA clone. 
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Figure 3.8: Identification of an alternatively spliced form of the chicken topo lla mRNA. 

Panel A -schematic representation of chicken topo II a-1 and a-2 cDNAs. The 105 bp 
insertion of the chicken topo lla-2 isoform and its nucleotide position in the topo lla-1 eDNA is 
represented by the hatched box. The positions of primers used in the PCR reactions shown in Panel 
Bare indicated, with numbering relative to the topo lla-1 eDNA. 

Panel B - Identification of both alternative forms of the mANA in total (MSB-1) and 
cytoplasmic RNA (MSB-1 . DU249 and DT40) by RT-PCR. The second round RT-PCR amplification 
product was electrophoresed in a 1.5% agarose gel . The bands corresponding to topo lla-1 (765 bp) 
and topo lla-2 (870 bp) are indicated. The negative control included the specific primer pairs but no 
added template DNA. 

Panel C - Autoradiography of a 6% polyacrylamide sequencing gel showing the additional 
sequence present in the topo lla-2 variant (boxed on the right lanes). 
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Topo ll~-2: In order to confirm that the novel form of the topo II~ eDNA 

corresponds to a mANA found in vivo, the 5' end structure of the chicken topo 

11~ mANA was analysed in detail. This experiment, performed on chicken 

cytoplasmic RNA prepared from MSB-1, DU249 and DT40 cells, revealed the 

presence of two different topo II~ cDNAs (denoted J3-1 and ~-2) beginning at the 

same transcription initiation codon (see Figure 3.11 ). The 212 bp band appears as a 

doublet because of two different annealing sites of the oligo d(T) primer to the 

poly( A) tail generated during the 5' RACE experiment. Both of the bands were cloned 

and sequenced, confirming this interpretation (see Figure 3.11, panel B). However, 

the presence of the topo II J3-2 message was revealed only by the second round of 

amplification. When these RTIPCR generated fragments were cloned into pGEM-T 

and sequenced, the sequence obtained showed 1 00°/o identity with the sequence of 

the clones isolated from the eDNA library. 

This 86 amino acid sequence was analyzed for homologous protein 

sequences within several databases. The searching methods were similar to those 

already described for the topo lla-2 isoform, but I failed to find any significant 

homology. The motifs search engines identified within this particular sequence 

several putative phosphorylation and Asn-G lycosylation sites. There were identified: 

one putative cAMP Phosphorylation site at position 53-56 (PROSIT pattern: [RK](2)

x-[ST], PS00004); three putative Casein Kinase 2 phosphorylation sites at 

positions:29-32, 38-41 and 65-68 (PROSIT Pattern: [ST]-x(2)-[DE], PS00006); three 

Protein Kinase C phosphorylation sites at the position: 36-40, 51-53 and 52-54 

(PROSITE Pattern: [ST]-x-[RK], PS00005); one Tyrosine Phosphokinase site, at the 

position: 54-61 (PROSITE pattern [RK]-x{2,3)-[DE]-x(2,3)-Y, PS00007); two Asn

glycosilation sites at the following positions: 36-39 and 49-52 (PROSITE pattern N

{P}-[ST]-{P}. PS00001 ). 
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Figure 3.9: Generation of Exo Ill deletions for chicken topo I~ eDNA clone 8(C) 

Panel A . Schematic representation of 24 time point deletions generated for chicken topo II~ 
eDNA clone, for the purpose of complete sequencing. 

Panel B. The 0.7% agarose gel migration of the 20 time point Exo Ill deletion series 
generated for the chicken topo II~ eDNA clone 8(C). 
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Figure 3.10: Diagram showing the strategy for chicken topo I~ complete eDNA cloning 

Left panel: The 1.5% agarose gel migration of the 480 bp chicken topo lla 5' RACE product, 
deriving from MSB-1 chicken mANA (represented by the white, dashed line), and re-amplitied using a 
chicken topo IIJ3 eDNA 3' specific primer and a Spel linked chicken topo IIJ3 eDNA 5' specific primer, 
covering the nucleotides 1-18 within the eDNA. The amplification product was completely digested 
with a mixture of 8stEII and Spel enzymes, and ligated into the 8sEII; Spel double digested clone 
8(C). 

Right panel: Schematic representation of the 4.5 kb length chicken topo IIJ3 eDNA insert 
deriving from clone 8-(C), isolated by the third screening of chicken DU249 eDNA library. The clone 
contains an Spel restriction site within the multiple cloning site, and an BstEII site within the coding 
sequence of the insert 5 J.l9 of plasmid DNA deriving from clone 8(C) was double digested with a 
mixture of BstEII and Spel, in order to accommodate the Spei-BstEII digested 5' RACE amplification 
product, generating the final chicken topo llf3 complete eDNA clone. 
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Panel A - Schematic representation of the chicken topo II~ 1 and ~2 cDNAs. The 258 
bp region of the topo II~ 1 eDNA missing from the topo 11~2 variant is represented by a hatched 
line. The positions of primers used in the RT-PCR experiment are shown, withnumbering relative 
to the topo 11~-1 variant. 

Panel B - Both variant forms of the topo 1113 eDNA are identified in cytoplasmic RNA 
following a PCR-RACE protocol. The 212 bp fragment corresponds to the topo 1113- 2 form. and 
the 470 bp fragment to the topo II~ 1 variant. The 212 bp band apears as a dublet because of 
two different annealing sites of the oligo(dT) primer to the poly( A) tail generated during the 5' 
RACE experiment. Both of the bands were cloned and sequenced, confirming this interpretation. 

Panel C - DNA sequencing analysis. Autoradiograph of a 6% polyacrylamide gel. 
showing sequence from the topo II~ 1 and ~2 cDNAs. A portion of the additional sequence 
present in the topo 1113- 1 variant is bracketed at the left. 

-

-
---
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Isolation of human variants of topo lla eDNA 

RT-PCR experiments performed on human cytoplasmic RNA, prepared from 

two different cell lines, Hela and MCF-7, generated a number of bands, as revealed 

by 0.8°/o agarose gel migration of the amplification product, when primers flanking 

the site of alternative splicing in chicken topo lla were used in the reaction. These 

bands, numbered from 1-4 (see Figure 3.12), were gel purified and cloned into 

pGEM-T vector, in order to be sequenced and characterized. The sequence revealed 

the presence of 3 different in frame insertions within the same region of the human 

topo lla eDNA. The RT-PCR reaction generated several bands during the same 

amplification reaction. After gel purification, pGEM-T cloning and sequencing, it was 

shown that the smallest band, 480 pb in size, corresponded to the canonical topo 

lla human eDNA variant. When sequenced, the co-amplified bands of approximated 

550 bp, 600 bp and 720 bp in size, were shown to contain 3 different eDNA 

insertions within the topo II a coding sequence. Computing analysis of human topo 

lla genomic sequence (AJ011743; AJ011744; AJ011745) confirmed the presence of 

the alternative eDNA insertions in the genome, indicating a putative alternative 

splicing region within the topo lla gene. This result is consistent with the description 

of the putative alternative splicing region in the chicken topo I Ia gene, suggesting an 

evolutionary conservation of the topo II spliced variants between birds and human. 

Topo lla-1: The AT -PCR amplification product numbered topo lla-1 (band 1 

in Figure 3.12), was shown to correspond to the canonical human topo I Ia eDNA 

fragment of 480 bp in size. This fragment was present in both Hela and MCF-7 cells. 

Although constantly present in the mature, cytoplasmic RNA isolated from both Hela 

and MCF-7 cell lines, topo lla-1 was less abundant than the other human topo 

II a variant messages. 
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Figure 3.12: characterization of muhlple splice variants of human topo lla mRNA. 
Panel A - Diagram of the region of the human topo II a gene subject to alternative splicing. Exons corresponding 

to human topo II a-1 form are represented by black boxes. The additional sequences corresponding to topo 

lla-2, a-3 and a-4 are represented by hatched boxes. The arrows indicate the putative alternative splice 

acceptor sites. Where applicable, the relevant numbering from the human topo II a-1 eDNA sequence is shown. 
The positions of the two PCR primers used for the experiment of Panel B is shown, again using numbering 
corresponding to that in the human topo II a-1 eDNA. Panel B - RT -PCR amplification experiment using human 
cytoplasmic RNA isolated from Hela and MCF-7 cells. The reverse transcription reaction was performed in the 
presence of oligo(dl) or random primers (r.p.}. The figure shows a 1.8% agarose gel of the second round 
(nested} RT -PCR afll>lifJCation product, when primers flanking the eDNA region located between the nucleotide 
positions 898-1378 were used. The numbers 1-4 (right} indicate the co-amplified bands, corresponding to the 
human topo II a-1, a-2, a-3 and a -4 isoforrns, respectively. The numbers at the left indicate the approximate 
size of the amplified bands in bp. Panel C - Nucleotide and deduced polypeptide sequences of the relevant 
portions of the human topo II a gene. The numbering of the amino acids corresponds to the human topo II a- 1 

sequence. The additional78 bp present in human topo lla- 2 (left}, 108 bp fragment present in human topo lla-3 

(middle} and 243 bp fragment present in human topo lla- 4 (right} are boxed. 
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Topo lla-2: The topo lla-2 variant of the human topo II eDNA, corresponded 

to the amplification band no. 2 in the RT-PCR experiment (see Figure 3.12). In this 

topo I Ia variant, a 78 bp insertion was found to be present between the exons 10 and 

11 of the canonical topo lla-1 eDNA sequence (see Figure 3.12). This in-frame 

insertion brings a sequence of 26 amino acids between the A401 and A402 within 

the protein sequence. The 26 amino acid sequence provided by the topo lla-2 

variant is represented in Figure 3.12. 

Topo lla--3: The human topo lla-3 eDNA variant corresponded to band no. 3 

generated by RT-PCR experiments, as indicated in Figure 3.12. This band could be 

described, after cloning and sequencing, by the presence of a 108 bp insertion 

between exons 8 and 9 within the canonical topo lla-1 coding sequence. The novel 

in-frame sequence brings an additional 36 amino acids between K321 and G322 in 

the human topo lla-1 protein sequence, in the same region as previously described 

for the topo II a-2 variant in chicken cells. This might suggest the evolutionary 

conservation of the topo II a eDNA spliced variants, firstly described in chicken cells 

and ultimately isolated from human, at similar positions. The 36 amino acid 

sequence provided by the human topo lla-3 isoform is represented in Figure 3.12. 

To identify putative protein homologies within the databases, the search was 

performed in a similar way, as described for the other isoforms, already presented. 

The Blast 2.0MP/WashU search engine identified several proteins belonging to the 

cytochrome 8/C family, with a percentage of identity varying between 48°/o and 42°/o 

in 26 overlapped amino acids corresponding to the cytochrome B 

(swiss1P155851CYB_PART) family of proteins. The protein motif search analysis and 

secondary structure prediction were performed as described, and could identify the 

presence of 3 putative protein kinase C phosphorylation sites (PKC-sites, as 

indicated in Figure 3.13). This sites were located at the positions: 1-3 (SSK) , 6-8 

(SSR) and 7-9 (SRK) within the 36 amino acids topo lla-3 insertion, as illustrated 

(PROSCANIPROSITE documentation [ST]-x-[RK], PDOC00005). 
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Topo lla--4: The human topo lla-4 eDNA version was firstly isolated from 

HeLa and MCF-7 cells, by RT-PCR amplification, as described in Figure 3.12. The 

topo lla-4 message was shown to be more abundant in the cytoplasm than the 

canonical topo lla-1, a-2 or a-3 isoforms. Topo lla-4 contained an extra 243 bp in 

frame insertion, within the known topo lla-1 nucleotide sequence, between the 

exons 9 and 10 of the canonical topo lla isoform (see Figure 3.12). This new 81 

amino acid sequence is inserted between the residues a355 and v356 of the 

canonical human topo lla-1 protein sequence (Figure 3.12). 

The protein motifs analysis indicated the presence of one putative casein 

kinase II phosphorylation site within the deduced amino acids sequence of the 

human topo lla-4 insertion, at the position 63-66 (TSGD), as indicated by 

PROSCAN search engine (PROSITE documentation [ST]-x(2)-[DE] PDOC00006). 

Characterization of the chicken alternative genomic region 

To determine the origin of the two versions of the topo II a eDNA, the DT40 

genomic locus covering the eDNA variability region was analyzed. A recombinant 

lambda Fixll phage, carrying a portion of the chicken DT40 topo II a gene, was 

double digested with a mixture of Xbai-Xhd (New England Biolabs) enzymes, and a 

2.5 kb fragment was generated. This fragment hybridized to a topo lla-1 eDNA 

probe, designed to cover the exon located at position 964-117 4 within the coding 

sequence. The 2.5 kb fragment was purified, cloned and sequenced as described in 

Chapter 2. Sequence analysis of this genomic fragment revealed the presence of 

two potential splice acceptor sites (AG), separated by the 105 base pair segment 

found in the topo lla-2 eDNA (see Figure 3.13). The current results indicate that the 

topo lla-2 mANA is likely to arise by alternative splicing, by a mechanism resembling 

the model of competing 3' end splice acceptor sites. 
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Figure 3.13: Characterization of the genomic region encoding the alternatively spliced form of 
the chicken topo lla mRNA. 

Panel A - Diagram of the region of the chicken topo II a locus subject to alternative splicing. 
Exons are represented in black boxes. with the alternative addition shown as a blue box. The arrows 
indicates the alternative splice acceptor sites. The 2.5 kb genomic fragment cloned and sequenced to 
determine the structure of the gene around the alternatively spliced region is shown. 

Panel B - Nucleotide sequence of a portion of the chicken topo II a gene. Splice acceptor sites 
are under1ined. The numbering of the amino acids corresponds to the topo lla-1 protein sequence. 
The additional 105 bp fragment present in the chicken topo lla-2 variant is boxed. 
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Characterization of the human alternative genomic region 

To determine the origin of the four versions of the human topo II a eDNA, the 

sequences of the genomic topo II a locus, covering the putative eDNA variability 

regions, were analyzed. The three nucleotide sequences, of 78 (topo II a-2), 1 08 

(topo lla-3) and 243 (topo lla-4) respectively, previously described in this chapter, 

could be 1 00°/o identified in the human topo II a genomic locus. These sequences 

were present within the genomic sequence of the human topo lla gene intron 10 

(topo lla-2), intron 8 (topo lla-3) and intron 9 (topo lla-4), respectively. Each of 

these three sequences was flanked by two putative splice acceptor sites (AG) (see 

Figure 3.12). 

The human topo lla-3 additional sequence (36 residues) is inserted after 

residue K321 in the human topo lla-1 protein, whilst the chicken topo lla-2 additional 

sequence (35 residues) is inserted after residue K321 in the chicken topo lla-1 

protein (Figure 14). Furthermore, the two inserted sequences are ,..,30°/o identical to 

one another ( see Figure 3.14 ). The current data indicates that human cells produce 

alternative spliced forms of topo I Ia message, by a similar mechanism as the one 

described in chicken cells, which is the selection of the 5' end competing alternative 

sites during mANA processing. 

3.3 Discussion 

The mechanism of differential splicing: The formation of a mature mANA 

from a primary transcript generally requires the exclusion of intervening sequences 

(introns) with the consequent joining together of the coding regions (exons) (163). 

The general splicing mechanism in eukaryotic cells has been well characterized 

(163). It involves a two-step process, which occurs in a large ribonucleoprotein 

complex, termed the spliceosome (75, 126, 132, 162). 
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---------------GGRHVDYVADQIVTKLVDVVKKKNKGGVAVKABQ-----------
---------------GGRBVDYVADQIVTKLVDVVKKKNKGGVAVKABQ-----------
N----DAFFGICPFKGGRBVDYVADQIVTKLVDVVKKKNKGGVAVKABQ----------
---------------GGRHVDYVADQIVTKLVDVVKKKNKGGVAVKABQRELCNGAILAB 

CNLRLMGSSDSPASASRVAGIAGGCBBTQLIFVFLVETGFHHVGQAGLERL!§mlPPASA 

390 
I . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

----------VKNHMWIFVNSLIENPTFDSQTKBNMTLQAKSFGSTCKLSEKFIKGA---
----------VKNHMWIFVNSLIENPTFDSQTKENMTLQAKSFGSTCKLSEKFIKGA---
----------VKNHMWIFVNALIENPTFDSQTKENMTLQPKSFGSTCQLSEKFIKAA---
----------VKNHMWIFVNALIENPTFDSQTKENMTLQPKSFGSTCQLSEKFIKAAHLY. 
----------VKNHMWIFVNALIENPTFDSQTKBNMTLQPKSFGSTCQLSEKFIKAA---
SQSSGITDVKVKNB.M\flFVNALIENPTFDSQTKENMTLQPKSFGSTCQLSEKFIKAA---

420 
I . .... .. . ......... . . . . . . . . . . . . . . . . . 

-----------------------VGCGIVESILNWVKFKAQ 
-----------------------VGCGIVESILNWVKFKAQ 
-----------------------IGCGIVESILNWVKFKAQ 
SRFLIDPFFPNMIPNMIFSFSKAIGCGIVESILNWVKFKAQ 
-----------------------IGCGIVESILNWVKFKAQ 
-----------------------IGCGIVESILNWVKFKAQ 

Figure 3.14: Muttiple sequence alignment of a portion of topo lla covering the alternatively 
spliced region of the chicken and human topo I Ia cDNAs. 

The amino acids are numbered according to their position in the topo lla-1 protein sequence. Putative 
protein kinase C sites within the amino acid insertions are represented in red . A putative casein 
kinase II sites is represented in blue. There is limited region of conserved amino acid sequence in the 
homologous insertion in the chicken topo lla-2 and human topo lla-3 variants. 
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In the first step, the 5' end exon is cleaved (122) and two intermediates are 

formed: a 5' exon with a 3' hydroxyl end, and an RNA intermediate molecule, 

containing the downstream intronic sequence and the 3' exon, in which the 5' 

terminal guanosine of the intron is covalently linked to a residue termed the 

"branchpoint" (33), usually an adenosine, located 18-40 nucleotides upstream of the 

3' splice site. In the second step, cleavage at the 3' splice site results in the release 

of the lariat intron (156) and concomitantly the two exons are linked together. 

The alternative splicing of primary RNA transcript is a widespread mechanism 

that has been largely studied in several organisms, including Drosophila, 

Caenorhabditis e/egans, plants (184) and vertebrates (178). Different patterns of 

alternative splicing have been observed (172). Alternative RNA splicing functions 

predominantely in two ways. The first is in the on/off control of the gene expression, 

that is in switching between a functional and non-functional protein product by the 

inclusion of a stop codon. Examples include genes involved in sex determination, or 

P-element transposase in Drosophila. The second function of the alternative splicing 

is the generation of the multiple protein isoforms. In many cases, alternatively 

generated spliced proteins contribute to developmentally and tissue-specific 

regulated gene expression. The organisation of genes which are subjected to 

alternative splicing process is diverse, and can be due to the alternative promoters or 

alternative exons, located in internal regions or at the 3' end of the gene. A number 

of features can contribute to the alternative splice site selection, as for example: the 

size of the introns, the relative strength of the 5' splice site (122), the location of the 

branchpoint or the presence of the multiple branchpoints (32, 33), and the presence 

of specific exon sequences (163). 

Considerable progress has been made in the last years in identifying the cis

acting elements and cellular factors that mediate the alternative splicing phenomena 

(126, 132, 162). A variety of mechanisms are involved in the alternative splice site 

selection, including inhibition via factors that specifically bind the 5' or the 3' splice 

sites, and via activation of several factors that enhance the binding of the specific 
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alternative splice sites. There are described 7 models for the alternative splicing. 

These are: the individual exon inclusion/skipping; the mutually exclusive exons; the 

competing 5' splice sites; the competing 3' splice sites; the retained/excised intron; 

the alternative promoters; and the alternative polyadenylation sites. More complex 

combinations of these patterns are found in complex transcription units. 

Posttranslational modifications of topo II and alternative splicing: It has 

been postulated a long time ago that topo II is regulated by posttranslational 

modification, particularly by phosphorylation. The current work does not describe any 

particular function for the additional sequences, although significant homology is 

found within several members of Cytochrome 8/C and Cytochrome C oxidase 

(subunit II) superfamily of proteins. To determine whether this is coincidental or not, 

requires further analysis. The region in which the additional sequences are inserted, 

is at the N-terminus of the proteins. Although the ATPase domain of topo II members 

is very well conserved during evolution, the sequence of the very N terminus of the 

molecule diverged. This sequence divergence occurs not only between chicken topo 

II and the other eukaryotic counterparts, but between topo I Ia and~ isoforms as well, 

so far suggesting a possible functional divergence between the two isoforms. Very 

interesting is that, in the case of chicken topo lla-2 and human topo lla-3 isoforms, 

the amino acid insertions bring additional putative PCK phosphorylation sites in the 

region. Since this site seems to be present in several Cytochrome 8/C members, a 

biological question could address the existence of a common regulatory mechanism 

via Protein Kinase C, acting upstream both topo II alpha and members of 

Cytochrome 8/C family. 

Topo II mutations, drug resistance and alternative splicing: Tumor cells 

resistance to active anti topo II chemotherapeutic agents, continues to be a serious 

clinical problem. Although the mechanisms governing the "intrinsic" resistance are 

beginning to be understood, the selection in vivo of the resistant tumor cells, 
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adapted to grow in the presence of the drug, has provided very little information 

about the mechanism of the "acquired" resistance within tumor cell populations. It 

was shown that the overexpression of the PGP-mdr1 gene product, could result in 

tumor cell resistance against several drugs of different structure and mechanism of 

action. 

This phenomenon is termed MDR (multi drug resistance) (85, 87, 218), and 

was proved to be important in clinical drug resistance. Resistance against topo II 

inhibitors was frequently observed in tumor cells that overexpress PGP protein. A 

number of chemosensitizers that interact with PGP and alter the drug-sensitivity 

profile have been studied extensively in pre-clinical models and in patients. A 

presumed mechanism of action of these agents is restoring defects in drug 

accumulation of MDR cells. 

However, reduced drug accumulation mediated by PGP, does not explain the 

magnitude of resistance encountered with topo II inhibitors. It might be possible that 

alterations in topo II levels and/or structure are more important in generating the 

clinical resistance in MDR tumors. 

The 78 bp, 1 08 bp and 243 bp in-frame insertions corresponding to the three 

additional mRNAs, are located within the putative drug binding site of the human 

topo lla protein. It might be possible that one of the mechanism which finally can 

generate the drug resistance, involves the production of several spliced forms of topo 

II with less affinity for the drug, by the disruption/abolition of the drug binding site 

within the N-terminus of the protein. This affirmation requires further analysis. 

3.4 Conclusions 

At present, little is known about the distinct functions of the topo II a and 

~ isoforms in vertebrate cells. In order to address this issue, we have begun a 

genetic analysis of the two proteins in chicken cells. As a first step, we screened two 

chicken eDNA libraries for clones encoding topo lla and ~- After this screen had 
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been completed, cDNAs for these two isoforms were entered into the data base by 

the laboratory of Mizuno and coworkers (dbjiAB007 445;dbjiAB00446). The present 

report describes a novel splice variant found for each eDNA in our screen. Both 

splice variants affect theN-terminal region of the two topo II isoforms, a region which 

is relatively divergent between species, and which is dispensable for catalytic activity 

in yeast. These splice variants are conserved between birds and mammals. The 

topo II f3 variant is positioned identically to one previously described in human (He La) 

cells. The 5 amino acid insertion in the human topo llf)-2 variant follows V23. In the 

present instance, a longer insertion of 86 amino acids follows V27, the homologous 

position in the chicken topo llf) protein. The situation with topo lla is slightly more 

complex. Library screening and PCR experiments revealed the presence of two 

variant forms of the topo lla mANA in chicken cells. However, an RT-PCR analysis 

of cytoplasmic RNAs from human cell lines revealed a more complex situation, with a 

number of bands. When we cloned and sequenced these amplified species, we 

found the canonical topo II sequence, plus other cDNAs with insertions of 36 

additional residues after residue K321, 81 additional residues inserted after Q355 or 

26 additional residues after A401 in the human topo lla-1 eDNA. Interestingly, the 

human topoisomerase lla-3 spliced form appears to correspond to the chicken topo 

lla-2 form. The presence of both chicken and human topo lla mANA variants in 

mature, cytoplasmic RNAs was confirmed by RT-PCR experiments. Furthermore, 

that the novel topo II a variants are likely to arise via differential splicing, was 

supported by the identification of the putative alternative splice acceptor sites in the 

genomic sequence. Interestingly, the RT-PCR analysis revealed that the mRNAs 

corresponding to both the chicken and human novel variants are at least as 

abundant as those encoding the canonical isoforms. The functional significance of 

these novel isoforms remains to be determined, however it is noteworthy that in 

some cases, they could potentially have a significant impact on the posttranslational 

modifications of the protein. For example, in the case of the chicken topo lla-2 

isoform, the 35 amino acid sequence introduces an additional consensus PKC 
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phosphorylation site into the molecule. Similarly, human topo lla-3 contains 3 

consensus PKC phosphorylation sites within the additional 36 amino acids. The 

presence of consensus PKC-sites in the deduced amino acid sequence of these two 

homologous isoforms suggests that both could be responsive to similar control 

pathways in chicken and human. Human topo lla-4 has one consensus casein 

kinase II phosphorylation site and 3 putative N-myristilation sites within the deduced 

81 amino acid sequence. Similar potential differences in posttranslational 

modifications are observed between the canonical topo II f3 and t\-2 variants. The 86 

amino acids region of chicken topo II t\ missing from the (3-2 isoform also contains a 

number of consensus sites for posttranslational modifications, including putative sites 

for phosphorylation by cAMP-dependent protein kinase (1 ), casein kinase II (3), 

protein kinase C (3), and one putative tyrosine phosphorylation site. 

In summary, we have identified three novel splice variants of the human topo 

lla mANA and one each for the chicken topo II a and t\ mRNAs. At least two of these 

spliced versions of topo lla and f3 appear to be evolutionarily conserved between 

human and chicken, suggesting that they may have some functional significance. 

Future functional analysis of vertebrate topo lla and t\ will need to account for the 

existence of these novel isoforms, which may exhibit differences in tissue or cell

type-specific expression, subcellular localization, interaction with other proteins, or 

catalytic activity. 
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Chapter 4: Disruption of the chicken 
topo lla gene 
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4.1 Introduction 

This chapter focuses on the isolation and characterization of the chicken topo 

Jla gene from the DT40 lambda FixRII genomic phage library, for the purpose of 

constructing targeting vectors and their use in inactivating the topo II a gene in the 

DT 40 cells. The ultimate goal of these targeting experiments is to create a DT 40 topo 

lla null cell line for phenotypic analysis. These tools would enable the study of the 

specific role played by topo II a in chromosome condensation and segregation during 

mitosis, as well as studies of the role of topo lla in apoptosis and in sensitivity to 

various drugs. 

The avian DT40 system developed, since 1992, as a very useful method to 

generate loss of function mutations in vertebrate cells. These chicken pre-8 

lymohoma cells undergo homologous recombination at very high frequencies (23, 

202, 203) relative to random integration, and thus can be theoretically used to 

generate gene knockouts with a high targeting efficiency. 

The first successful gene targeting experiment in the DT 40 cell line was 

performed by Takeda et a/., (203) at the Basel Institute for Immunology, in 

Switzerland, who showed that subclones of DT40 cells maintain the ability to 

diversify their immunoglobulin light chain locus by gene conversion even after both 

copies of the RAG-2 coding regions were deleted, demonstrating that the RAG-2 

product was not required for the gene conversion activity in the immunoglobulin light 

chain locus (203). It was then confirmed that transfection of different genomic 

constructs into the DT 40 cells leads to a very high ratio of targeted versus random 

integration, as observed for constructs derived from the f3-actin locus (23) or the 

ovalbumin locus (23). 

A very high frequency of targeted integration was also observed in DT 40 

knockout experiments replacing very large genomic areas, covering the histone 

clusters, for example the 57 kb locus of the major histone gene cluster (198-200). 

The analysis of homozygous chicken DT 40 mutants, in which two allelic segments of 
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57 kb containing 21 histone genes were disrupted, demonstrated that the remaining 

members of the histone gene family were expressed more in the mutants than in the 

normal DT 40 cells. These results demonstrated that the multicopy histone gene 

family has the ability to compensate for the loss of a significant number of alleles. To 

clarify the differences in the nature of H1 variants in chicken cells, a later gene 

targeting study analyzed the six H 1-deficient generated mutants, and showed that 

each H1 variant plays an individual role in the transcription regulation of specific 

genes in the DT40 cells (197). Another DT40 gene targeting study tried to analyze 

the histone H3 genomic locus. It was known that the chicken H3 gene family 

contains 12 members (H3-I to H3-XII) (199). Nine of them were known to belong to 

two major histone gene clusters, but the genomic locations of the others were 

unknown. In the DT40 chicken B cell line, H3-IV and H3-V were shown to be located 

in inverted orientation, sharing the 3'-untranslated region of 531 bp, and to produce 

about 24°/o of the steady-state level of total mRNAs from all the H3 genes. To 

determine the importance of this locus, gene disruption of the H3-IVIH3-V locus was 

carried out in DT 40 cells. Analysis of the stable transfectants showed that the growth 

rate of DT40 cells was unchanged in the absence of two copies of the H3-IVIH3-V 

locus. Furthermore, the remaining H3 genes were shown to be expressed more in 

the mutants lacking one or two H3-IVIH3-V alleles than in wild-type DT40 cells. As a 

result, the steady-state level of total H3 mRNAs remained constant in all the mutant 

cell lines tested. The levels of mRNAs from the H28 and H1 genes, located close to 

the H3 genes, were unchanged. These results demonstrated that the chicken H3 

gene family has the ability to compensate for disruption of H3-IV/H3-V (199). 

The mechanism by which homologous recombination occurs in mammalian 

cells is not well understood (187, 202). It is proposed that homologous 

recombination occurs more readily if the construct has free ends, rather than being 

circular (72). The critical parameter seems to be the DNA used to construct the 

targeting vector. The rate of homologous recombination was shown to increase with 

the length of the homologous DNA sequence (12, 20, 23, 129, 169). The exact 
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length of homologous DNA that gives the maximum recombination rate in the DT40 

cells, is controversial. 

4.2 Results 

Isolation of chicken topo lla. AFix II phages 

The Lambda Fix II genomic libary plating method was very similar to the one 

already described for the screening of the chicken eDNA libraries. For the first round 

of screening, the 32p labeled probes were designed to cover the 855 bp Saci-Af/111 

(New England Biolab), and the 918 bp Af/111-Sacl (New England Biolab) fragments, 

corresponding to the 5' most end, and the 3' most end of the topo I Ia eDNA, 

respectively. Pure plaques were obtained after three rounds of screening, and the 

lambda phage genomic DNA prepared as described in Chapter 2: Materials and 

Methods. From the primary screen of 2 million plaques, 12 independent phages 

were isolated and subjected to further restriction and Southern hybridization analysis. 

For further genomic analysis of the topo I Ia locus, the 855 bp 5' end eDNA 

fragment used as the initial probe was subdivided by Haelll digest into 5 smaller 

eDNA fragments of 136 bp, 69 bp, 33 bp, 362 bp and 255 bp, respectively. All these 

fragments were used as individual probes for Southern analysis and mapping of the 

topo lla positive 'A Fixll genomic phages 

Two phages, designated phage A and phage 8, were shown to be overlapping 

and covering most of the topo lla gene locus (see Figure 4.1a). They were selected 

for further detailed mapping analysis. The phage A (24 kb insert) corresponded to 

the 5' end of the chicken topo I Ia gene locus, but it did not contain the initiating 

(ATG) codon. The phage B (18 kb insert) corresponded to the 3' end of the gene 

locus, containing 2.8 kb of genomic sequence after the stop codon. The genomic 

inserts corresponding to both of these phages were analysed by partial digestion 

and Southern hybridization experiments, in order to construct a map of the DT 40 

topo II a genomic locus. In order to construct the entire genomic map of the chicken 
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OT40 topo lla locus, the phage library was rescreened by hybridization using a 5' 

end eDNA oligo probe, corresponding to the first 18 bp of the topo I Ia eDNA. The 

t..Fixll phage C was shown to contain an 18 kb genomic DNA segment located 

upstream the transcription initiation codon. Phages C1, C2 and C3 were isolated 

during an additional screening of the /..Fix II DT 40 genomic library, in which a 200 bp 

Sacl genomic fragment, isolated by restriction digest of the phage C insert, and 

located 250 bp upstream of the topo lla gene transcription initiation codon (ATG), 

was used as a probe (data not shown). 

Panel A: PaneiB: 

ATG STOP 

rt Topo In eDNA 

t· 5' 3' 
Phage A Phage B - -probe 1 probe 2 kb M- + - +M 

+ N N 

Phage A R.A. 
24 kb ~ 

N 

LA. Phage B 
~ 18 kb ... 

Figure 4.1 a: Isolation and characterization of the DT 40 AFixll phages A and B 
(for the figure legend please refer to the next page) 

kb 

Panel A. Schematic representation of the phage A (red) and phage B (blue) inserts isolated 
by hybridization screening of the AFixll DT 40 genomic library with the 5' and 3' end topo II a eDNA 
probes 1 and 2, respectively. LA.= left arm; R.A.=right arm; E2 = exon 2; En= the last exon; STOP= 
stop codon; ATG = translation initiation codon; N = Notl restriction site, flanking the cloned insert in 
the A.Rxll phage vector. 

Panel B. 0.5% agarose gel migration of 20 f.l9 of Phage A (red) and B (blue) DNA, undigested 
(-)or digested (+) with Notl enzyme. The isolated insert bands are indicated by the red arrow (24 kb 
phage A insert) and blue arrow (18 kb phage B insert). 
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Mapping of the chicken DT40 topo I Ia. genomic inserts 

The DT40 topo lla genomic locus was mapped by partial restriction digestion 

of the three lambda Fixll phages, carrying overlapping portions of the 32 kb topo 

lla gene. The partial digestion with serial dilutions of Xbal, Xhd, Sacl and EcoRI 

generated collections of bands which were electrophoresed in 0.3°/o agarose gels 

and blotted for (T3) oligo, 3' end eDNA oligo and 5' end eDNA oligo-hybridization 

analysis. 

The partial restriction mapping of the phage A insert identified the presence of 

six Xbal sites (see Figure 4.2b), three Xhol sites (see Figure 4.2e), four Sacl sites 

(see Figure 4.2d) and seven EcoRI (see Figure 4.2a) sites, as globally represented 

in Figure 4.5. The mapping of the phage 8 indicated the presence of five Xbal sites 

(see Figure 4.2b), four Xhol sites (see Figure 4.2e), three Sacl sites (see Figure 

4.2d) and four EcoRI sites (see Figure 4.2a) within the 18 kb genomic insert. The 

genomic insert of the phage B overlapped over 12 kb length of the phage A insert. 

The phage C restriction mapping resulted in the identification of three Xbal 

(see Figure 4.2b), one Xhol, two Sacl and four EcoRI sites located upstream the 

transcription initiation codon (ATG) (see Figure 4.5). The phage C genomic insert 

overlapped over 2. 5 kb with the 5' - most end nucleotide sequence of the phage A 

insert. This overlapping region corresponded to the topo lla genomic area covering 

the first two exons of the chicken topo II a eDNA. 

Further restriction analysis and subcloning experiments performed on phages 

C1 and C2 (data not shown), contributed to the assembly of 5 kb of sequence of the 

genomic region located 5' upstream of the translation initiation codon (ATG). 

The phage C1 and C2 nucleotide sequence confirmation was necessary to 

eliminate the risk that the phage C insert might have undergone a rearrangement 

during cloning. This concern was aggravated by the observation that the sequence 

deriving from the 5'-most end of the 23 kb phage C genomic insert generated a 34 bp 

repetitive sequence, with high homology for the pUC vector. However the relevant 
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sequence deriving from the 3' end of the phage C insert, was confirmed by the 

sequences of the overlapping phages C1 and C2. The complete map of the 32 kb 

chicken DT 40 topo II a locus was constructed using the information derived from the 

analysis of the overlapping phages A, Band C, as described earlier in this chapter 

(see Figure 4.5). The 5' (ATG) upstream genomic region map was confirmed by the 

restriction analysis of other 3 independent phages C1, C2 and C3, isolated from the 

A.Fixll genomic library during a second screening in order to clone and characterize 

the DT40 topo lla 5' end upstream genomic region (data not shown, see Figures 

4.1 b and 4.5). Phage C was the only one overlapping with phage A, covering around 

800 bp length of common sequence. The map generated from the analysis of the 3' 

end region of the phage C was confirmed by the partial maps obtained from phages 

C1, C2 and C3, as already described. 

The nucleotide sequence information deriving from the most 5' end of the 

phage C insert, corresponding to a genomic region 18 kb upstream of the translation 

initiation codon (ATG) suggests a rearrangement, a chimeric phage, or a cloning 

artifact. The phages C1, C2 and C3 did not overlap with the phage C over the most 

5' end of their inserts, being around 7 kb smaller. 

Therefore, a sequence comparison between the putatively artifactual genomic 

region was not possible. I have decided to omit further consideration of the 

suspected region. However, a second possibility is that the most 5' end sequence of 

the 18 kb topo lla genomic locus upstream region was correct, and the pUC BLAST 

homology only coincidental. The 5 kb genomic region immediately upstream of the 

(ATG) codon is almost certainly correct, being confirmed by the maps and 

sequences of other 3 genomic inserts (phages C1, C2 and C3). The restriction 

mapping of the 3'-most end of the topo lla genomic region derives from the analysis 

of the phage D insert, which was isolated during an additional A.Fixll genomic library 

screening in order to isolate and characterize DT40 topo lla genomic fragments 

located 3' end downstream the STOP codon. The phage D insert was shown to be 

1 0 kb longer towards the 3' end as compared with phage B. 
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The partial restriction mapping of the phages A, B, C, C1, C2, C3 and D 

represented only an initial step in constructing the complete genomic map of the 

DT40 topo lla locus. The final map was the result of several Southern blot 

experiments performed on complete (single and/or double enzyme) restriction digest 

of the 6 phages which were isolated and selected for further analysis (data not 

shown). For example, in Figure 4.2b, the Xbal partial restriction of the phages A and 

B generated a collection of several bands ( see panel A). The 4.9 kb Xbal band, 

present in the reaction of both phages A and B and generated by 20U, 1 OU or 3.3U 

of enzyme, can be identified by the oligo-T3 hybridization (see panel B) in the phage 

A only. This observation suggested that in the case of phage B, the complete 

digested 4.9 kb Xbal fragment was located within the phage insert at least 8-1 0 kb 

further from the phage Xbal cloning site than the putatively identical 4.9 kb genomic 

fragment generated from the phage A digest. When the (T3)-oligo hybridization blot 

was stripped and re-hybridized with the 3' end eDNA chicken topo lla oligo probe 

(see Appendix 1-7), only the phage B was shown to be positive. This observation 

suggested that the most 3' end nucleotide sequence of the phage A was overlapping 

with the 5' end and/or middle region of the nucleotide sequence corresponding to the 

phage B insert. The confirmation of this hypothesis came from the Southern blot 

experiments per1ormed on complete Xbal digestion of phages A, B and wt-DT40 

genomic DNA when a 270 bp eDNA Haelll fragment homologous to the 3' end 

chicken topo I Ia eDNA (nucleotide position 4590-4870) was used as a probe (data 

not shown). Further Southern analysis, subcloning of restriction generated fragments 

and partial nucleotide sequencing of the phages A and B inserts, contributed to the 

construction of the final genomic map of the topo II a gene locus in DT-40 cells (see 

Figure 4.5), where the 4.9 kb Xbal fragment can be found within the phage A insert 

(red), in the most 3' end, upstream the 1.5 kb Sacl fragment and the last exon, 

marked as a red rectangle. 
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Figure 4.1 b: Isolation and characterization of the DT40 i.Fixll 
phages C1, C2 and C3 (for the legend please refer to the next page) 
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Panel A: 2.5o/o agarose gel electrophoresis of A.Fixll phage C2 and C3, digested to completion 

with Kpnl (K) or Sac! (S) enzymes. The symbol"+" or"-" corresponds to the presence or absence of 

the enzyme. 

Panel B: 0.3°/o agarose gel electrophoresis of A.Rxll phage C1, C2 and C3 digested to 

completion with Kpnl (K) or Sacl (S) enzymes. The symbol"+" or"-" corresponds to the presence or 

absence of the enzyme. 

Panel C: Southern blot experiment on the agarose gel presented in panel A, hybridized with a 

chicken topo lla eDNA 5' end oligo probe, covering the first 18 base pairs of the coding region (oligo 

1 ). Both phages C2 and C3 contain the transcription initiation codon present within a Sacl generated 

fragment of 1.5 kb length. 

Panel D: Southern blot experiment on the agarose gel presented in panel B. hybridized with a 

chicken topo lk.t eDNA 5' end oligo probe, covering the first 18 base pairs of the coding region (oligo 

1 ). Phages C1 , C2 and C3 contain the transcription initiation codon identified within the Kpnl 

generated fragment of 11 kb length {phage C1), 9 kb length (phages C2 and C3), and within the Sacl 

generated fragment of 3 kb length (phage C1) and of -1.5 kb length (phages C2 and C3). 

Panel E: Southern blot experiment on the agarose gel presented in panel A, hybridized with a 

chicken topo lla eDNA 5' end oligo probe, covering 18 base pairs located at the nucleotide position 8-

26 within the coding region (oligo 2)(see Appendix 2). Both phages C2 and C3 display positive 

signals, indicating the presence of the oligo sequence within the 3 kb length Sacl generated fragment 

Panel F: Southern blot experiment on the agarose gel presented in panel B, hybridized with a 

chicken topo II ct eDNA 5' end oligo probe, covering 18 base pairs located at the nuceotide position 8-

26 within the coding region (oligo 2)( see Appendix 2). Phages C2 and C3 contain the oligo 2 

sequence within the Kpnl generated fragment of 11 kb length, and within the Sacl generated fragment 

of -1 kb length. The phage C1 did not hybridize with the oligo 2 probe, suggesting an orientation 

towards the most 5' upstream region of the topo II a gene. 
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Phage A Phage B 

T3 
oligo probe 

Figure 4.2a: AFixll phages A and B: EcoRI partial restriction digest and mapping 

Panel A. 0.3% agarose gel electrophoresis of serial enzyme dilution (20 U; 10 U; 3.3 U; 1.1 
U; 0.3 U; 0.1 U; 0.0 U) restriction digest of the phage A (red) and phage B (blue) with EcoRI enzyme. 

Panel B. Southern blot of the gel presented in panel A, hybridized with the T3 oligo probe 
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Figure 4.2b: A.Fixll phages A and 8: Xb~ partial restriction digest and mapping 

Panel A: 0.3% agarose gel electrophoresis of serial enzyme dilution (20 U; 10 U; 3.3 U; 1.1 U; 0.3 U; 
0.1 U; 0.0 U) restriction digest of the phage A (red) and phage B (blue) with Xbal. Panel 8: Southern 
blot of the gel presented in the panel A. hybridized with the T3 oligo probe. Panel C: Southern blot of 
the gel presented in panel A, hybridized with the 3' most end chicken topo II a eDNA oligo probe. The 
phage A insert does not contain the STOP codon. 
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Figure 4.2c: A.Fixll phage C: Xb~ partial restriction digest and mapping 

Panel A: 0.3% agarose gel electrophoresis of serial enzyme dilution (20 U; 10 U; 3.3 U; 1.1 U; 0.3 U; 
0.1 U; 0.0 U) restriction digest of the phage C (green) with Xbal. Panel B: Southern blot of the gel 
presented in the panel A, hybridized with the T3 oligo probe. Panel C: Southern blot of the gel 
presented in panel A, hybridized with the 5' most end chicken topo In eDNA oligo probe. The phage 
C insert does contain the transcription initiation codon (first ATG). 
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Figure 4.2d: Afixll phages A and 8: Sad partial restriction digest and mapping 
Panel A: 0.3% agarose gel electrophoresis of serial enzyme dilution (20 U; 10 U; 3.3 U; 1.1 U; 0.3 U; 
0.1 U; 0.0 U) restriction digest of phage A (red) and phage 8 (blue} with Sacl. Panel 8: Southern blot 
of the gel presented in the panel A, hybridized with the T3 oligo probe. Panel C: Southern blot of the 
gel presented in panel A, hybridized with the 3' most end chicken topo II a eDNA oligo probe. The 
phage A insert does not contain the STOP codon. 
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Figure 4.2e: A.Fixll phages A and B: Xhol partial restriction digest and mapping 

~2.0 
r-1.6 

Panel A: 0.3% agarose gel electrophoresis of serial enzyme dilution (20 U; 10 U; 3.3 U; 1.1 
U; 0.3 U; 0.1 U; 0.0 U} restriction digests of phage A (red} and phage 8 (blue} with Xhol. 

Panel B: Southern blot of the gel presented in the panel A, hybridized with the T3 oligo probe. 
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Isolation of topo lla targeting genomic fragments 

One important aim of the chicken topo II a locus mapping and characterization 

experiments was to construct the targeting vectors used to inactivate the topo 

lla gene in the DT40 system. For homologous recombination to occur when a gene 

targeting plasmid is transfected into DT40 cells, the construct has to contain two 

genomic regions of perfect homology to targeted locus, cloned in the same 

orientation (5' to 3') with respect to the gene, and flanking the drug marker cassette. 

The constructs used in this study for the purpose of complete topo lla gene 

locus replacement contain a total length of genomic homology varying between 6. 7 

and 9.3 kb. In order to isolate genomic fragments suitable for topo II a gene targeting 

experiments, both the 3' end and 5' end genomic regions of the gene have been 

characterized. The purpose of selecting genomic fragments located 5' end upstream 

the translation initiation codon and 3' end downstream the translation stop codon, 

was to construct final targeting vectors which completely replaced the entire open 

reading frame. 

In order to identify both the 5' and the 3' end genomic fragments of suitable 

sizes for cloning experiments, several restriction enzyme digestion and Southern 

blotting experiments have been performed. The 3'-most end genomic fragment was 

detected by using a 3' end 18 bp oligo probe (homologous to the last 18 nucleotides 

of the chicken topo II a eDNA), (see Appendix 2) in a hybridization experiment 

performed on different restriction enzyme digests of the phage A and B inserts (see 

Figure 4.3). One Xbal genomic fragment of 8 kb in size was subcloned into 

pBiuescript and partially sequenced, for characterization of the intron-exon 

boundaries. Finally, an Xhol genomic fragment of suitable size (4.3 kb), located 

down-stream the stop codon, was isolated by restriction digestion and subcloned into 

pBiuescript for sequence analysis and for the purpose of cloning into the first allele 

targeting vector, as the 3' end homology arm. 

In a similar way, the 5'-most end genomic fragment was identified by using a 

5' end 18 bp oligo probe for hybridization experiments on single ·and double 
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complete restriction digest of the phage C insert (see Figure 4.4). This probe was 

homologous to the first 18 nucleotides of the chicken topo lla eDNA (see Appendix 

2). Phage C was the only one overlapping with the phage A, with around 800 bp 

length of common sequence (see Figure 4.5). One EcoRI genomic fragment of 5 kb 

size, which was shown to hybridize to the most 5' end topo II a eDNA oligo probe, 

was isolated from the phage C insert, subcloned into pBiuescript and sequenced for 

the intron-exon characterization. The translation initiation codon (ATG) together with 

the first exon (eDNA nucleotides 1-29, see Appendix 2) was located 2.5 kb away 

from the cloning site, and the 2.5 kb genomic region located 5' end upstream was 

sequenced and characterized. 

Phage C2 was later used as a source in generate a 5 kb Sacl fragment, 

located upstream of the initiation codon (ATG), which was used as the 5' end 

homology arm in constructing the topo II a gene targeting vectors. 
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Figure 4.3: Isolation of the 8 kb genomic fragment covering the 3' most end of chicken topo 
lkt eDNA-Panel A: 0.3% agarose gel electrophoresis of the phage A (red) and B (blue) single and 
double restriction enzyme digestion products (S=Sacl ; X= Xbal ; Xh=Xhol). The presence or the 
absence of the enzyme in the reaction is represented by the symbol "+" or "-". The white arrows 
indicate the 8 kb fragment. positive upon hybridization with a 3' oligo probe. Panel 8: Southern blot 
hybridization with a 3' end oligo probe on the agarose gel presented in Panel A. The oligo probe 
covers the first 18 base pairs of the last topo llo exon, 222 bp in length (see Appendix 2). 
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Figure 4.4: Isolation of the 5 kb genomic fragment covering the 5'-most end of chicken topo 
lla eDNA 

Panel A: 0.3% agarose gel electrophoresis of the phage C (green} and A (red} single and 
double restriction enzyme digestion products (N=Not1; E=EcoRI}. The presence or the absence of the 
enzyme in the reaction is represented by the symbol"+" or"-". The white arrows indicate the 5 kb and 
4.5 fragments, positive upon hybridization with the 5' oligo probe. The oligo probe covers the first 18 
bp of the chicken topo lla eDNA (see Appendix 2). 

Panel B : Southern blot hybridization with the S end oligo probe on the 0.3% agarose gel 
presented in Panel A. The oligo probe covers the first 18 base pairs of the chicken topo lla eDNA. The 
black arrows indicate the 5 kb and 4.5 kb fragments Which were positive by 5' oligo hybridization. 
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Figure 4.5: restriction map of the chicken DT40 topo lla gene locus(- 50 kb) 

The topo II a gene covers a 32 kb locus in chicken DT 40 cells. The complete restriction map of the ....SO 
kb chicken topo lla genomic region was created by integrating the restriction enzyme information 
obtained from the analysis of phages A (red), B (blue), C (green). D (black). Six restriction enzymes 
were used to construct the complete map: S=Sacl ; Xb=Xbal; Xh=Xhol; E==EcoRI; N=Notl and K=Kpnl. 
The first exon of the chicken topo II a gene, which covers nucleotides 1-29 within the complete topo lla 
eDNA (green box), was characterized by partially sequencing the phage C insert. The last exon of the 
chicken topo lla gene (red box), which covers the nucleotides 4528-4750 within the complete topo II a 
eDNA, was characterized by partially sequencing the phage A genomic insert. However, the phage A 
insert did not contain the last 20 base pairs of the last topo II a gene exon, therefore missing the STOP 
codon. The STOP codon (blue) was present within the phage B insert. 
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Topo I Ia genomic localization on DT40 chromosomes 

Before proceeding to the cloning experiments leading to the construction of 

the topo I Ia targeting vectors, the genomic fragments of both 5' and 3' end homology 

were tested for the presence of undesired genomic repetitive sequences, which 

might interfere with the homologous recombination event during gene targeting. 

Initially, both the 5' and 3' end genomic fragments were used as probes on Sacl and, 

respectively, Xhol digested DT40 genomic DNA Southern blot analysis. In contrast to 

the expected result of a single band hybridization, the low (2x15 min. 0.1 o/o SDS; 

2xSSC, 20°C), moderate (2x15 min. 0.1 °/o SDS; 0.2xSSC, 42°C) and high (2x15 

min. 0.1 °/o SDS; 0.1 xSSC, 65°C) stringency washing conditions generated high 

background signals upon autoradiography (data not shown). This result was 

regarded as unsatisfactory. Therefore, the fluorescent in situ hybridization technique 

was then chosen in order to detect the putative repetitive sequences within the 5' or 

the 3' end genomic fragments which were designed to construct the topo lla gene 

targeting vectors. In this way, the topo II a gene copy number in the DT 40 cells could 

be also assessed. Metaphase chromosomes were prepared from MSB-1, DU249 

(data not shown) and DT40 cells, as described in Chapter 2. The 4.3 kb (Xhol) 3' end 

and the 5 kb ( Sacl) 5' end genomic fragments were labelled as described in Chapter 

2, and used as probes for FISH analysis (see Figure 4.6). The FISH experiment on 

DT40 metaphase chromosomes was performed only once. The result of this 

experiment, as indicated in Figure 4.6, consistent within all metaphases which were 

analyzed, showed that topo II a gene is located on the second largest chicken 

macrochromosome, which was previously reported in the literature as chromosome 

2. Unfortunately, the DT 40 cell line was trisomic for chromosome 2. In contrast to the 

expected triple FISH technique signal, the experiment did not reveal the staining of 

more than one chromosome per each metaphase, in all metaphases examined. The 

DT 40 FISH experiment should be carefully repeated in the future, but the localization 

of the topo II a gene on chromosome 2 was borne out by the results of gene targeting 

experiments (see below). 
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Figure 4.6: Topo lin gene - Fluorescent In Situ Hybridization 
on chicken DT40 metaphase chromosomes 

Chromosomes prepared from log phase DT 40 cells which were treated with vinblastine for 2 hours. 
prior to the hypotonic swelling and methanol : acetic acid (3:1) fixation. The 5 kb genomic fragment 
isolated by the 5' oligo probe hybridization experiments (left) and a 4.5 kb fragment deriving from the 
inrtial 8 kb genomic fragment isolated by the 3' oligo probe hybridization analysis (right) were 
independently used as FISH probes on DT 40 chromosomes. The slides were developed with an 
Texas-red conjugated anti-digoxygenin antibody (left). or with an anti avidin-FITC antibody (right). The 
white arrows point toward the chromosomal location of the chicken topo II a gene in DT 40 cells. The 
stained chromosome corresponds to the second-largest DT 40 chromosome. referred as chromosome 
2. Only one chromosome per metaphase is stained . 
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Construction of the targeting vectors 

In order to delete the topo lla. gene in DT40 cells, six different targeting 

constructs were generated (vectors A-F). The targeting vectors were designed to 

contain 2 regions of homology flanking a drug resistance marker, driven by the 

chicken ~-actin promoter. The two genomic fragments have been cloned in the same 

orientation, to insure the proper homologous recombination. The difference between 

the six vectors resides in the length of genomic homology, the location of the 

genomic homology within the topo I Ia. Iocus, and the drug resistance gene flanked by 

the two genomic fragments. 

The topo I Ia. gene targeting vector which was initially constructed, designated 

vector A, contained the 3' end 4.3 kb Xhd and the 5' end 5 kb Sacl genomic 

fragment previously described in this chapter, cloned on either side of the tk/neo 

resistance cassette flanked by two loxP sites (see Figure 4.7). These cloning steps 

generated the final targeting plasmid of 15.9 kb in size, which was linearized with 

Xbal prior to transfection into the DT 40 cells. The two genomic fragments were 

cloned in the same orientation (5' to 3' ), but unconventionally with respect to the 

gene (see Figure 4.7). Vector A was designed to replace the entire 32 kb locus of 

topo II a. reading frame. 

Regarding the observation that efficiency of gene targeting decreases with the 

length of the genomic replacement, a second vector, designated vector 8, was 

construct to replace only the catalytic site of the enzyme, corresponding to a 

genomic region of only 18 kb length (see Figure 4.7). The 4.4 kb Xbal 3' end 

fragment (isolated from the phage 8 insert) and the 5. 6 kb Xbal 5' end fragment 

(isolated from the phage A) were blunt-ended and successively ligated into the loxP

txlneo containing plasmid, to generate the final targeting plasmid of 16 kb in size. 

This plasmid was designed to be linearized with Xbal enzyme prior to transfection 

into DT 40 cells. 

The third topo lla. targeting vector, designed to eliminate the entire 32 kb 

genomic locus, was designated vector C (see Figure 4.7). The 2.8 kb Xbai-EcoRI 3' 
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end genomic fragment was cloned in an Xbai-EcoRI digested, CIP treated 

pBiuescript (KS), by standard methods, generating a 5.8 kb plasmid pBS-3'. The 3.8 

kb Noti-Xbal 5' end genomic fragment was cloned in the Xbai-Notl digested, CIP 

treated pBS-3' plasmid, and generated a 9.6 kb plasmid pBS-3'-5'. The last cloning 

step involved the insertion of the histidinol resistance cassette, which was blunt

ended and ligated into the T4 DNA polymerase blunted Xbal site, therefore 

generating the final construct of 12.1 kb size (see Figure 4.8). 

In order to construct the second allele knock-out vector, designated vector D, 

the neomycin resistant cassette was gel purified, blunt ended and inserted into the 

9.6 kb plasmid (pBS-3'-5') described above. For restriction analysis, see Figure 4.8. 

The final topo II a second allele targeting vector was a 12.1 kb size pBS-5'-neoR-3' 

plasmid, which could be linearized by Notl digest, prior to transfection into the DT 40 

topo lla first allele mutant cells. Regarding the possibility of the presence of a third 

copy for topo I Ia gene in the DT 40 cells already discussed in the previous section of 

this chapter, the construction of a third allele targeting vector was undertaken. The 

third allele topo lla knock-out vector, designated vector E, was made by blunt ligating 

the gel purified blasticidin resistance cassette into the Xbal digested and T4 DNA 

polymerase blunted pBS-3'-5' plasmid, previously characterized in Figure 4.8. The 

result of this cloning experiment was the generation of the final 12.1 kb size pBS-5'

BsrR-3' plasmid (see Figure 4.9). Before transfection into the topo lla (-/-/+) DT40 

cells, vector E can be linearized by Notl digest. The sixth gene targeting vector, 

designated vector F, was constructed by a similar cloning procedure. The puromycin 

resistance cassette was agarose gel purified as a BamHI restriction digest fragment, 

blunt ended by T 4 DNA polymerase filling and inserted into the blunted Xbal site of 

the 9.6 kb pBS-3'-5' plasmid described above. The blunt ligation generated the final 

12.6 kb plasmid representing an alternative topo I Ia gene targeting vector. Prior to 

transfection, this vector can be also linearized by Nott digest (see Figure 4.9). 
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Figure 4.7: Representation of the chicken topo lb gene targeting vectors A~ 

The topo II a gene targeting vectors, are represented by colored boxes, with the indication of genomic 
homology for both the left and the right arm, by intercrossed dashed lines, conventionally representing 
the homologous recombination process. On the right, the name of each vector (A-G) is presented in 
bold letters. The arrows indicate the 5' - 3' orientation of the genomic DNA fragments used as 
homologous arms. The drug resistance cassette is represented by colored boxes flanked by the left 
and right genomic fragments, with the abbreviated name of the corresponding drug marked 
underneath. The tklneo (black) and HisD (pink) cassettes are flanked by loxP sites, represented by 
the small square boxes (vector A, B and C). The neo (green), Bsr (red), Puro (blue) and Hygro 
(yellow) resistant cassettes are not flanked by loxP sites. 
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The data regarding the chicken topo II a gene targeting vectors is tabulated 

below (see table 4.1 ). The additional vector G construct contained the hygromycin 

resistance gene, blunt ligated into the Xbal site of the 9.6 kb plasmid pBS-3'-5' by the 

same cloning strategy as previously described for the generation of vectors D, E and 

F (see Figures 4.8 and 4.9). When assessed for the targeting plasmid size by Notl 

single digest, all the clones containing the hygromycin resistance cassette showed 

the presence of a second Notl site within the final plasmid sequence, as indicated in 

Figure 4.9-panel 8, by the presence of two bands resulting from the Notl digestion of 

the clones 15, 17 and 18. This second Notl site represents an artefact resulting from 

the cloning strategy. The hygromycin resistance cassette has been properly 

integrated (data not shown), and the map of the vector G was constructed. For 

further experiments involving vector G, a single cutting restriction enzyme would 

need to be identified in order to linearize the targeting plasmid prior to transfection 

into the DT 40 cells. 

1 2 3 4 5 6 
Topo llagene drug resistance resistance gene plasmid linearizing targeted 

targeting vector gene upstream promoter size (kb) enzyme genomic size 

Vector A loxP-tklneoR SV40 15.9 Xbal 32kb 

Vector B loxP-tklneoR SV40 16 Xbal 18 kb 

Vector C loxP-HisDR ~-actin 12.1 Not I 32kb 

Vector D neoR ~-actin 12.1 Notl 32kb 

Vector E BsrR ~-actin 12.1 Notl 32kb 

Vector F PuroR ~-actin 12.6 Notl 32kb 

Vector G HygroR ~-actin 13.1 - 32kb 

Table 4.1: List of the chicken DT40 topo I Ia gene targeting vectors 

The table presents the vectors constructed here, with the indication of the drug resistant gene (column 
2) and its upstream promoter (column 3), of the final size in kb (column 4), and of the linearizing 
enzyme (column 5) which can be used prior to transfection into DT40 cells. Column 5 shows the size 
of the genomic region to be replaced by each of the topo II a gene targeting vectors. 
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Figure 4.8 : The construction of chicken topo lb gene targeting vector C 
(For the figure legend please refer to the next page) 
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Panel A: The cloning of the Xbai-Notl 3' end genomic fragment into the Xbai-Notl digested 
pBS-5' plasmid. 0.8o/o agarose gel electrophoresis of the 6.8 kb {control) plasmid pBS-5' {lanes 1-2) 
digested with Notl (N) enzyme, and of the 9.6 kb plasmid in which the 3' genomic fragment was 
successfully cloned {lanes 3-8). The presence of the enzyme is represented by the symbol"+". 

Panel B: The pBS-5'-3' vector, digested with a mixture of Xbal and Notl enzymes: the 0.8°/o 
agarose gel electrophoresis reveals 6.8 kb and 2. 9 kb fragments resulting from the double digest, 
certifying that the 3 genomic fragment was correctly cloned and that the Xba I cloning site to be used 
in the next cloning step was preserved during the cloning procedures. Lane 1 represents the control 
pBS-5' plasmid digested with Notl {N) enzyme. Lane 2 shows the pBS-5'-3' plasmid linearized with 
Xbal (X) enzyme. Lanes 3-12 represents different clones of the pBS-5'-3', digested with a mixture of 
Notl (N) and Xbal {X) enzymes. The presence or the absence of the enzyme from the reaction is 
represented by the symbol"+" or"-". 

Panel C: The final step of the vector C cloning, represented by the blunt insertion of the HisD 
cassette into the Xbal cloning site, present in between the two genomic fragments cloned in the same 
orientation; 0.8°/o agarose gel electrophoresis of plasmid DNA derived from 11 positive clones (lanes 
1-11 ), linearized with Notl {N) enzyme. Only clones 2, 8 and 10 corresponded to the expected size of 
12.1 kb, representing the final pBS-5'-His0-3' topo II u gene targeting vector (blue rectangle). The 
lanes 1, 3-7, 9 and 11 represent cloning artifacts. 

Panel D: 0.8o/o agarose gel electrophoresis of plasmid DNA derived from 11 positive clones 
(lanes 1-11 ), linearized with Notl (N) enzyme. Only clone 7 corresponded to the expected size of 12.1 
kb, representing the final pBS-5'-HisD-3' topo lla gene targeting vector {blue rectangle). 
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Panel A: The final step of vector E, F and D cloning, represented by the blunt insertion of the 
BsrR, PuroR and Neo R cassettes, respectively, into the Xbal cloning site, present in between the two 
genomic fragments which were cloned in the same orientation in plasmid pBS-5'-3' as previously 
described. The Figure shows 1 °/o agarose gel electrophoresis of plasmid DNA derived from 18 
positive clones (lanes 1-18), linearized with Nott (N). The clones 5 (vector E), 14 (vector F) and 18 
(vector D) corresponded to the expected size of 12.1, 12.6 and 12.1 kb, representing the final pBS-5'-
BsrR-3', pBS-5'-PuroR-3' and pBS-5'-NeoR-3' topo lla gene targeting vectors (blue rectangle). The 
lanes 1-4, 6-13 and 15-17 represented cloning artifacts. 

Panel B: The final step of vector F, D and G cloning, represented by the blunt insertion of the 
PuroR, Neo R and Hygro R cassettes, respectively, into the Xbal cloning site, present in between the 
two genomic fragments which were cloned in the same orientation in plasmid pBS-5'-3' previously 
described. The Figure shows 1 o/o agarose gel electrophoresis of plasmid DNA derived from 18 
positive clones (lanes 1-18), linearized with Notl (N) enzyme. Clones 2 (vector F), 11 (vector D) and 
15; 17; 18 (vector D) corresponded to the expected size of 12.6, 12.1 and 13.1 kb, representing the 
final pBS-5'-PuroR-3', pBS-5'-NeoR-3' and pBS-5'-HygroR-3' topo lla gene targeting vectors (blue 
rectangle). Lanes 1; 3-10; 12-14 and 16 represented cloning artifacts. 
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Generation of the topo lla (-/+1+) cell line 

The first DT 40 topo II a gene targeting vector which was constructed, 

designated vector A, was previously described in this chapter. When transfected into 

the wt-DT 40 cells, it generated several clones which could be selected by G418 

resistance, as described in Chapter 2. The Southern blot analysis performed on Xbal 

(NEB) digested genomic DNA isolated from 56 G418 resistant clones, indicated in 

some cases the 3' end targeted integration of the knock-out vector into the topo 

lla genomic locus, when a 3' end external probe was used for hybridization (see 

Figure 4.1 0). The presence of both the 11 kb and 10 kb Xbal (NEB) bands 

corresponding to the wt and targeted topo I Ia allele, respectively, could be detected 

in 13 out of the total 56 G418 resistant clones which were analyzed (see Figure 4.10-

B). Only the 11 kb Xbal wild type band could be detected in the parental DT 40 clone 

(see Figure 4.1 0-B). Interestingly, 3 clones out of 11 showed the ratio of the 

hybridization intensity of the wt versus targeted band as being of 2:1, suggesting the 

presence of more than two topo II a alleles in the DT 40 cells (see Figure 4.1 0-panel 

B). This observation was consistent with the previously described FISH results, 

which suggested the location of the topo II a gene on chromosome 2, for which the 

DT 40 cell line is trisomic. 

The topo lla gene targeting vector A was constructed by an unconventional 

cloning strategy. Furthermore, the targeted integration of this construct into the topo 

lla gene locus was uncertain, as long as further Southern blot experiments, using a 

5' end external probe, failed to detect a convincing targeted integration of the left arm 

of genomic homology into the targeted locus. It is therefore possible that only the 3' 

end of the targeted topo I Ia allele was disrupted by the vector A, which, however, is 

incapable of undergoing a replacement event without losing the tklneo cassette. As a 

result of these ambiguities, I constructed a series of replacement vectors in which the 

flanking genomic DNA was inserted in the conventional orientation. 
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Panel A: Diagram of the chicken topo I Ia gene locus, indicating the presence of the wt 11 kb 
(Xbal) band in the normal allele {upper half), which hybridized with the indicated 3' end external probe 
in both wild-type and mutant DT40 cells (see below). The diagram of the mutant topo lla allele locus 
(lower half) indicates the integration of vector A by homologous recombination (crossed dashed lines) 
into the targeted locus, with the generation of the knock-out 10 kb ( Xbal) band which hybridized with 
the same 3' end external probe, as indicated. This 10 kb band was present only in the topo 
II a targeted cells, and not in the control (see below). 

Panel B: Southern blot experiment on genomic DNA from normal DT 40 (lane a) and topo II ("l 
(-/+/+)cells (lanes b-n), digested to completion with Xbal and electrophoresed in a 0.5°/o agarose gel 
before blotting and high stringency hybridization with the 3' end external probe indicated in panel A. 
The marker lanes indicate the 11 kb band present in both the wt and topo II a mutant DT 40 cells, and 
the 10 kb knock-out band, present only in the mutant DT 40 cells. 

Panel C: Northern blot experiment on 20 f.lg total RNA prepared from: wild-type DT40 (lane 
A), tTA-expressing normal DT40 {lane B), topo lla (-/+/+) DT40 cells clone b (lane C) and cloned 
(lane D), as described in panel B, and electrophoresed in a 0. 7°/o agarose-formaldehyde gel. The 
probe used for hybridization was the complete chicken topo lin eDNA. The marker lane indicates the 
presence of the expected 6.5 kb message in all lanes, deriving from both the control and the mutant 
cells. Interestingly, the intensity of the positive 6.5 kb band is reduced in both topo II a deficient DT 40 
clones c and d. 

Panel D: Western blot experiment on 5x1o4 cells deriving from wt tTA-DT40 cells (lane 1) 
and topo lin { -/+/+) cell line (lane 3), or on 1 o5 cells deriving from the same wt tT A-DT 40 cells (lane 2) 
and topo ll("l (-/+/+)cell line (lane 40, respectively. The antibody used for the detection of the topo II a 
protein was previously prepared in our lab (282). This antibody is chicken specific for topo II a isoform, 
and recognises the chicken topo II a protein running at 170 kDa band on the blot, as indicated by the 
prestained protein size marker which was used (NEB-7708S). 
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Panel A: Diagram of the chicken topo II a gene locus, indicating the presence of the wt 5.8 kb 
(BgAI) band in the nonnal allele (upper half), which hybridized with the indicated 3' end external probe 
in both wild-type and mutant DT40 cells (see below). The diagram of the mutant topo lla allele locus 
(lower half) indicates the integration of vector C by homologous recombination (intercrossed, dashed 
lines) into the targeted locus, with the generation of the knock-out 9.2 kb (Bg~l) and 10 kb (Xbal) 
bands which hybridized with the same 3' end external probe, or with the 5' end external probe, 
respectively, as indicated. The knock-out bands were detectable only in topo I Ia targeted cells, and 
not in the control DT 40 cells or in randomly HisD gene integrated clones (see below). 

Panel B: Southern blot experiment on genomic DNA from normal DT 40 (lane 1 ), tTA
expressing DT 40 (lane 2), and vector C integrating HisD resistant DT 40 clones (lanes 3-8), digested 
to completion with Bgn I and electrophoresed in a 0.8°/o agarose gel, before blotting and high 
stringency hybridization with the 3' end external probe indicated in panel A. The marker lanes indicate 
the 5.8 kb band (black) present in both wt and topo lla targeted DT40 cells, and the 9.2 kb knock-out 
band (red), present in mutant DT40 cells (lanes 6-8). This Southern blot indicates the homologous 
integration of the 3' genomic arm in the HisD resistant clones 6, 7 and 8, but not in the HisD resistant 
clones 3, 4 and 5, where only the wt 5.8 kb band was detectable by hybridization. The wt versus 
mutant band intensity ratio is 2:1, indicating the presence of more than two copies of the topo II a 
gene in DT 40 cells. 

Panel C: Southern blot experiment on genomic DNA from tTA-expressing, normal DT40 (lane 
1 ), and vector C integrated HisD resistant DT 40 clones (lanes 2-8), digested to completion with Xbal 
enzyme and electrophoresed in the 0.5°/o agarose gel, before blotting and high stringency 
hybridization with a 5' end external probe indicated in panel A. The marker lanes indicate the 11 kb 
band (black) present in both wt and topo II a targeted DT 40 cells, and the 10 kb knock-out band (red), 
present in the mutant DT 40 cells (lanes 2-8). This Southern blot indicates the homologous integration 
of the 5' genomic arm in the HisD resistant clones 2, 3, 4, 5, 6, 7 and 8. The wt versus knock-out band 
intensity ratio is roughly 2:1, consistent with the previous indication of the presence of more than two 
copies of the topo lla gene in DT40 cells (see panel B). The clones 2, 3 and 4 integrated the vector C 
only at the 5' homology arm, but not at the 3' arm. The clones 6, 7 and 8 represent DT40 clones in 
which the 32 kb length of one of the topo lla allele was completely removed by the homologous 
integration of the vector C. 
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The second topo II a gene targeting vector which was constructed for the 

purpose of the complete allele replacement, designated vector C, has been 

previously described in this chapter. This plasmid was cloned following the 

conventional strategy of constructing homologous recombination targeting vectors. 

The length of total genomic homology was of 6. 7 kb flanking a loxP-hisDR resistance 

gene driven by the SV40 promoter. Both the normal DT40 and tTA expressing DT40 

cells (see Chapter 2) were transfected with vector C and generated several histidinol 

resistant clones, as indicated by the drug selection procedure (see Chapter 2). The 

efficiency of transfection was considered very low. Genomic DNA isolated from a 

total of 120 histidinol resistant clones obtained from 1 0 different transfection 

experiments, was digested with Bg/11 and analyzed by Southern blotting for both the 

3' and 5' end targeted integration of the vector. The use of the 3' end external probe 

(see Figure 4.1 0) identified 3 histidinol resistant clones containing both 5.8 kb and 

9.6 kb Bg/11 bands, corresponding to the wt and targeted topo lla allele, respectively 

(see Figure 4.1 0). It was not a surprise to observe the increased band intensity ratio 

of the wt versus the targeted allele, as suggested by the previous experiments 

already discussed in this chapter. This result is consistent with the previous 

assumption that the topo lla gene might be present in three copies in DT40 cells, 

being located on chromosome 2. The structure of the 5' end of the targeting event 

was analyzed using a 5' end external probe on Southern blot from Xbal digested 

genomic DNA isolated from 6 histidinol resistant clones, including the 3 for which the 

3' end integration was already detected (see Figure 4.1 0). In all cell lines which were 

analyzed, the presence of both wild type and targeted bands was observed, showing 

the same 2:1 band intensity ratio as expected for the presence of three topo I Ia gene 

copies in DT 40 cells. This result confirmed the complete replacement of the 32 kb 

genomic locus covering the entire topo II a open reading frame area. Two of these 

cell lines were derived from normal DT40 cells (6 and 7), and one from the parental 

tTA-expressing DT40 cells line (clone 8). 
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Generation of topo lla (-/-/+)cell line 

Topo lla is expected to be an essential gene in chicken cells. The presence of 

the third topo II a allele in DT 40 cells suggested that targeting the second topo 

lla allele should not be, theoretically, lethal for the cells. An endogenous 30°/o of the 

normal protein level is expected to be sufficient for the cell viability. However, if this 

amount of the protein is insufficient to support the cells basic biological functions, the 

second allele targeting experiment might need to be performed in the presence of a 

supplementary, exogenous source of topo I Ia protein. The strategy to generate the 

exogenous topo lla protein involved the construction of a conditional (tetO) regulated 

chicken topo lla eDNA expression vector (see Chapter 2). 

For the purpose of generating the DT40 topo lla double mutant cell line, two 

topo lla (-/+/+) cell lines (see the previous section), one deriving from normal DT40 

cells and one from the tT A-expressing parental cell line, were transfected with the 

vector D, E or F in independent experiments. In parallel, the tTA-expressing topo 

lla (-/+/+) DT40 cells, grown in the presence or absence of tetracyclin, were 

cotransfected with vector D or E plus the tetO regulated chicken topo I Ia eDNA 

rescue vector. 

The drug selection for the vector E (blasticydin) or F (puromycin) integration 

generated no resistant clones at all. This may be because selection procedures for 

these drugs have not been optimized in our laboratory. Ukewise, the cotransfection 

experiments with the tTA-regulated topo lla eDNA also failed to generate any drug 

resistant clones during the selection procedure. In contrast, neomycin and histidinol 

double drug selection generated a total number of 240 clones, from a total of 4x1 o7 

cells. The low efficiency of transfection was considered to be due to the cellular 

difficulty in tolerating a low topo I Ia content, followed by cell death, unless adapted. 
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Panel A: Diagram of the chicken topo II a gene locus, indicating the presence of the wt 5.8 kb 
(BgAI) band in the normal allele (upper). which hybridized with the indicated 3' end internal probe in 
wild-type Dt40, topo lin(-/+/+) and topo lb (-/-/+) DT40 cells (see below). The diagram of the first 
mutant topo llu allele locus (middle) indicates the integration of vector C by homologous 
recombination (intercrossed, dashed lines) into the first targeted topo II a allele, with the generation of 
the knock-out 9.2 kb (BgAI) band which hybridized with the same 3' end internal probe, as indicated. 
The diagram of the second mutant topo II a allele (lower) indicates the integration of the vector D topo 
II a gene targeting vector into the second wild-type locus. with the generation of the 6.5 kb ( Bgnl) 

knock-out band. As indicated. one Bgnl site was present in the promotor sequence of the neoR drug 
resistance gene. The knock-out bands were detectable only in the topo II a targeted cells, and not in 
the control DT40 cells (see below). 

Panel B: Southern blot experiment on genomic DNA from vector C and D integrated DT40 
clones (lanes 1-18), digested to completion with Bgnl and electrophoresed in a 0.8°/o agarose gel. 
before blotting for high stringency hybridization with the 3' end internal probe indicated in panel A. The 
marker lanes indicate by the arrows the presence of the wt-5.8 kb band (black), the 9.2 kb HisD-
knockout band (red). and the 6.5 kb neoR-knockout band (pink) in all topo llu targeted DT40 cells. 
This Southern blot indicates the homologous integration of the 3' genomic arm of both targeting 
vectors, C and D. in the clones 1-18, selected for resistance to both histidinol and G418. The wt 
versus the first and the second knock-out band intensity ratio is 1:1:1, consistent with the presence of 
three copies of the topo II a gene in the DT 40 cells. 
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Genomic DNA was prepared from 200 clones resistant to histidinol and G418, 

digested with Bg~ I and blotted for targeting analysis. The 3' end external probe 

identified a total of 18 clones displaying the expected bands, corresponding in size to 

the targeted alleles, one having integrated the HisD R gene, and the other the neo R 

gene, but failed to detect the wt allele band any longer. 

When a 3' end internal probe was used, the wild-type band was detected at 

the expected size (see Figure 4.11 ), in 12 double drug selected cell lines examined. 

The first and the second targeted alleles were also identified as corresponding to the 

expected sizes. This results might suggest the generation of the DT 40 topo II a (-I-I+) 

cell line, but further analysis of this double mutant cell line are required for 

confirmation (see Chapter 6- suggestions for future experiments). 

4.3 Discussion 

Gene targeting and homologous recombination 

Recombination substrates can be introduced into cultured cells by a number 

of common transfection procedures including calcium phosphate-DNA 

coprecipitation, protoplast fusion, electroporation or direct microinjection of DNA. For 

this project, electroporation was used, as it is known to give high efficiency for 

introduction of the DNA into mammalian cells (191, 235). Homologous recombination 

in mammalian cells seems to peak in early to mid-S phase (234, 235) where it is 

about 15 times more common than in G 1 phase. Interestingly, other studies have 

shown that random integration of transfected linear molecules is not cell cycle 

dependent (72, 169, 191, 234, 235). 

To study the amount of homology required for homologous recombination, 

Rubnitz and Subramani (169) measured the production of a lytic SV40 genome 

generated by recombination of homologous sequences of varying length. They 

showed recombination decreased exponentially between 5243 bp and 214 bp, then 

dropped tenfold between 214 bp and 163 bp, and then again decreased linearly from 
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163 bp to 14 bp. In another study (12), a linear relationship was demonstrated 

between recombination efficiency and homology length, and recombination was 

observed with as little as 25 bp of homology. From these studies, it might appear that 

the minimum amount of homology required for homologous recombination, lies 

between 164 bp and 400 bp, in mammals. This was not confirmed by practical trials 

to knock-out various genes in higher eukaryotes (ES cells) by homologous 

recombination, which showed that the minimum length of total homology lies 

between 0.5-1.2 kb length (20). 

Although the exact mechanism of homologous recombination is not fully 

understood (128, 187, 202) a favored mechanism is the template switching model 

(244), in which there is strand inversion at the 3' end of the donor sequence, which is 

then extended by replication, with the homologous sequence acting as a template. In 

this model, the recombination may be resolved as a reciprocal exchange or a 

nonreciprocal transfer of information from one allele to the other. This replication 

model might account for the high frequency of the cassette region only crossing over 

as there is substantial homology either side to initiate the recombination and then 

excision of the branch migration through the heterologous cassette region. Perhaps 

the recombination is then impeded at the 5' end, which includes the linker region, as 

the branch migration approaches the plasmid arm. This barrier which prevents non

homologous DNA from crossing over is not fully accounted for in mammalian cells, 

but is thought to be analogous to a mechanism in yeast (66) and bacteria (159), 

which is able to impede heteroduplex formation by a mechanism regulated by 

mismatch repair machinery. 

Production of the chicken DT40 topo lla deficient cell lines 

In this study, the topo lla replacement vector was designed to contain two 

regions of homology to the targeted gene, 5' end upstream and 3' end downstream 

external to the coding genomic locus. These two genomic fragments were located on 

either side of the selectable marker, which gave histidinol, G418 or blasticidin 
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resistance, respectively. Both of the genomic DNA fragments were cloned in the 

same orientation, 5'-3', with respect to the gene, and covered 6.7 kb of total length of 

homology. 

Several technical problems occurred during the cloning of the topo lla gene 

targeting vectors. The final size of these plasmids, varying between 12.1 kb and 16 

kb, triggered the difficulty not only to identify and engineer proper restriction sites for 

cloning, but to propagate these plasmids in bacteria without the occurance of 

mutations or big deletions, artifacts which I have seen very often when working with 

large plasmids. During 6 months of unsuccessful experiments, many cloning 

strategies have been tried. The use of E. coli SURE2 cells (Stratagene) or the Top10 

electrocompetent strain, designed for large or unstable plasmid propagation, was the 

first step towards the construction of the desired targeting vectors, together with the 

establishing of optimal growth conditions (see Chapter 2). 

The final targeting vectors were linearized with Notl, prior to transfection into 

DT40 cells. Clearly, linearizing at the 5' linker end of the targeting plasmid seems to 

increase the crossover frequency of the linker region . There are a number of 

reasons to account for this difference. Firstly, having a double strand break at the 

linker end of the homology would be likely to induce recombination from this end, as 

according to the strand invasion model of recombination. Having a "free" end on the 

linker side, which is homologous, as opposed to the plasmid arm, would therefore 

promote the recombination direction-wise. There is also the problem that at the 3' 

end of the construct there is a plasmid arm that could produce some steric hindrance 

to strand entry from this end, or even mask the 3' homology and prevent proper 

pairing. Simply stated, recombination is going to be initiated from the end which is 

most accessible, which when the construct is linear, is the linker end. 

The vectors used in this study to inactivate the topo II a gene were designed to 

completely replace, by homologous recombination, the 32 kb genomic locus in DT 40 

cells. This represents a large genomic area, and might be expected to lower the 

targeting efficiency of homolgous recombination. More than that, the localization of 
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topo lla gene in DT40 cells on chromosome 2, in close vicinity with two major 

oncogenes, c- erbB-2 and c-myc , raised the question of possible genomic alterations 

present within the 5' or 3' genomic topo II a flanking regions (see below). 

Most of the data regarding the topo I Ia normal genomic structure and its 

eventual alteration derives from the studies on tumors and transformed cell lines, 

serving as models for cancer cells. In human cells, the topo II a gene is located on 

chromosome 17q12-21 band (207) in close vicinity with the c-ert:B-2 (124, 171) 

oncogene, which represents the most commonly amplified locus in breast cancer. 

Topo I Ia copy number aberrations were reported in at least 200 clinical cases 

examined (11 0), and in several adenocarcinoma derived cell lines (11 0). In one 

study, two of the five cell lines with c-erbB-2 amplification (SK-BR-3 and UACC-812) 

showed simultaneous amplification of the topo II a gene (110), as well. It was, so far, 

speculated that, in breast cancer, the topo I Ia gene can be amplified or deleted 

together with the amplification of the closely located erb82/Her-2/neu oncogene. One 

study performed on 136 primary breast tumors with c-ert:B-2 amplification, 

characterized the copy number aberrations by FISH. It was shown that topo II a was 

co-amplified in 41°/o (109), and deleted in 43°/o of the cases. 

However, the fiber FISH analysis technique revealed that simultaneously 

amplified c-erbB-2 and topo lla genes were not present in the same amplicon, 

because repetitive tandem repeat-like signals of c-erbB-2 and topo II a were shown to 

be present in different fibers (109). During the same study, topo II a gene copy 

number was shown not to be altered in 16o/o of the examined cases (109), which 

displayed c-erbB-2 gene amplification, and in none of the cases without a modified c

erbB-2 gene locus. The finding of 8 primary tumors with a high level of c-erbB-2 

amplification showing strong intratumoral heterogeneity (clones with either high level 

of topo I Ia gene amplification or deletion adjacent to each other in the same tumor), 

indicated that amplification of erbB-2 oncogene is followed by complex secondary 

genetic aberrations, which lead to amplification or deletion of the topo I Ia gene in a 

majority of tumors (1 09). 
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In conclusion, the fact that all DT40 cells are transformed might account for 

the possible changes which can occur in the structure of one topo II a allele, like 

those discussed above. The nature of the targeted genomic locus might have been 

responsible for the difficulties encountered to generate the second topo lla allele 

knock-out, and might be reflected in the future technical problems to generate a 

DT40 topo lla null cell line. 
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Chapter 5: Characterization of a 
topo lla (-/+/+)cell line 
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5.1 Introduction 

Construction of a tTA expressing DT 40 topo II a ( -1+1+) cell line (the clone b in 

Figure 4.1 0-panel B) provided the tools necessary to analyze the in vivo effects of 

the inactivation of one functional topo I Ia allele. This chapter studies the effects of 

disruption of the first DT 40 topo II a allele on the cellular response to etoposide and 

mitoxanthrone exposure, in comparison to the wild-type DT 40 cells. Previous studies 

showed that modified levels of topo lla might be correlated with drug resistance. 

Down-regulation of topo II a protein levels has been reported in several etoposide 

resistant cell lines, or in tumor cell lines displaying cross-resistance to several topo II 

inhibitors (13, 14, 97). Interestingly, in the present case, inactivation of one allele of 

topo II a correlated with an increased sensitivity to topo 11-active drugs. 

Both the mutant and the normal DT40 cells were analyzed for growth 

characteristics by culture in five different conditions : RPMI containing 10% fetal 

bovine serum; RPMI containing 5% fetal bovine serum; RPMI containing 5°/o fetal 

bovine serum and 1°/o chicken serum; RPMI containing 1°/o chicken serum and RPMI 

alone. The five different growth media conditions were incubated at three different 

temperatures: 35°C, 37°C and 41 °C. Interestingly, both the mutant and the wt-DT 40 

cells displayed culture growth advantages at 41 oc incubation, as compared to the 

37°C or 35°C culture conditions. It seems that higher temperatures could partially 

compensate for the effect of serum deprivation on growth. The physiological 

temperature of chickens is 42°C, therefore the growth advantages observed at 41 oc 
should not be surprising. The Western blot analysis indicated that the protein level 

was not modified in the mutant cells as compared with the wt-DT40 cells (see Figure 

4.1 0-panel D). 5x1 o4 or 1 o5 cells deriving from both wt tTA-DT 40 cells and topo lla 

mutant clone b (see Figure 4.1 0-panel B) were lysed and blotted using a chicken 

specific anti-topo I Ia antibody (2B2) previously prepared in our lab. Both the wild type 

and the mutant topo lla (-/+/+) cells undergo apoptosis following exposure to 

etoposide or mitoxanthrone, but while most of the normal cells display apoptotic 

morphology within 7-8 hours, the mutant cells undergo apoptosis in less than 4-5 
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hours of exposure to the same amount of drug. The topo lla (-/+/+) cells are very 

slightly more resistant that the normal DT 40 cells, but undergo more rapidly 

apoptosis as compared to the control cell line. 

5.2 Results 

Cell count and growth curves 

To compare the growth rates of topo lla (-/+/+), normal DT40 and tTA-

expressing DT 40 cells, counts were carried out at each 12 hour intervals over 4 

days, starting with 2x1 o4 cells grown in suspension. Counts were performed in 

duplicate, by standard methods, using the haemocytometer chamber and calculating 

the median value of both of the counts. Results of this experiment showed that there 

did not appear to be significant differences in growth rates between the three 

examined cell lines, as the growth rate did not seem to be tracking with the cell line 

type. Cells lacking one topo II a allele seem to divide as rapidly as the control, wild-

type or tTA-expressing DT 40 cells, as illustrated by the cell counts performed on 

suspension cultures in parallel grown at 35°C (see Figure 5.1 ), 37°C (see Figure 5.2) 

or 41°C (see Figure 5.3). The cell growth rate was modified by temperature 

conditions or by the amount of the serum supplementing the media. In the presence 

of RPMI supplemented only with 1°/o chicken serum, both the wild-type and the topo 

lla mutant cells had an intermediate growth rate. This was comparable between the 

three different temperatures conditions. The cultures placed in serum-free RPMI did 

not grow, and the cells died within 8-1 0 hours, independent of the incubation 

temperature or the cell line. Taken as a whole, the differences in growth rates 

between the various cell lines reflect the inherent difference in growth rate between 

differing individual clones. Interestingly, when cultured at 41 oc, both the wild-type 

and the mutant DT40 cells (see Figure 5.3) grew significantly faster in the presence 

of low serum than their counterparts incubated at lower temperatures (see Figures 

5.1, 5.2 and 5.3). 
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Figure 5.1 : Growth curves at 35°C 

Panel A : Wild type DT40 cells were grown at 35 oc over 72-84 hours. in the presence of RPM I media 
alone or supplemented with 10% FBS and 1% chicken serum (CS); 5% FBS; 5% FBS and 1% CS; 
1% CS. as indicated by the key. Panel B: tTA-expressing DT40 cells were grown in the same 
conditions as described in panel A for wt-DT40 cells. Panel C: Topo lla (-/+/+)cells were grown in the 
same conditions as described in panel A for wt-DT 40 cells. and panel B for tT A-DT 40 cells. 
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Figure 5.2:Growth curves at 37°C 

Panel A: Wild type DT 40 cells were grown at 37 oc over 72-84 hours, in the presence of RPM I media 
alone or supplemented with 10% FBS and 1% chicken serum (CS); 5% FBS; 5% FBS and 1% CS; 
1% CS, as indicated by the key. Panel B: tT A-expressing DT 40 cells were grown in the same 
conditions as described in panel A for wt-DT40 cells. Panel C: Topo lla (-/+/+)cells were grown in the 
same conditions as described in panel A for wt-DT40 cells, and panel B fortTA-DT40 cells. 
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Figure 5.3:Growth curves at 41°C 

Panel A : Wild type OT40 cells were grown at 41 °C over 72-84 hours, in the presence of RPMI media 
alone or supplemented with 10% FBS and 1% chicken serum (CS); 5% FBS; 5% FBS and 1% CS; 
1% CS, as indicated by the key. Panel 8: tT A-expressing DT 40 cells were grown in the same 
conditions as described in panel A for wt-DT40 cells. Panel C: topo lla (-/+/+)cells were grown in the 
same conditions as described in panel A for wt-DT 40 cells, and panel B for tT A-DT 40 cells. 
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Overall, 6°/o (5°/o FBS plus 1 °/o chicken serum) appeared to represent the 

minimum amount of serum required to supplement the culture media in order to 

obtain comparable growth rates between normal, tTA-expressing or topo lla mutant 

OT 40 cells, independent of the incubation temperature (see Chapter 6: Suggestions 

tor future experiments). 

The behavior of the topo lla (-/+1+) cell line upon drug exposure 

The construction of the topo lla gene targeting vector A (see Chapter 4) and 

its use in the DT 40 cells, created the means of analyzing the biological effect of the 

inactivation of one functional topo lla allele in DT40 cells. The experiments described 

in this chapter correlate with observations, from the published literature that the 

cellular topo II protein levels have a strong influence on drug sensitivity (see Chapter 

1 ). This section describes a preliminary study of topo II a mutant cell survival, 

following exposure to two different topo II inhibitory drugs, etoposide and 

mitoxanthrone. 

As an anticancer drug target, DNA topo II occupies an important niche in 

chemotherapy. Among the topo II inhibitors, epipodophyllotoxins (e.g. etoposide) and 

anthracenoids (e.g. mitoxanthrone), are widely used as anticancer drugs, both for the 

treatment of haematological malignancies and widespread solid tumors, such as lung 

and breast cancer. Etoposide is a potent topo II inhibitor that binds only weakly to 

DNA, and does not intercalate, in contrast to mitoxanthrone, which is a DNA 

intercalating drug (see Chapter 1: Table 1.1 ). Therefore the two drugs have different 

mechanisms of action. Clinical studies of human tumor cells of haematopoetic origin 

indicate that intracellular topo II content can be highly variable. This phenomenon 

accounts, in part, for differences in the chemotherapy results. For example, several 

drug resistant cell lines, selected in vitro by etoposide or mitoxanthrone exposure, 

showed down-regulation of topo lla or ~ mANA or protein levels, respectively (84, 

85, 87). In one tumor cell line made resistant to mitoxanthrone, the levels of topo llf3 

mANA and protein were undetectable (84). Between the two topo II isoforms, there is 
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no clear evidence which isoform is more important for the interaction with the 

cytotoxic drug. 

For example, the topo II fl isoform is 3-4 fold less sensitive to inhibition by 

etoposide, but 9-10 fold more sensitive to mitoxanthrone then topo lla (57) To date, 

mitoxanthrone is the only drug described in the literature which seems to 

preferentially inhibit topo II fl, when compared to the a isoform. This study compared 

the biological effects following exposure of the topo II a ( -1+1+) DT 40 cells to 

etoposide versus mitoxanthrone, by drawing killing curves and calculating the IC50 

concentration for both of the drugs. 4x1 o4 cells derived from both topo II a ( -1+1+) and 

normal DT 40 lines were seeded in each well of 96 well plates, as described in 

Chapter 2 of this thesis. Etoposide was added at serial dilutions from 2 mM; 1 mM; 

500 ~M; 250 ~M; 125 ~M; 62.5 ~M; 31.25 ~M and 15.625 ~M (final concentrations), 

and mitoxanthrone at 1 mM; 500 ~M; 250 ~M; 125 ~M; 62.5 ~M; 31.25 ~M; 15.125 

~M; 7.56 ~M; 1.89 ~M and 0.9 ~M. After 22 hours of drug incubation, 0.5 ~g/~1 MTT 

was added to each well, for colorimetric analysis. The percentage of cell viability 

corresponding to both wild-type and topo II a mutant DT40 cells was plotted against 

the etoposide concentration (log scale), as illustrated in Figure 5.4, or mitoxanthrone 

concentration (log scale) as shown in Figure 5.5. The etoposide concentration 

corresponding to the IC50 was calculated to be around 75 ~M for wild-type DT40 

cells, and 90 ~M for topo lla (-/+/+) cells (see Figure 5.4). All topo II a(-/+/+) cells 

were dead following exposure to 125 ~M etoposide. In contrast, a subpopulation of 

DT 40 cells survived this treatment, requiring a concentration of nearby 1 mM for 

killing under these conditions. The IC50 for mitoxanthrone was calculated to be of 90 

~M for wild-type DT40 cells, 9-fold higher then 10 ~M for topo lla (-/+/+) cells (see 

Figure 5.5). 

In order to examine induction of apoptosis by the drugs, cytospin analysis was 

performed as described in Chapter 2, on 2x102 wt-DT40, tTA-DT40 or topo lla (-/+/+) 

cells deriving from cultures exposed to 150 fl·M etoposide or 1 00 ~M ("'2xiC50) 

mitoxanthrone, for a 3h, 5h, 7h and 9h interval. Apoptotic morphological changes 
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could be detected in wild-type DT 40 cells after 7 hours of exposure to 150 f.LM 

etoposide. From 7h to 9h exposure, most of the wild-type DT 40 cells died by 

apoptosis (see Figure 5.6). The topo lla mutant cells died faster: all cells were gone, 

by the end of the first 5 hours of exposure to 150 J.LM etoposide. In the case of 

mitoxanthrone exposure of wild type cells, the apoptotic morphology was visible 

within 5 hours, and most of the cells died by the end of 7 hours of exposure. The 

mutant cells displayed apoptotic morphology after 3 hours, and all had died before 

the end of the 5 hours of exposure interval (see Figure 5.7) 

5.3 Discussion 

It remains rather unclear if both of the topo II isoforms are equally important as 

targets of topo II drugs. While abundant evidence is available to link the topo 

lla isoform to resistance to topo II drugs (see Chapter 1), less evidence might 

suggest a role for topo 11(3 in generating sensitivity. In this study, a topo II a(-/+/+) cell 

line showed a modified behavior upon exposure to two drugs, etoposide and 

mitoxanthrone, which inhibit topo II protein. The mutant cell line is 1.3 fold more 

resistant to etoposide, by the criteria of IC 50, and 9 fold more sensitive to 

mitoxanthrone as compared with the control, parental cell line (see Figures 5.4 and 

5.5). Final concentrations of 150 f.LM etoposide or 100 J.LM mitoxanthrone induced 

apoptosis within 5 and 3 hours of exposure, respectively, in the topo lla (-/+/+) cell 

line, more rapidly as compared to the normal DT40 cells, which underwent apoptosis 

within 8-9 hours of exposure to the same amount of drug. 

Interestingly, for the wild-type DT40 cells, both killing curves for etoposide and 

mitoxanthrone, describe a "plateau" phase (see Figures 5.4 and 5.5). At etoposide 

concentrations ranging between 90-900 J.LM, the percentage of cell viability lies 

around 25°/o. In the case of exposure to mitoxanthrone, the same phenomenon is 

observed for drug concentrations ranging between 100-900 J.LM. In contrast to the 
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normal DT40 cells, the killing curves for topo lla mutant cell line do not describe the 

"plateau" phase. 

One possible explanation for this is that DT 40 cells might exhibit drug-induced 

DNA damage checkpoint regulation, which is somehow compromised in the mutant 

cell line, following the elimination of one functional topo II a allele. One biological 

question is if the killing curves do not be describe a drug induced DNA damage 

checkpoint regulation, which is abolished in the mutant cell line, by eliminating one 

functional topo I Ia allele. 
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Figure 5.4; Etoposide exposure- killing curves and IC50 determination 

Wild type and topo lla (-/+/+} DT40 cells were seeded in 96 well plates at a concentration of 4x1o4 
cells per well in 50 ..U RPM I media supplemented with 5% FBS and 1% chicken serum. Etoposide 
(VP-16} was added in serial dilutions to 2 mM~1 mM~SOO JLM~250 l-lM~125 
J1M~62.5 JLM~31.25 JLM~15.625 JLM final concentrations. The cells were incubated 
with the drug for 22 hours before 0.5 f.19/ul MTT was added to each well, for colorimetric EUSA 
analysis and IC 50 determination. The 96 well plates were read at 570 nm. The difference with respect 
to the control was calculated and plotted as the number of viable cells (y axis} over the etoposide 
concentration (JLM- x axis}. 



~Cell 
VIability 

too 

75 

25 

169 

to 

• Topo lla (-/+1+) 

• DT40 

100 1000 

Mitoxanthrone ( ,.a.M) 

Figure 5.5: Mitoxanthrone exposure- killing curves and IC50 determination 

Wild type and topo lla (-/+/+) DT40 cells were seeded in 96 well plates as above. and mitoxanthrone 
was added in seriaJ dilutions over the following range of finaJ concentrations: 1 mM ~ S0011M 
~250 !J.M~125 !J.M~62.5 J.LM~31 .25 JLM~15.125 f1M~7.56 
J.LM ~ 1.89 11M~ and 0.9 J.LM. Cell survivaJ was assayed using MTT as described above. The 
96 well plates were read at 570 nm. The difference with respect to the control was caJculated and 
plotted as the number of viable cells (y axis) over the mitoxanthrone concentration (J.LM- x axis). 
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figure 5.6: Induction of apoptosis by etoposide in wt- and topo lla (-1+1+) DT40 cells 

Normal DT40 cells (panels A-D) and topo lla (-/+/+)cells (panels E-H) were exposed 
to 150 ~M etoposide (-2x1C50) for a 3h (panels A and E). 5h (panels B and F). 7h 

(panels C and G) and 9h interval (panels D and H). 2x1 o2 cells deriving from wt
DT 40 and topo II a ( -1+1+) cell line, were centrifuged onto microscope slides using the 
cytospin chambers. The slides were air-dried, and the cells fixed and stained with 
DAPI for nuclei morphology analysis.Apoptotic morphological changes could be 
detected in wild-type DT 40 cells after 7 hours of exposure. From 7h to 9h exposure, 
most of the wild-type DT 40 cells died by apoptosis. The topo II a mutant cells died 
faster. All the cells were gone by the end of the 5 hours of exposure to 150 ~M 
etoposide. as indicated in panels G and H. 
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Figure 5.1: Induction of apoptosis by mitoxanthrone in wt and topo lla (-1+1+) DT40 cells 

Normal DT40 cells (panels A-D) and topo lla (-/+/+)cells (panels E-H) were exposed 
to 100 ~M mitoxanthrone (-2x1Cso) for a 3h (panels A and E), Sh (panels Band F), 

7h (panels C and G) and 9h interval (panels D and H). 2x1 o2 cells deriving from wt-
DT 40 and topo II a (-/+/+) cell line, were centrifuged onto microscope slides using the 
cytospin chambers. The slides were air-dried, and the cells fixed and stained with 
DAPI for nuclei morphology analysis. Apoptotic morphological changes could be 
detected in wild-type DT 40 cells within 5 hours of exposure, and most of the cells 
died between 7 and 9 hours. The topo lla mutant cells displayed apoptotic 
morphology after 3 hours, and died by the end of 7 hours of exposure. The panels D 
and H indicate the absence of detectable wild type or mutant cells after 9 hours of 
exposure. all cells being dead by that time. 
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Chapter 6: Overview and future experiments 
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6.1 Overview and conclusions 

The degree of DNA supercoiling in cells is controlled by DNA topoisomerases 

(127, 219, 221, 222). These enzymes catalyze the passage of individual DNA 

strands (type I DNA topoisomerases), or double helices (type II DNA 

topoisomerases) through one another (165, 221, 222). Type II DNA topoisomerase 

family members are highly conserved, from bacteria to eukaryotes. Only one form of 

topo II is present in the genomes of yeast (242), Drosophila (238), and C. elegans 

(41, 193). In addition to the canonical 170 kDa topo lla, vertebrates have a second 

type II DNA topoisomerase. This 180 kDa protein, topo II~, which was first found in 

human cells (11, 38, 111 ), has biochemical, pharmacological and antigenic 

characteristics distinct from those of topo II a (11, 111 ). Subsequently, topo II~ has 

been identified in mouse (3, 4), rat (58, 210, 227), hamster (54) and chicken cells 

(unpublished). One alternative splice variant of topo II~ has been described in human 

cells (51). This variant, designated topo 11~-2, contains a 5 amino acid insertion after 

V23 in the human topo II (3-1 protein sequence. 

The relative roles of topo II a and ~ are not known (233). Topo I Ia, like yeast 

topo II, is likely to be essential, being required both for chromosome segregation and 

for events earlier in the cell cycle (55, 63, 120). In contrast, topo 11(3 is not essential 

for cell proliferation, though it is essential for the postembryonic life of the organism, 

at least in mouse (225). 

Sequence comparisons between the topo I Ia and ~ isoforms reveal a high 

percentage of similarity, both at the nucleotide and peptide levels. This may reflect 

the relatively high conservation of the catalytic core of the enzyme. Yeast topo II 

contains a 125 kDa core flanked by N- and C- terminal domains (181, 222, 242, 

243). This core alone is responsible for the full DNA catalytic activity in vitro (181) 

and is relatively conserved. There is much greater divergence in the amino acid 

sequence at the N-and C-terminal ends of the proteins. 
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It has long been thought that topo II is regulated by posttranslational 

modifications, particularly phosphorylation. The phosphorylation of the enzyme 

peaks during G2/M phase (90, 93, 118, 148, 222, 243). Phosphorylation enhances 

the catalytic activity by several fold, however dephosphorylated topo II is still active 

(89, 90). The phosphorylation sites are located in the terminal regions of the protein, 

which are dispensable for the functional activity of the enzyme. Casein kinase 2 

(CKII) (1, 26-28, 42, 49, 76) and protein kinase C (PKC) (43, 173) both 

phosphorylate topo II in vitro. In S. pombe topo II is phosphorylated by cdc2 (221, 

222, 2411 243). 

Topo II occupies an important niche in antineoplastic therapy. Among the topo 

11 inhibitors, epipodophyllotoxins (e.g. etoposide) and anthracenoids (e.g 

mitoxanthrone) are widely used anticancer drugs, both for the treatment of 

haematological malignancies and widespread solid tumors, such as lung and breast 

cancer (117, 118, 222). Cytotoxicity with anti-topoisomerase drugs results not from 

the inhibition of the enzyme activity, but rather from the creation of a form of DNA 

damage by virtue of the perturbation of enzyme function by the drug action. One 

consequence of this is that drug potency increases with the intracellular enzyme 

content. Topo II "poisons" are thought to act through the formation of the ternary 

complex DNA-enzyme-drug, which results in the inhibition of the resealing of the 

transient DNA break induced by the enzyme. The cellular consequences of the 

cleavable complex formation include chromosomal aberrations, arrest of the cell 

cycle progression in G2 phase, and finally cell death. There is direct evidence that 

interference with topo II levels or activity results in resistance to topo II interactive 

drugs (13, 14, 80, 97). Cellular resistance to epipodophyllotoxins, for example, can 

occur for a variety of reasons. Etoposide is one of the known substrates of the mdr 

protein, which actively pumps the drug out of the cells that express high levels of this 

transporter. Two major types of alterations have been shown to be associated with 

decreased sensitivity to topo II targeted drugs: reduced activity of the enzyme (as a 

consequence of decreased intracellular topo II content corresponding to the cellular 
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quiescence, or of the loss of one of the two topo II alleles), and mutations of the gene 

as single amino acid substitution or large rearrangements (13, 14, 80). 

Particular functional areas of topo II sequence have been identified as 

important for the induction of drug resistance. Although the ATP-binding site in 

human topo II has yet to be rigorously identified, putative ATP-binding sites have 

been described within the topo II a protein sequence, as amino acid motifs located at 

positions 160-165, 449-460 and 466-494 respectively. Point mutations within these 

putative A TP-binding motifs and around the catalytic site of the enzyme, represented 

by the active tyrosine at the position 804 within the amino acid sequence, have been 

identified in several drug resistant cell lines. 

One purpose of the present study was to conduct a detailed analysis of the 

topo lla and ~ mRNAs expressed in several vertebrate cell lines. Lambda ZAP-eDNA 

libraries from chicken MSB-1 (lymphoblastoid) [Nazarian, 197 4] and DU249 

(hepatoma-derived) (Langlois, 197 4] cells were screened under low stringency 

hybridization conditions, using a PCR-generated fragment of human topo lla eDNA 

as a probe. Several positive clones were isolated and sequenced, the majority of 

which had a protein coding sequence identical with the unpublished chicken topo lla 

eDNA recently deposited in the data bases. However, several of the clones deriving 

from both libraries contained an insertion of 35 amino acids between K321 and G322 

of the topo II a-1 protein. We designated this longer version of the eDNA topo lla-2 

[AF285155], and refer to the previously described isoform as topo lla-1. In order to 

confirm that the novel alternatively spliced form of the topo II a eDNA corresponds to 

a mature mANA found in vivo, cytoplasmic RNA from MSB-1, DU249 and DT40 cells 

was analyzed by RT-PCR. Two primers flanking the putative splicing site within the 

topo lla-1 eDNA, were used to amplify a 765 bp fragment (corresponding to the a-1 

variant) and a 870 bp fragment (corresponding to the a-2 variant of topo II a eDNA) in 

the same amplification reaction. The two bands were gel purified and subcloned into 

pGEM-T for sequence analysis. The resulting sequence confirmed the presence of 

the 105 base pair insertion after the first 976 base pairs in the topo lla-2 eDNA 
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To determine the origin of the two alternative versions of the topo lla eDNA, 

topo II genomic locus covering the region of variability in the cDNAs was analyzed. A 

2.5 kb genomic fragment comprising the putative alternative splicing area from a 

lambda Fixll DT40 genomic library was isolated and sequenced, revealing the 

presence of two potential splice acceptor sites, separated by the 1 05 base pair 

segment found in the topo II a-2 eDNA This result suggesed that topo lla-2 mANA 

was likely to arise by alternative splicing, involving the 3' competitive site selection 

mechanism. 

In order to determine if this alternatively spliced form of the topo lla mANA is 

conserved, a PCA strategy was used to examine the structure of the corresponding 

region of the mature human cytoplasmic topo lla mANA. Two primers flanking the 

putative alternative splicing region (nucleotides 898-1378) within the human topo I Ia 

eDNA (gil45076321refiNM_001 0671 ), were designed to amplify a fragment of 480 bp 

size. AT-PCR experiments performed on human cytoplasmic RNA prepared from 

two different cell lines, Hela and MCF-7, generated a number of bands as visualized 

in agarose gels. These bands were gel purified, cloned into the pGEM-T vector and 

sequenced. RT-PCA amplification product 1 (topo lla-1) corresponded to the 

canonical human topo lla eDNA sequence, of 480 bp in size. This fragment was 

detected in both Hela and MCF-7 cells. Although consistently present in the mature, 

cytoplasmic RNA isolated from both Hela and MCF-7 cell lines, topo lla-1 appeared 

to be less abundant than the other human topo II a variant cDNAs. The co-amplified 

bands, of approximately 520 bp, 600 bp and 720 bp in size, contain 3 different eDNA 

insertions within the topo lla coding sequence. In the human topo lla-2 [AF285157] 

variant, a 78 bp insertion was present between exons 1 0 and 11 of the canonical 

topo lla-1 eDNA sequence. This in-frame insertion introduces a sequence of 26 

amino acids between A401 and A402 of the human protein sequence. The human 

topo lla-2 variant was detected in cytoplasmic RNAs from both Hela and MCF-7 

cells. 
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The human topo lla-3 [AF285158] eDNA variant, which was only observed in 

cytoplasmic RNA from Hela cells, contained a 1 08 bp insertion between exons 8 

and 9 of the canonical topo lla-1 coding sequence. The novel in-frame sequence 

introduces an additional 36 amino acids between residue K321 and G322 in the 

human topo lla-1 protein sequence. This corresponds exactly to the site at which the 

chicken topo lla-1 and a-2 isoforms differ, indicating that an alternative splice at this 

site is evolutionary conserved. 

The human topo lla-4 eDNA [AF285159] variant was isolated from Hela and 

MCF-7 cells, by RT-PCR amplification. The topo lla-4 message appeared to be more 

abundant in the cytoplasm of these cells than the topo II a-1, a-2 or a-3 isoforms. 

Sequencing of the human topo lla-4 variant revealed an extra 243 bp in frame 

insertion between exons 9 and 10 of the canonical topo lla-1 isoform. 

The three additional nucleotide sequences of 78 bp (topo lla-2), 108 bp (topo 

lla-3) and 243 bp (topo lla-4) respectively, could be identified in the human topo lla 

genomic locus within intron 10 (topo lla-2), intron 8 (topo II a-3) and intron 9 (topo 

lla-4), respectively. Each of these three sequences was flanked by two putative 

splice acceptor sites (ag), suggesting that they were generated by a 3' competitive 

alternative splice site selection mechanism. 

In addition to topo II a clones, the library screening procedure generated a 

number of clones which corresponded to topo II (3. Most of these clones were 

identical in sequence with the unpublished chicken topo 11(3 eDNA, recently deposited 

in the data bases. However, one clone derived from the MSB-1 eDNA library was 

shorter, lacking 86 amino acids between V27 and E114 [AF285156] of the reported 

topo II f3 sequence. In order to confirm that the novel form of the topo II f3 eDNA 

corresponds to a mANA found in vivo, the 5' end structure of the chicken topo llf3 

mANA was in detail analysed by using PCR-RACE amplification technique. This 

experiment, performed on chicken cytoplasmic RNA prepared from MSB-1, DU249 

and DT 40 cells, revealed the presence of two different cytoplasmic topo II f3 cDNAs 

(denoted (3-1 and (3-2) beginning at the same transcription initiation codon. When 
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these RTIPCR-generated fragments were cloned into pGEM-T and sequenced, the 

sequence obtained showed 1 00°/o identity with the sequence of the clones isolated 

from the eDNA library. 

In conclusion, this analysis has revealed the presence of evolutionary 

conserved alternatively spliced forms of both topo lla and f3 enzymes. Interestingly, 

these alternatively spliced forms are predicted to encode proteins subject to different 

posttranslational modifications. This suggests that alternative splicing might be one 

strategy used by vertebrates to create forms of topo II that may be subject to 

differential regulation. In addition, the novel amino acid insertions are located 

between the Walker A and Walker B motifs within the ATPase domain of the topo 

lla-1 protein, a region which was described to contain mutations in several topo II 

inhibitors drug resistant cell lines. Whether this coincidence describes an alternative 

mechanism to generate drug resistant topo lla protein forms by disrupting the 

putative drug binding site via alternative splicing mechanism, requires further 

analysis. 

A second aim of this study was to analyze the relative roles of topo II a in 

chromatin condensation and chromosome segregation during mitosis, by performing 

topo I Ia gene targeting experiments in the DT 40 chicken lymphoblastoid cell line. 

The knock-out strategy was based on the observation of a high rate of homologous 

recombination versus random integration in the DT40 cell line (23, 202, 203). 

In human cells, topo lla gene is located on the chromosome 17q12-21 band 

(207), in close vicinity to both the c- erbB-2 and c-myc oncogenes, which are the 

most commonly amplified genes in breast cancer. Topo lla copy number aberrations 

are not uncommon, being reported in both clinical cases (13, 14, 87, 97, 103, 176, 

177, 231, 249), and in several adenocarcinoma derived cell lines. Two of the five cell 

lines with ErbB-2 amplification (SK-BR-3 and UACC-812), showed concomitant 

amplification of the topo II a gene (1 09, 110, 112). In another experiment, performed 

on 136 primary breast tumors, ErbB-2 and topo I Ia genes were shown, as well, to be 

co-amplified in 43°/o of the cases (1 09, 110, 112). 
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In chicken DT 40 cells, the topo II a gene is located on the macro-chromosome 

2 tor which the DT 40 cell line was previously shown to be trisomic. The topo II a gene 

covers a 32 kb genomic locus. The chicken DT 40 cell line, deriving from ALV

induced lymphoblastoid cells, contains a c-myc deregulated allele. Interestingly, the 

c-myc gene in the DT40 cells is also, located on the macro-chromosome 2 

[Symonds, 1984], describing a similar chromosomal distribution comparing to human 

cells, where c-myc is in close proximity to both the topo lla and the c-erbB genes. 

The topo I Ia targeting vectors were designed to completely replace the 32 kb 

genomic locus. The first allele targeting experiment generated a histidinol resistant 

cell line without an evident reduction in the topo lla protein levels, as revealed by 

Western blot experiments. The second allele targeting generated a histidinol plus 

G418 double drug resistant cell line, which showed an intermediate-slow growth rate 

as compared to the topo II a(-/+/+) and parental cell line (data not shown). 

One topo lla (-/+/+) cell line showed a modified behavior upon exposure to 

several drugs which inhibit topo II protein, like etoposide (VP-16) or mitoxanthrone. 

The mutant cell line showed a 1.3 fold increased resistance to etoposide and 9 fold 

increased sensitivity to mitoxanthrone, as compared with the parental cell line. Final 

concentrations of 150 t-tM etoposide or 100 ~M mitoxanthrone induced apoptosis in 

topo lla (-/+/+) cells within 3-5 hours of exposure. In contrast, normal DT40 cells 

underwent apoptosis more slowly, within 8-9 hours of exposure to the same amount 

of drug. 
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6.2 Future experiments 

Although this work has addressed many questions about topo II, it has also 

raised just as many and there still remains much work to be done, regarding both the 

topo lla alternative spliced forms and the gene targeting experiments in DT40 cells. 

An important experiment that needs to be done, in order to initiate a functional 

analysis of topo II spliced forms would be the generation of antibodies with specificity 

tor the individual protein forms. lmmunolocalization studies during mitotic 

progression and/or apoptosis morphological changes might indicate different 

localization for the additional topo II isoforms described in this thesis. This 

experiment could generate important information about the putative functional 

distribution of biological roles played by topo II members during mitosis. At the same 

time, Northern blot experiments could detect a tissue or cell type specific distribution 

of different topo II isoforms. It might be interesting to compare the presence of these 

topo II a spliced forms in human cells deriving from different tumor cell lines, in order 

to detect a possible correlation with the drug resistant phenotype. 

In order to better characterize the topo lla (-1+1+) and topo lla (-/-/+) cells, 

Northern and Western blot analysis should be performed, in order to detect possible 

variations in topo lla or f3 mANA levels. It might be interesting to identify up

regulation of the endogenous topo 11(3 mANA or protein level, as a consequence of 

the removal of one or two topo lla alleles, respectively. At this stage, one interesting 

question to address would be the identification of putative factors responsible for up

regulation of topo II a or (3 mANAs or protein levels. The differential display 

experiment might identify components which are responsible for these sequencia! 

regulatory functions, by analyzing the normal DT 40 cells in comparison to topo II a (-

1+1+) and topo II a (-I-I+) cells. It will be very useful to construct growing curves for the 

topo lla(-1-/+) cell line, in a similar manner as described in Chapter 5. The reasoning 

behind this suggestion is the observation of a very low growth rate of topo II a ( -1-1+) 

cells as compared to the topo I Ia (-/+/+) and the control DT40 cells. Another 
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important experiment would be to immunolocalize topo II a and f3 on these topo II a 

mutant DT 40 cells, in mitosis and also different stages of the drug induced apoptosis. 

very interesting would be to asses the induction of apoptosis in these topo lla mutant 

cells by exposure to 2xiC5o etoposide concentration, for a comparison with the 

results described in Chapter 5 of this thesis. 

I will repeat the experiment in which topo II a ( -1+1+) cells have been exposed 

to etoposide or mitoxanthrone, experiment described in the Chapter 5 of this thesis. 

This experiment has been performed only once, therefore it needs to be confirmed 

and the results compared with similar experiments performed on vector C generated 

topo lla (-/+/+)and topo lla (-/-/+)cells. 

The topo II a gene targeting experiments in the DT 40 cells have not been 

completed, being limited to the generation of the first and second allele topo 

lla knock-out cell lines, with their partial characterization. The topo II a gene in the 

chicken DT 40 cells was localized on macro-chromosome 2, for which the cell line 

was described to be trisomic. Chapter 3 of this thesis describes one FISH 

experiment on DT40 metaphase chromosomes, which showed that the topo lla gene 

may be located on the chicken chromosome 2. It is important for this experiment to 

be repeated, to exclude the possibility of a modified topo lla genomic flanking region 

at one genomic locus in DT40 cells. The possibility in which topo lla locus is deleted 

before the duplication event leading to the chromosome 2 trisomy, can not be ruled 

out. Similar genomic alterations have been frequently observed in several human 

cancer cell lines carrying myc or erbB-2 genomic defects. Consecutively, deletions of 

the intergenic regions occurred between the topo II a -erbB-2 or topo lla-myc genes, 

therefore affecting the topo II a genomic structure (7, 11 0). The hypothesis that this 

might be also the case in DT 40 cells, has been supported by two experiments: the 

topo II a external region FISH labeling on the metaphase chromosomes, and the 

second allele knock-out Southern hybridization experiments using genomic external 

probes. Both experiments failed to detect two chromosome 2 copies, and the second 

and third topo lla wild-type band, respectively (data not shown in this thesis). Of 
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course, this remains a speculation as long as more elaborated experiments are not 

performed. 

The third allele knock-out and the phenotypic analysis remain to be continued. 

Both the third allele targeting vector and the topo lla rescue vector to be used in 

creating the final conditional tetracycline regulated on/off mutant cells have been 

constructed. The full length chicken topo II a eDNA has been cloned in pUHD1 Q-3 

vector (82) downstream the (tetO) present as 1, 3 or 7 sequence repeats. It is likely 

that the 3x(tet0) construct will not be suitable for the future rescue experiments, as 

overexpression of the exogenous topo II a protein was shown to kill both human 

(Hela) or DT40 cells (data not shown in this thesis). It is likely that the topo 

II a expression under the 1 x(tetO) construct will be better regulated, therefore the 

exogenous protein will be eventually produced at non-toxic levels. 
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Appendix 1 

GI = "6714552" [GenBank] 
LOCUS AB007445, 5781 bp mRNA 
DEFINITION Gallus gallus mRNA for DNA topoisomeraseii_alpha, complete cds. 
ACCESSION AB007445 
VERSION AB007445.2 GI:6714552 
KEYWORDS DNA topoisomeraseii_alpha. 
SOURCE Gallus gallus cell_line:MSB-1 eDNA to mRNA. 
ORGANISM Gallus gallus 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 
Archosauria; 

Gallus. 
REFERENCE 

AUTHORS 
TITLE 
JOURNAL 

REFERENCE 
AUTHORS 
TITLE 
JOURNAL 

Atsuko 

Aobaku 

Aves; Neognathae; Galliformes; Phasianidae; Phasianinae; 

1 (bases 1 to 5781) 
Niimi,A., Harata,M. and Mizuno,S. 
Chicken DNA Topoisomerase_alpha and beta 
Published Only in DataBase (1997) In press 
2 (bases 1 to 5781) 
Niimi,A., Harata,M. and Mizuno,S. 
Direct Submission 
Submitted (18-SEP-1997) to the DDBJ/EMBL/GenBank databases. 

Niimi, Tohoku University, Laboratory of Molecular Biology; 

Tutumidoori Amamiyamachi 1-1, Sendai, Miyagi 981, Japan 
(E-mail:niimi@biochem.tohoku.ac.jp, Tel:022-717-8771, 
Fax:022-717-8883) 

COMMENT On Jan 18, 2000 this sequence version replaced gi:2463526. 
Sequence updated (12-Jan-2000). 

FEATURES Location/Qualifiers 
source 1 •• 5781 

/organism="Gallus gallus" 
/db_xref="taxon:9031" 
/cell_line="MSB-1" 

gene 55 •. 4716 
/gene="DNA topoisomeraseii_alpha" 

CDS 55 •• 4716 
/gene="DNA topoisomeraseii_alpha" 
/codon_start=1 
/product="DNA topoisomeraseii_alpha" 
/protein_id="BAA22539.2" 
/db_xref="GI:6714553" 

/translation="MELLDSPAPLRPLHDNPRLPKADGAQKRLSVERIYQKKTQLEHI 
LLRPDTYIGSVETVTQQMWVFDEDVGLNCRDVTFVPGLYKIFDEILVNAADNKQRDKS 

. MSCIKVTIDPENNTISVWNNGKGIPVVEHKVEKVYVPALIFGQLLTSSNYDDDEKKVT 
GGRNGYGAKLCNIFSTKFTVETACREYKKLFKQTWTDNMGKAGEMTLKHFDGEDYTCV 
TFQPDLSKFKMTILDKDIVALMSRRAYDIAGSTKDVKVFLNGKRLPVKGFRSYVDLYL 
KDKVDETGNALKVIHEEVNSRWEVCLTLSEKGFQQVSFVNSIATTKGGRHVDYVADQI 
VTKLIDVVKKKNKNGVGVKPFQVKNHMWIFVNSLIENPTFDSQTKENMTLQAKSFGST 
CKLSEKFIKGAVGCGIVESILNWVKFKAQTQLNKKCSAVKHTKIKGVPKLDDANDAGS 
KNSIDCTLILTEGDSAKTLAVSGLGVVGRDKYGVFPLRGKMLNVREASHKQIMENAEI 
NNIIKIVGLQYKKNYEDRESLKSLRYGKIMIMTDQDQDGSHIKGLLINFIHHNWPSLL 
RHNFLEEFITPIIKVSKNKEEIPFYSIPEFEEWKSSTQNYNSWKIKYYKGLGTSTSKE 
AKEYFADMARHRIGFKYSGPEDDAAITLAFSKKKVEERKEWLTNFMEDRRQRNVHGLP 
EDYLYGKDTNYLTYNDFINKELVLFSNSDNERSIPSLVDGLKPGQRKVLFTCFKRNDK 
REVKGAQLAGSVAEMSSYHHGEASLMMTIINLAQNFVGSNNLNLLQPIGQFGTRLHGG 
KDSASPRYIFTMLSPLARLLFPPVDDNVLRFLYDDNQRVEPEWYMPIIPMVLINGAEG 
IGTGWSCKIPNFDIRETVNNIRCLLDGKEPLPMLPSYKNFKGTIDELGPNQYVISGEV 
SILDSTTIEITELPVRTWTQTYKEQVLEPMLNGTEKTPPLITDYKEYHTDTTVKFVVK 
MSEEKLAEAEAVGLHKVFKLQTNLTCNSMVLFDHVGFLKKYESPQDILKEFFELRLRY 
YGLRKEWLIGMLGAESAKLNNQARFILEKIDGKIVIENKPKKELIQVLIQRGYESDPV 
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KAWKELQNKEEEEGDESGEESAAATGPDFNYLLNMPLWYLTKEKKDELCKQRDNKDKE 
LEDLKHKSPSDLWKEDLAAFVEELDAVEAKQMQDEMAGITGKPLKVKGGKQGGKQKVT 
KAQLAEVMPSPHGIRVVPRVTAEMKAEAEKRIKKKIKSEKNESDEKQEGNSSGDKEPS 
SLKQRLAQKRKAEQGTKRQTTLPFKPIKKMKRNPWSDSESDSESDDFEVPSKRERVVR 
QAAAKIKPMVNSDSDADLTSSDEDSEYQENSEGNTDSDTTSKKKPPKAKAVPKEKKGK 
APKEKPLPDAVPVRVQNVAAESASQDPAAPPVSVPRAQAVPKKPAAAKKGSTAKDNQP 
SIMDILTKKKAAPKAPRRAQREESPPSEATAAVAKKPGPPRGRKATKRLTSSSDSDSD 
FGSRPSKSVAAKKSKRDDDDSYSIDLTADSPAAAAPRTRPGRLKKPVQYLESSDEDDM 
F" 

BASE COUNT 1678 a 1314 c 1460 g 1329 t 

ORIGIN: 1 gaaacgcgcc gcgccgttac cgtccgccat cgctccgctc agcgccccgc cgccatggag 
61 ctcctggact ccccggcgcc gctccgaccc ctgcacgaca acccccggct gcccaaagcc 

121 gatggcgccc agaagcggct ctcggtggag cgcatctacc agaagaagac gcagctggag 
181 cacatcctcc tgcggcccga cacctacatc ggctccgtgg agaccgtcac gcagcaaatg 
241 tgggtgttcg atgaggacgt gggcctcaac tgcagggatg tgaccttcgt gcccggcctg 
301 tacaagatct tcgacgagat cs;:tgm:s:!at gctgcggaca acaagcagag ggataaaagc 
361 atgtcctgca tcaaagttac aatcgaccca gagaataaca ccatcagtgt gtggaacaat 
421 gggaaaggca ttccagtcgt tgaacataaa gtggaaaagg tctatgtgcc agcactcatc 
481 tttggacagc tgctgacatc cagcaactat gatgacgatg aaaagaaagt cacaggtggg 
541 cgaaatggtt acggagccaa actgtgcaac atattcagca ccaaatttac tgtggagact 
601 gcgtgtcgtg aatacaaaaa gttgttcaag cagacctgga cagacaacat ggggaaggcc 
661 ggtgagatga cgctgaagca ttttgatgga gaagattaca cgtgtgtcac tttccaacct 
721 gatctgtcga aattcaaaat gacgattctc gacaaggaca ttgtagcact gatgtctcgg 
781 agggcgtatg acattgctgg atccacaaag gatgtcaaag ttttcctgaa tgggaagagg 
841 ctgcctgtga aaggatttcg cagctacgtg gacctctatc tgaaggacaa agtggatgag 
901 actggaaatg cacttaaggt tattcatgag gaagtgaatt ccaggtggga agtgtgcttg 
961 actttaagtg aaaaaggctt ccagcaagtt agctttgtca acagcattgc caccacaaag 

1021 ggtggcaggc acgttgatta cgtagctgac cagattgtga cta1acts:2t tg§tgttgtg 
1081 aaaaagaaga acaaaaacgg agttggagtg aagccgtttc aggtgaagaa tcacatgtgg 
1141 atttttgtga attccttgat tgaaaaccca acctttgact ctcagactaa agagaacatg 
1201 actctgcagg caaagagctt tggctcaaca tgtaaactga gtgagaaatt tatcaagggt 
1261 gcagttggct gtggcattgt tgaaagtatc ctaaactggg taaaatttaa agctcagacc 
1321 cagctgaata agaaatgttc agctgtgaag cacaccaaga ttaagggcgt tcctaaactg 
1381 gatgatgcca atgatgctgg cagcaagaat tcaatagatt gtacactcat cctgactgag 
1441 ggagactcag ccaaaacgct ggctgtctct ggtttaggag tggttggtag agacaaatac 
1501 ggagtatttc cccttcgtgg gaaaatgctc aacgtcaggg aagcttctca taagcagata 
1561 atggaaaatg ctgaaatcaa caacatcatc aagattgtgg gtttacagta taagaagaat 
1621 tacgaagatc gagaatcttt aaagagtctt cgctatggga agatcatgat tatgacagat 
1681 caggaccaag atggatctca tatcaaaggt ttgctgatta acttcatcca tcacaactgg 
1741 ccttctcttc taagacacaa cttcttggag gaatttatta cccccatcat aaaggtctct 
1801 aaaaacaaag aagaaattcc attctatagc attcctgagt ttgaagaatg gaaaagcagt 
1861 acacagaact acaactcatg gaaaatcaag tactacaaag gtttgggtac cagcacatcg 
1921 aaggaggcta aggagtactt tgcagatatg gctagacatc gaattggctt caagtactct 
1981 ggtcctgaag atgatgctgc catcaccctg gcctttagta agaagaaggt agaagagcga 
2041 aaggaatggc tgactaattt catggaggac agaagacagc ggaacgtgca tgggctgcca 
2101 gaggactacc tgtatgggaa agatactaat tacctgacat acaacgactt catcaacaag 
2161 gagttggtcc tgttctcaaa ctcagacaat gaaagatcga tcccatctct ggttgatggt 
2221 ttgaagccag gccagaggaa agttctgttc acgtgtttca aaagaaacga caaacgggag 
2281 gtgaaaggtg ctcagctggc tggttctgta gctgagatgt cctcgtacca tcacggtgag 
2341 gcatcactga tgatgacgat tataaaccta gctcagaact ttgtgggcag taacaacctc 
2401 aacctgctgc agcccatcgg tcagtttggc acaaggctgc atggtgggaa ggactctgca 
2461 agccctcgat acatctttac aatgctaagc ccactagcac ggttgctgtt cccaccagtg 
2521 gatgacaatg tcctgaggtt cctctatgat gacaaccaac gtgtggagcc ggagtggtac 
2581 atgcctataa ttccgatggt gctgataaat ggggcagaag ggattggcac cggctggtcc 
2641 tgtaagatcc ccaactttga tatcagggag actgtgaata acatccgttg tctgttggat 
2701 ggaaaagaac cactgccaat gcttcccagc tacaagaact tcaaaggcac aatagatgag 
2761 cttggaccta accagtatgt gataagtggt gaagtgtcta tccttgattc tacgaccatt 
2821 gaaatcactg agctgcccgt cagaacatgg acacagacct acaaagagca agttctggag 
2881 ccaatgctaa atgggactga gaagaccccc ccactaatca cagactataa agaataccac 
2941 actgacacca cagtgaagtt tgtagtgaag atgagtgagg aaaaactagc tgaagctgaa 
3001 gcagtggggt tgcataaggt cttcaaactc caaacaaatc taacatgcaa ctctatggtt 
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3061 ctttttgacc acgttggctt tctcaagaag tacgagtctc cccaggatat ccttaaagag 
3121 ttctttgaac tcaggctccg atactatggt ttgaggaaag aatggcttat tgggatgcta 
3181 ggagctgagt ctgcaaagct gaacaaccag gctcgattca tcctggagaa aatagatggc 
3241 aaaattgtga tcgaaaacaa acccaagaaa gaactgatcc aagttcttat ccaaagagga 
3301 tatgaatcag atccagtgaa ggcctggaag gaattgcaaa acaaggagga agaagaagga 
3361 gatgagagtg gtgaagaatc agctgcagct accggaccag atttcaacta ccttctgaac 
3421 atgccccttt ggtacctgac taaggagaag aaagatgagc tctgcaagca gagagataac 
3481 aaagacaagg agctggaaga cctgaagcac aagagcccct ctgacctgtg gaaagaagac 
3541 cttgctgcct ttgttgaaga gcttgatgca gtagaagcca agcaaatgca ggatgagatg 
3601 gcagggataa ctggcaaacc tctaaaggtg aaaggaggga agcaaggagg gaagcagaag 
3661 gtgacaaagg cacagctggc ggaagtaatg ccgtcacctc atggcataag ggttgttcct 
3721 cgggtcactg cagaaatgaa ggcggaggca gaaaagagaa ttaaaaagaa gataaagagt 
3781 gaaaaaaatg aatctgatga gaaacaagaa ggaaactcat cgggggataa agagccctca 
3841 agccttaagc aacggttagc acagaagcgt aaagccgagc aaggcaccaa gaggcagacc 
3901 actctaccat ttaaaccaat aaagaaaatg aagcgcaacc cttggtctga ctcagagtct 
3961 gactcagagt cggatgattt tgaagtgcct tctaaaagag agcgagtggt tcgccaggca 
4021 gcagccaaaa tcaagcccat ggtcaattcg gactcggatg cagatctgac cagctcagat 
4081 gaggactctg agtatcagga gaacagtgaa ggcaacaccg actcagatac aacctcaaaa 
4141 aagaaacctc ccaaggccaa agctgtccca aaggaaaaaa agggtaaagc tcccaaggaa 
4201 aagccgctgc cagatgctgt ccctgttcga gtccaaaatg ttgctgctga aagtgcgagt 
4261 caggatcccg cggctcctcc tgtgtccgtg cctcgtgctc aggctgtgcc taagaagcct 
4321 gctgctgcta agaagggcag cactgccaag gataaccagc cgtccatcat ggatattctc 
4381 accaagaaga aggcagcacc aaaggccccc aggcgagcac agagggagga gtccccacct 
4441 tctgaagcca cagcggcggt tgccaagaag cccggtcccc cccggggccg aaaggccacc 
4501 aaaaggctga cgagttcttc tgattctgac tcagatttcg gctcaaggcc ttctaaatcc 
4561 gttgcagcaa agaaatccaa gcgggacgac gatgacagct acagcattga tctgactgca 
4621 gacagccctg cagcagctgc gccccgcacc cggcctgggc gcctcaaaaa gcccgtccag 
4681 tacttggagt catctgatga ggatgatatg ttctgagttt tatgaagttt taagccattg 
4741 ggatacggac tgagctgcga gcagagctca ttcaaacttc agccaaggaa cagacatctc 
4801 agagtaggaa tctttttgct aatttaacct cagaagtgtt ggatataagt gaatacagac 
4861 tatttttcta ggtttagggt aattcagact tgtttataaa caagagcacc tgtggccctt 
4921 tctcccccct ggtgctgacg tgtttccctt ctgcctatca gcccactgga ggtcccagtg 
4981 agtcttctga cttgctgcag tcattttaat agcaagacat atttgtgtgt ctcaaatcct 
5041 ctaagttata tagatgttct cctttttaga tgcctttaaa ataataaaat attttagctt 
5101 ttaactccac caccagagac tggccgtggg cccctgtagc tccatttctg ccgtgctgag 
5161 ttttagcctt tggtgtttta aatccaggtt tggtaatgga ggtctgtgca ggcttttctc 
5221 cttgtgctct gtggtggcag ttttatctcc tgtccagctg ccagaagccc agtgtttagc 
5281 tagtggagct cagagctcat cctggggtag gggctgctgc tgctgtggaa ggagcccact 
5341 ttgatctatg gcctcctgaa tggagcgggc tgctcgttcc aatggccaca ctggaaagca 
5401 gcaggtcccc atcctgggct tctctgctgc cacactcagt gcagggaaag tgttgtgcag 
5461 agtggctcca gcagcgtgga gcttctcgtg ccacttggta cctgcggaca gcacttcctt 
5521 cccctccact cccccatgcc gtgagctgtt ggaccccagc acagctcttc tgtgttcctc 
5581 agcacaagca gaggaggggc ggcttcctct tcccctcagc ggtacttcac tggagtatgg 
5641 ctacttgtgc tctgcttctc atgtggggct gagtggtatt tcttaactgt ctgtaaatat 
5701 tttgtgtttt tcttgtcgtt cttgtcatta aactgtcctt ttaaatattt acgtaataaa 
5761 agtttttcta ctcgaaaaaa a 

II 

The nucleotide sequence present only in the previously characterized chicken topo lin eDNA (the 
japanese sequence) and not in the full length chicken topo lla eDNA clone isolated in our laboratory 
(APM unpublished) is indicated by bold, underlined (black) letters. The sequence of the primers which 
were used in the RT-PCR reaction (see Chapter 3) is marked by bold, underlined (blue) letters. 
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ORIGIN : 1 
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Appendix 2 

5726 bp mRNA 
Gallus gallus mRNA for DNA topoisomeraserr_alpha, complete cds. 

DNA topoisomcraserr_alpha. 
Gallus gallus cell_lines :MSB-1 and DU249 eDNA to mRNA . 
Gallus gallus 
Eukaryota; Metazoa ; Chordata; Craniata ; vertebrata; 
Archosauria ; Aves ; Neognathae ; Galliformes; Phasianidae ; 
Phasianinae; Gallus. 

Petruti- Mot A. S, and w.c. Earnshaw 

Unpublished 

1663 a 1281 c 1444 g 1316 t 

[5'RACE poly(a)aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa)]1atggaq 
7 ctcctqqact c gctccgaccc ctgcacgaca acccccggct gcccaaagcc 

67 gatggcgccc agaagcggct ctcggtggag cgcatctacc agaagaagac gcagctggag 
127 cacatcctcc tgcggcccga cacctacatc ggctccgtgg agaccgtcac gcagcaaatg 
187 tgggtgttcg atgaggacgt gggcctcaac tgcagggatg tgaccttcgt gcccggcctg 
247 tacaagatct tcgac~~qat cctggtcaat qc tgcggaca acaagcagag ggataaaagc 
307 atgtcctgca tcaaagttac aatcgaccca gagaataaca ccat~agtgt gtggaacaat 
367 gggaaaggca ttccagtcgt tgaacataaa gtggaaaagg tctatgtgcc agcactcatc 
427 tttggacagc tgctgacatc cagcaactat gatgacgatg aaaagaaagt cacaggtggg 
487 cgaaatggtt acggagccaa actgtgcaac atattcagca ccaaatttac tgtggagact 
547 gcgtgtcgtg aatacaaaaa gttgttcaag cagacctgga cagacaacat ggggaaggcc 
607 ggtgagatga cgctgaagca ttttgatgga gaagattaca cgtgtgtcac tttccaacct 
667 gatctgtcga aattcaaaat gacgattctc gacaaggaca ttgtagcact gatgtctcgg 
727 agggcgtatg acattgctgg atccacaaag gatgtcaaag ttttcctgaa tgggaagagg 
787 ctgcctgtga aaggatttcg cagctacgtg gacctctatc tgaaggacaa agtggatgag 
847 actggaaatg cacttaaggt tattcatgag gaagtgaatt ccaggtggga agtgtgcttg 
907 actttaagtg aaaaaggctt ccagcaagtt agctttgtca acagcattgc caccacaaag 
961 ggtggcaggc acgttgatta cgtagctgac cagattgtga ctaaactc at t gatqt tqtg 

1027 ~aaaagaaga acaaaaacgg agttggagtg aagccgtttc aggtgaagaa tcacatgtgg 
1087 atttttgtga attccttgat tgaaaaccca acctttgact ctcagactaa agagaacatg 
1147 actctgcagg caaagagctt tggctcaaca tgtaaactga gtgagaaatt tatcaagggt 
1207 gcagttggct gtggcattgt tgaaagtatc ctaaactggg taaaatttaa agctcagacc 
1267 cagctgaata agaaatgttc agctgtgaag cacaccaaga ttaagggcgt tcctaaactg 
1327 gatgatgcca atgatgctgg cagcaagaat tcaatagatt gtacactcat cctgactgag 
1387 ggagactcag ccaaaacgct ggctgtctct ggtttaggag tggttggtag agacaaatac 
1447 ggagtatttc cccttcgtgg gaaaatgctc aacgtcaggg aagcttctca taagcagata 
1507 atggaaaatg ctgaaatcaa caacatcatc aagattgtgg gtttacagta taagaagaat 
1567 tacgaagatc gagaatcttt aaagagtctt cgctatggga agatcatgat tatgacagat 
1627 caggaccaag atggatctca tatcaaaggt ttgctgatta acttcatcca tcacaactgg 
1687 ccttctcttc taagacacaa cttcttggag gaatttatta cccccatcat aaaggtctct 
1747 aaaaacaaag aagaaattcc attctatagc attcctgagt ttgaagaatg gaaaagcagt 
1807 acacagaact acaactcatg gaaaatcaag tactacaaag gtttgggtac cagcacatcg 
1867 aaggaggcta aggagtactt tgcagatatg gctagacatc gaattggctt caagtactct 
1927 ggtcctgaag atgatgctgc catcaccctg gcctttagta agaagaaggt agaagagcga 
1987 aaggaatggc tgactaattt catggaggac agaagacagc ggaacgtgca tgggctgcca 
2047 gaggactacc tgtatgggaa agatactaat tacctgacat acaacgactt catcaacaag 
2107 gagttggtcc tgttctcaaa ctcagacaat gaaagatcga tcccatctct ggttgatggt 
2167 ttgaagccag gccagaggaa agttctgttc acgtgtttca aaagaaacga caaacgggag 
2227 gtgaaaggtg ctcagctggc tggttctgta gctgagatgt cctcgtacca tcacggtgag 
2287 gcatcactga tgatgacgat tataaaccta gctcagaact ttgtgggcag taacaacctc 
2347 aacctgctgc agcccatcgg tcagtttggc acaaggctgc atggtgggaa ggactctgca 
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2407 agccctcgat acatctttac aatgctaagc ccactagcac ggttgctgtt cccaccagtg 
2 467 gatgacaatg tcctgaggtt cctctatgat gacaaccaac gtgtggagcc ggagtggtac 
2527 atgcctataa ttccgatggt gctgataaat ggggcagaag ggattggcac cggctggtcc 
2587 tgtaagatcc ccaactttga tatcagggag actgtgaata acatccgttg tctgttggat 
2647 ggaaaagaac cactgccaat gcttcccagc tacaagaact tcaaaggcac aatagatgag 
2707 cttggaccta accagtatgt gataagtggt gaagtgtcta tccttgattc tacgaccatt 
2767 gaaatcactg agctgcccgt cagaacatgg acacagacct acaaagagca agttctggag 
2827 ccaatgctaa atgggactga gaagaccccc ccactaatca cagactataa agaataccac 
2887 actgacacca cagtgaagtt tgtagtgaag atgagtgagg aaaaactagc tgaagctgaa 
2947 gcagtggggt tgcataaggt cttcaaactc caaacaaatc taacatgcaa ctctatggtt 
3007 ctttttgacc acgttggctt tctcaagaag tacgagtctc cccaggatat ccttaaagag 
3067 ttctttgaac tcaggctccg atactatggt ttgaggaaag aatggcttat tgggatgcta 
3127 ggagctgagt ctgcaaagct gaacaaccag gctcgattca tcctggagaa aatagatggc 
3187 aaaattgtga tcgaaaacaa acccaagaaa gaactgatcc aagttcttat ccaaagagga 
3247 tatgaatcag atccagtgaa ggcctggaag gaattgcaaa acaaggagga agaagaagga 
3307 gatgagagtg gtgaagaatc agctgcagct accggaccag atttcaacta ccttctgaac 
3367 atgccccttt ggtacctgac taaggagaag aaagatgagc tctgcaagca gagagataac 
3427 aaagacaagg agctggaaga cctgaagcac aagagcccct ctgacctgtg gaaagaagac 
3487 cttgctgcct ttgttgaaga gcttgatgca gtagaagcca agcaaatgca ggatgagatg 
3527 gcagggataa ctggcaaacc tctaaaggtg aaaggaggga agcaaggagg gaagcagaag 
3587 gtgacaaagg cacagctggc ggaagtaatg ccgtcacctc atggcataag ggttgttcct 
3647 cgggtcactg cagaaatgaa ggcggaggca gaaaagagaa ttaaaaagaa gataaagagt 
3707 gaaaaaaatg aatctgatga gaaacaagaa ggaaactcat cgggggataa agagccctca 
3767 agcctt aagc aacggttagc acagaagcgt aaagccgagc aaggcaccaa gaggcagacc 
3827 actctaccat ttaaaccaat aaagaaaatg aagcgcaacc cttggtctga ctcagagtct 
3887 gactcagagt cggatgattt tgaagtgcct tctaaaagag agcgagtggt tcgccaggca 
3947 gcagccaaaa tcaagcccat ggtcaattcg gactcggatg cagatctgac cagctcagat 
4007 gaggactctg agtatcagga gaacagtgaa ggcaacaccg actcagatac aacctcaaaa 
4067 aagaaacctc ccaaggccaa agctgtccca aaggaaaaaa agggtaaagc tcccaaggaa 
4127 aagccgctgc cagatgct gt ccctgttcga gtccaaaatg ttgctgctga aagtgcgagt 
4187 caggat ccc g cggctcctcc tgtgtccgt g cctcgtgctc aggctgtgcc taagaagcct 
42 47 gctgctgcta agaagggcag cactgccaag gataaccagc cgtccatcat ggatattctc 
4307 accaagaaga aggcagcacc aaaggccccc aggcgagcac agagggagga gtccccacct 
4367 tctgaagcca cagcggcggt tgccaagaag cccggtcccc cccggggccg aaaggccacc 
4427 aaaaggctga cgagttcttc tgattctgac tcagatttcg gctcaaggcc ttctaaatcc 
4487 gttgcagcaa agaaatccaa gcgggacgac gatgacagct acagcattga tctgactgca 
4547 gacagccctg cagcagctgc gccccgcacc cggcctgggc gcctcaaaaa gcccgtccag 
4 607 tact t ggagt catctgat ga ggatgatatg ttctgagttt tatgaagttt taagcc1ttg 
4667 gg~tacggac tgooctgcga gcagagctca ttcaaacttc agccaaggaa cagacatctc 
4727 agagtaggaa tctttttgct aatttaacct cagaagtgtt ggatataagt gaatacagac 
4787 tatttttcta ggtttagggt aattcagact tgtttataaa caagagcacc tgtggccctt 
4867 tctcccccct ggtgctgacg tgtttccctt ctgcctatca gcccactgga ggtcccagtg 
4927 agt ctt ctga cttgctgcag tcattttaat agcaagacat atttgtgtgt ctcaaatcct 
4987 ctaagttata tagatgttct cctttttaga tgcctttaaa ataataaaat attttagctt 
5047 ttaactccac caccagagac tggccgtggg cccctgtagc tccatttctg ccgtgctgag 
5107 ttttagcctt tggtgtttta aa tccaggtt t ggtaatgga ggtctgtgca ggcttttctc 
5167 cttgt gctct gtggtggcag ttttatctcc tgtccagctg ccagaagccc agtgtttagc 
5227 tagtggagct cagagctcat cctggggtag gggctgctgc tgctgtggaa ggagcccact 
5287 ttgatctatg gcctcctgaa tggagcgggc tgctcgttcc aatggccaca ctggaaagca 
5347 gcaggtcccc atcctgggct tctctgctgc cacactcagt gcagggaaag tgttgtgcag 
5407 agtggctcca gcagcgtgga gcttctcgtg ccacttggta cctgcggaca gcacttcctt 
5467 cccctccact cccccatgcc gtgagctgtt ggaccccagc acagctcttc tgtgttcctc 
5527 agcacaagca gaggaggggc ggcttcctct tcccctcagc ggtacttcac tggagtatgg 
5587 ctacttgtgc tctgcttctc atgtggggct gagtggtatt tcttaactgt ctgtaaatat 
5667 tttgtgtttt tcttgtcgtt cttgtcatta aactgtcctt ttaaatattt acgtaataaa 

The sequence of the primers wh1ch were used in the RT-PCR reaction (see Chapter 3) is marked by 
bold. under1ined (blue) leners. The 5' oligo pnmer (numbering 1-18 according to the nucleotide 
sequence illustrated above. where the base A of the first A TG codon represents number 1) is marked 
in bold, underlined (black) letters (see Chapter 4). The additional 5' end oligo (corresponding to the 
positions 8-26 according to the above sequence). is marked in bold. under1ined (yellow) letters. The 3' 
end oligo (see Chapter 4) nucleotide sequence is marked in bold, underlined (red) teners. 
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Appendix 3 

GI = "10121856" [GenBank] 

LOCUS 
DEFINITION 
cds. 
ACCESSION 
VERSION 

SOURCE 
ORGANISM 

REFERENCE 
AUTHORS 
TITLE 

JOURNAL 
REFERENCE 

AUTHORS 
TITLE 
JOURNAL 

FEATURES 
source 

gene 

CDS 

AF285155, 5158 bp mRNA 
Gallus gallus topoisomerase II alpha-2 (TOP2A) mRNA, complete 

AF285155 
AF285155.1 GI:10121856 

chicken. 
Gallus gallus 
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 
Euteleostomi; 
Archosauria; Aves; Neognathae; Galliformes; Phasianidae; 
Phasianinae; Gallus. 
1 (bases 1 to 5158) 
Petruti-Mot,A.S. and Earnshaw,w.c. 
Two differentially spliced forms of topoisomerase II alpha and 
beta mRNAs are conserved between birds and humans 
Gene-in press 
2 (bases 1 to 5158) 
Petruti-Mot,A.S. and Earnshaw,w.c. 
Direct Submission 
Submitted (07-JUL-2000) ICMB, University of Edinburgh, Mayfield 
Road, Edinburgh, Scotland EH9 3JR, UK 

Location/Qualifiers 
1 •• 5158 
/organism="Gallus gallus" 
/db_xref="taxon:9031" 
/cell_line="DU249" 
1 •• 5158 
/gene="TOP2A" 
1 •• 4761 
/gene="TOP2A" 
/note="alternatively spliced variant" 
/codon_start=1 
/product="topoisomerase II alpha-2" 
/protein_id="AAG13401.1" 
/db_xref="GI:l0121857" 

translation="MELLDSPAPLRPLHDNPRLPKADGAQKRLSVERIYQKKTQLEHI 
LLRPDTYIGSVETVTQQMWVFDEDVGLNCRDVTFVPGLYKIFDEILVNAADNKQRDKS 
MSCIKVTIDPENNTISVWNNGKGIPVVEHKVEKVYVPALIFGQLLTSSNYDDDEKKVT 
GGRNGYGAKLCNIFSTKFTVETACREYKKLFKQTWTDNMGKAGEMTLKHFDGEDYTCV 
TFQPDLSKFKMTILDKDIVALMSRRAYDIAGSTKDVKVFLNGKRLPVKGFRSYVDLYL 
KDKVDETGNALKVIHEEVNSRWEVCLTLSEKGFQQVSFVNSIATTKVILSSCSHIHFI 
FFLLALCFVSLETPRALWSHFPLGGRHVDYVADQIVTKLIDVVKKKNKNGVGVKPFQV 
KNHMWIFVNSLIENPTFDSQTKENMTLQAKSFGSTCKLSEKFIKGAVGCGIVESILNW 
VKFKAQTQLNKKCSAVKHTKIKGVPKLDDANDAGSKNSIDCTLILTEGDSAKTLAVSG 
LGVVGRDKYGVFPLRGKMLNVREASHKQIMENAEINNIIKIVGLQYKKNYEDRESLKS 
LRYGKIMIMTDQDQDGSHIKGLLINFIHHNWPSLLRHNFLEEFITPIIKVSKNKEEIP 
FYSIPEFEEWKSSTQNYNSWKIKYYKGLGTSTSKEAKEYFADMARHRIGFKYSGPEDD 
AAITLAFSKKKVEERKEWLTNFMEDRRQRNVHGLPEDYLYGKDTNYLTYNDFINKELV 
LFSNSDNERSIPSLVDGLKPGQRKVLFTCFKRNDKREVKGAQLAGSVAEMSSYHHGEA 
SLMMTIINLAQNFVGSNNLNLLQPIGQFGTRLHGGKDSASPRYIFTMLSPLARLLFPP 
VDDNVLRFLYDDNQRVEPEWYMPIIPMVLINGAEGIGTGWSCKIPNFDIRETVNNIRC 
LLDGKEPLPMLPSYKNFKGTIDELGPNQYVISGEVSILDSTTIEITELPVRTWTQTYK 
EQVLEPMLNGTEKTPPLITDYKEYHTDTTVKFVVKMSEEKLAEAEAVGLHKVFKLQTN 
LTCNSMVLFDHVGFLKKYESPQDILKEFFELRLRYYGLRKEWLIGMLGAESAKLNNQA 
RFILEKIDGKIVIENKPKKELIQVLIQRGYESDPVKAWKELQNKEEEEGDESGEESAA 
ATGPDFNYLLNMPLWYLTKEKKDELCKQRDNKDKELEDLKHKSPSDLWKEDLAAFVEE 
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LDAVEAKQMQDEMAGITGKPLKVKGGKQGGKQKVTKAQLAEVMPSPBGIRVVPRVTAE 
MKABABKRIKKKIKSBKNBSOBKQBGNSSGDKEPSSLKQRLAQKRKAEQGTKRQTTLP 
FKPIKKMKRNPWSOSESDSESDDFEVPSKRERVVRQAAAKIKPMVNSDSDADLTSSDE 
OSBYQBNSBGNTDSDTTSKKKPPKAKAVPKEKKGKAPKBKPLPDAVPVRVQNVAAESA 
SQDPAAPPVSVPRAQAVPKKPAAAKKGSTAKONQPSIMDILTKKKAAPKAPRRAQREE 
SPPSEATAAVAKKPGPPRABTTKRLTSSSDSDSDFGSRPSKSVAAKKSKRDDDDSYSI 
DLTADSPAAAAPRTRPGRMICSEFYEVLSHWDTD" 

BASE COUNT 1567 a 1142 c 1285 g 1164 t 

ORIGIN: 1 atggagc cgctc cgacccctgc acgacaaccc ccggctgccc 
61 aaagccgatg gcgcccagaa gcggctctcg gtggagcgca tctaccagaa gaagacgcag 

121 ctggagcaca tcctcctgcg gcccgacacc tacatcggct ccgtggagac cgtcacgcag 
181 caaatgtggg tgttcgatga ggacgtgggc ctcaactgca gggatgtgac cttcgtgccc 
241 ggcctgtaca agatcttcga cgagatcctg gtcaatqctg cggacaacaa gcagagggat 
301 aaaagcatgt cctgcatcaa agttacaatc gacccagaga ataacaccat cagtgtgtgg 
361 aacaatggga aaggcattcc agtcgttgaa cataaagtgg aaaaggtcta tgtgccagca 
421 ctcatctttg gacagctgct gacatccagc aactatgatg acgatgaaaa gaaagtcaca 
481 ggtgggcgaa atggttacgg agccaaactg tgcaacatat tcagcaccaa atttactgtg 
541 gagactgcgt gtcgtgaata caaaaagttg ttcaagcaga cctggacaga caacatgggg 
601 aaggccggtg agatgacgct gaagcatttt gatggagaag attacacgtg tgtcactttc 
661 caacctgatc tgtcgaaatt caaaatgacg attctcgaca aggacattgt agcactgatg 
721 tctcggaggg cgtatgacat tgctggatcc acaaaggatg tcaaagtttt cctgaatggg 
781 aagaggctgc ctgtgaaagg atttcgcagc tacgtggacc tctatctgaa ggacaaagtg 
841 gatgagactg gaaatgcact taaggttatt catgaggaag tgaattccag gtgggaagtg 
901 tgcttgactt taagtgaaaa aggcttccag caagttagct ttgtcaacag cattgccacc 
961 acaaag;u. i.•t-.ct't.wr..c t~~ ~..t".i-.0: .u: • · c w..~~... .. ,. t.:tqt;t'!-c • 

1021 tgt\.ttgttt: c ..t!.t~g _e 1;eet~ ~ .. et. • .t.~,Y} ;~~ • ~~fr:t;~c .. '~ &ggtggcagg 
1081 cacgttgatt acgtagctga ccagattgtg acta~actca ttgatqttgt qaaaaagaag 
1141 aacaaaaacg gagttggagt gaagccgttt caggtgaaga atcacatgtg gatttttgtg 
1201 aattccttga ttgaaaaccc aacctttgac tctcagacta aagagaacat gactctgcag 
1261 gcaaagagct ttggctcaac atgtaaactg agtgagaaat ttatcaaggg tgcagttggc 
1321 tgtggcattg ttgaaagtat cctaaactgg gtaaaattta aagctcagac ccagctgaat 
1381 aagaaatgtt cagctgtgaa gcacaccaag attaagggcg ttcctaaact ggatgatgcc 
1441 aatgatgctg gcagcaagaa ttcaatagat tgtacactca tcctgactga gggagactca 
1501 gccaaaacgc tggctgtctc tggtttagga gtggttggta gagacaaata cggagtattt 
1561 ccccttcgtg ggaaaatgct caacgtcagg gaagcttctc ataagcagat aatggaaaat 
1621 gctgaaatca acaacatcat caagattgtg ggtttacagt ataagaagaa ttacgaagat 
1681 cgagaatctt taaagagtct tcgctatggg aagatcatga ttatgacaga tcaggaccaa 
1741 gatggatctc atatcaaagg tttgctgatt aacttcatcc atcacaactg gccttctctt 
1801 ctaagacaca acttcttgga ggaatttatt acccccatca taaaggtctc taaaaacaaa 
1861 gaagaaattc cattctatag cattcctgag tttgaagaat ggaaaagcag tacacagaac 
1921 tacaactcat ggaaaatcaa gtactacaaa ggtttgggta ccagcacatc gaaggaggct 
1981 aaggagtact ttgcagatat ggctagacat cgaattggct tcaagtactc tggtcctgaa 
2041 gatgatgctg ccatcaccct ggcctttagt aagaagaagg tagaagagcg aaaggaatgg 
2101 ctgactaatt tcatggagga cagaagacag cggaacgtgc atgggctgcc agaggactac 
2161 ctgtatggga aagatactaa ttacctgaca tacaacgact tcatcaacaa ggagttggtc 
2221 ctgttctcaa actcagacaa tgaaagatcg atcccatctc tggttgatgg tttgaagcca 
2281 ggccagagga aagttctgtt cacgtgtttc aaaagaaacg acaaacggga ggtgaaaggt 
2341 gctcagctgg ctggttctgt agctgagatg tcctcgtacc atcacggtga ggcatcactg 
2401 atgatgacga ttataaacct agctcagaac tttgtgggca gtaacaacct caacctgctg 
2461 cagcccatcg gtcagtttgg cacaaggctg catggtggga aggactctgc aagccctcga 
2521 tacatcttta caatgctaag cccactagca cggttgctgt tcccaccagt ggatgacaat 
2581 gtcctgaggt tcctctatga tgacaaccaa cgtgtggagc cggagtggta catgcctata 
2641 attccgatgg tgctgataaa tggggcagaa gggattggca ccggctggtc ctgtaagatc 
2701 cccaactttg atatcaggga gactgtgaat aacatccgtt gtctgttgga tggaaaagaa 
2761 ccactgccaa tgcttcccag ctacaagaac ttcaaaggca caatagatga gcttggacct 
2821 aaccagtatg tgataagtgg tgaagtgtct atccttgatt ctacgaccat tgaaatcact 
2881 gagctgcccg tcagaacatg gacacagacc tacaaagagc aagttctgga gccaatgcta 
2941 aatgggactg agaagacccc cccactaatc acagactata aagaatacca cactgacacc 
3001 acagtgaagt ttgtagtgaa gatgagtgag gaaaaactag ctgaagctga agcagtgggg 
3061 ttgcataagg tcttcaaact ccaaacaaat ctaacatgca actctatggt tctttttgac 
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3121 cacgttggct ttctcaagaa gtacgagtct ccccaggata tccttaaaga gttctttgaa 
3181 ctcaggctcc gatactatgg tttgaggaaa gaatggctta ttgggatgct aggagctgag 
3241 tctgcaaagc tgaacaacca ggctcgattc atcctggaga aaatagatgg caaaattgtg 
3301 atcgaaaaca aacccaagaa agaactgatc caagttctta tccaaagagg atatgaatca 
3361 gatccagtga aggcctggaa ggaattgcaa aacaaggagg aagaagaagg agatgagagt 
3421 ggtgaagaat cagctgcagc taccggacca gatttcaact accttctgaa catgcccctt 
3481 tggtacctga ctaaggagaa gaaagatgag ctctgcaagc agagagataa caaagacaag 
3541 gagctggaag acctgaagca caagagcccc tctgacctgt ggaaagaaga ccttgctgcc 
3601 tttgttgaag agcttgatgc agtagaagcc aagcaaatgc aggatgagat ggcagggata 
3661 actggcaaac ctctaaaggt gaaaggaggg aagcaaggag ggaagcagaa ggtgacaaag 
3721 gcaca gctgg cggaagtaat gccgtcacct catggcataa gggttgttcc tcgggtcact 
378 1 gcagaaatga aggcggaggc agaaaagaga attaaaaaga agataaagag tgaaaaaaat 
3841 gaatctgatg agaaacaaga aggaaactca tcgggggata aagagccctc aagccttaag 
3901 caacggttag cacagaagcg taaagccgag caaggcacca agaggcagac cactctacca 
3961 tttaaaccaa taaagaaaat gaagcgcaac ccttggtctg actcagagtc tgactcagag 
4021 tcggatgatt ttgaagtgcc ttctaaaaga gagcgagtgg ttcgccaggc agcagccaaa 
4081 atcaagccca tggtcaattc ggactcggat gcagatctga ccagctcaga tgaggactct 
4141 gagta tcagg agaacagtga aggcaacacc gactcagata caacctcaaa aaagaaacct 
4 201 cccaaggcca aagctgtccc aaaggaaaaa aagggtaaag ctcccaagga aaagccgctg 
4261 ccagatgctg tccctgttcg agtccaaaat gttgctgctg aaagtgcgag tcaggatccc 
4321 gcggctcctc ctgtgtccgt gcctcgtgct caggctgtgc ctaagaagcc tgctgctgct 
4381 aagaagggca gcactgccaa ggataaccag ccgtccatca tggatattct caccaagaag 
4441 aaggcagcac caaaggcccc caggcgagca cagagggagg agtccccacc ttctgaagcc 
4501 acagcggcgg ttgccaagaa gcccggtccc ccccgggccg aaacgaccaa aaggctgacg 
4561 agttctt ctg attctgac t c agatttcggc tcaaggcctt ctaaatccgt tgcagcaaag 
4621 aaatccaagc gggacgacga tgacagctac agcattgatc tgactgcaga cagccctgca 
4681 gcagct gcgc cccgcacccg gcctgggcgc atgatatgtt ctgagtttta tgaagtttta 
4741 agc~~ttggg at~~gga~tg ~ctgcgagc agagctcatt caaacttcag ccaaggaaca 
4801 gacatctcag agtaggaatc tttttgctaa tttaacctca gaagtgttgg atataagtga 
4861 atacagacta tttttctagg tttagggtaa ttcagacttg tttataaaca agagcacctg 
4921 tggccctttc tcccccctgg tgctgacgtg tttcccttct gcctatcagc ccactggagg 
4981 tcccagt gag tcttctgact tgctgcagtc attttaatag caagacatat ttgtgt gtct 
5041 caaatcctct aagttatat a gatgttctcc tttttagatg cctttaaaat aataaaatat 
5101 tttagctttt aactccacca ccagagactg gccgtgggcc cctgtagctc catttcg 

II 

The sequence of the primers which were used 1n the RT-PCR reaction (see Chapter 3} is marked by 
bold. underlined (blue) letters The additional nucleotide sequence which describes the chicken topo 
lla-2 eDNA is represented 1n outlined, bold (blue) letters. The 5' oligo primer (see Chapter 4). 
numbered 1-18 according to the nucleotide sequence illustrated above, where the base A of the first 
ATG codon represents number 1. is marked in bold. underlined (black) letters (see Chapter 4). The 
additional 5' end oligo (corresponding to the positions 8-26 according to the above sequence). is 
mar1<ed 1n bold. underlined (yellow) letters. The 3' end oligo (see Chapter 4) nucleotide sequence is 
mar1<ed in bold. underlined (red) letters. 
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Appendix 4 

GI = "4507632" (GenBank] 

LOCUS 
DEFINITION 
ACCESSION 
VERSION 

SOURCE 
ORGANISM 

REFERENCE 
AUTHORS 

TITLE 

JOURNAL 
MEDLINE 
COMMENT 

PROVISIONAL 

FEATURES 
source 

gene 

CDS 

NM_001067, 4792 bp mRNA 
Homo sapiens topoisomerase (DNA) II alpha (170kD) (TOP2A) mRNA. 
NM 001067 
NM 001067.1 GI:4507632 

human. 
Homo sapiens 
Eukaryota; Metazoa; Chordata; Craniata; vertebrata; 
Euteleostomi; Mammalia; Eutheria; Primates; Catarrhini; 
Hominidae; Homo. 
1 (bases 1 to 4792) 
Tsai-Pflugfelder,M., Liu,L.F., Liu,A.A., Tewey,K.M., Whang
Peng,J., Knutsen,T., Huebner,K., Croce,C.M. and Wang,J.C. 
Cloning and sequencing of eDNA encoding human DNA topo II and 
localization of the gene to chromosome region 17q21-22 
Proc. Natl. Acad. Sci. u.s.A. 85 (19), 7177-7181 (1988) 
89017161 
REFSEQ: The reference sequence was derived from J04088. 
Draft entry and computer-readable sequence for [1] kindly 
provided by M.Tsai-Pflugfelder, 24-0CT-1988. 
RefSeq: This is a provisional reference sequence record 
that has not yet been subject to human review. The final 
curated reference sequence record may be somewhat different 
from this one. 

Location/Qualifiers 
1 •• 4792 
/organism="Homo sapiens" 
/db_xref="taxon:9606" 
/rnap="17q21-q22" 
1 •• 4792 
/gene="TOP2A" 
/note="TOP2" 
/db_xref="LocusiD:7153" 
/db_xref="MIM:126430" 
37 •• 4632 
/gene="TOP2A" 
/EC_number="5.99.1.3" 
/codon start=1 
/product="topoisomerase (DNA) II alpha (170kD)" 
/protein_id="NP_001058.1" 
/db_xref="GI:4507633" 

translation="MEVSPLQPVNENMQVNKIKKNEDAKKRLSVERIYQKKTQLEHIL 
LRPDTYIGSVELVTQQMWVYDEDVGINYREVTFVPGLYKIFDEILVNAADNKQRDPKM 
SCIRVTIDPENNLISIWNNGKGIPVVEHKVEKMYVPALIFGQLLTSSNYDDDEKKVTG 
GRNGYGAKLCNIFSTKFTVETASREYKKMFKQTWMDNMGRAGEMELKPFNGEDYTCIT 
FQPDLSKFKMQSLDKDIVALMVRRAYDIAGSTKDVKVFLNGNKLPVKGFRSYVDMYLK 
DKLDETGNSLKVIHEQVNHRWEVCLTMSEKGFQQISFVNSIATSKGGRHVDYVADQIV 
TKLVDVVKKKNKGGVAVKAHQVKNHMWIFVNALIENPTFDSQTKENMTLQPKSFGSTC 
QLSEKFIKAAIGCGIVESILNWVKFKAQVQLNKKCSAVKHNRIKGIPKLDDANDAGGR 
NSTECTLILTEGDSAKTLAVSGLGVVGRDKYGVFPLRGKILNVREASHKQIMENAEIN 
NIIKIVGLQYKKNYEDEDSLKTLRYGKIMIMTDQDQDGSHIKGLLINFIHHNWPSLLR 
HRFLEEFITPIVKVSKNKQEMAFYSLPEFEEWKSSTPNHKKWKVKYYKGLGTSTSKEA 
KEYFADMKRHRIQFKYSGPEDDAAISLAFSKKQIDDRKEWLTNFMEDRRQRKLLGLPE 
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DYLYGQTTTYLTYNDFINKELILFSNSDNERSIPSMVDGLKPGQRKVLFTCFKRNDKR 
EVKVAQLAGSVAEMSSYHHGEMSLMMTIINLAQNFVGSNNLNLLQPIGQFGTRLHGGK 
DSASPRYIFTMLSSLARLLFPPKDDBTLKFLYDDNQRVEPEWYIPIIPMVLINGAEGI 
GTGWSCKIPNFDVREIVNNIRRLMDGEEPLPMLPSYKNFKGTIEELAPNQYVISGEVA 
ILNSTTIEISELPVRTWTQTYKEQVLEPMLNGTEKTPPLITDYREYBTDTTVKFVVKM 
TEEKLAEAERVGLHKVFKLQTSLTCNSMVLFDHVGCLKKYDTVLDILRDFFELRLKYY 
GLRKEWLLGMLGAESAKLNNQARFILEKIDGKIIIENKPKKELIKVLIQRGYDSDPVK 
AWKEAQQKVPDEEENEESDNEKETEKSDSVTDSGPTFNYLLDMPLWYLTKEKKDELCR 
LRNEKEQELDTLKRKSPSDLWKEDLATFIEELEAVEAKEKQDEQVGLPGKGGKAKGKK 
TQMAEVLPSPRGQRVIPRITIEMKAEAEKKNKKKIKNENTEGSPQEDGVELEGLKQRL 
EKKQKREPGTKTKKQTTLAFKPIKKGKKRNPWPDSESDRSSDESNFDVPPRETEPRRA 
ATKTKFTMDLDSDEDFSDFDEKTDDEDFVPSDASPPKTKTSPKLSNKELKPQKSVVSD 
LEADDVKGSVPLSSSPPATBFPDETEITNPVPKKNVTVKKTAAKSQSSTSTTGAKKRA 
APKGTKRDPALNSGVSQKPDPAKTKNRRKRKPSTSDDSDSNFEKIVSKAVTSKKSKGE 
SDDFBMDFDSAVAPRAKSVRAKKPIKYLEESDEDDLF" 

BASE COUNT 1682 a 857 c 1038 g 1215 t 

ORIGIN: 1 ggaccaccca gtaccgatcc cttcacgacc gtcaccatgg aagtgtcacc attgcagcct 
61 gtaaatgaaa atatgcaagt caacaaaata aagaaaaatg aagatgctaa gaaaagactg 

121 tctgttgaaa gaatctatca aaagaaaaca caattggaac atattttgct ccgcccagac 
181 acctacattg gttctgtgga attagtgacc cagcaaatgt gggtttacga tgaagatgtt 
241 ggcattaact atagggaagt cacttttgtt cctggtttgt acaaaatctt tgatgagatt 
301 ctagttaatg ctgcggacaa caaacaaagg gacccaaaaa tgtcttgtat tagagtcaca 
361 attgatccgg aaaacaattt aattagtata tggaataatg gaaaaggtat tcctgttgtt 
421 gaacacaaag ttgaaaagat gtatgtccca gctctcatat ttggacagct cctaacttct 
481 agtaactatg atgatgatga aaagaaagtg acaggtggtc gaaatggcta tggagccaaa 
541 ttgtgtaaca tattcagtac caaatttact gtggaaacag ccagtagaga atacaagaaa 
601 atgttcaaac agacatggat ggataatatg ggaagagctg gtgagatgga actcaagccc 
661 ttcaatggag aagattatac atgtatcacc tttcagcctg atttgtctaa gtttaaaatg 
721 caaagcctgg acaaagatat tgttgcacta atggtcagaa gagcatatga tattgctgga 
781 tccaccaaag atgtcaaagt ctttcttaat ggaaataaac tgccagtaaa aggatttcgt 
841 agttatgtgg acatgtattt gaaggacaag ttggatgaaa ctggtaactc cttgaaaS!Jl 
901 §tls:atga!s: aagt·~acca caggtgggaa gtgtgtttaa ctatgagtga aaaaggcttt 
961 cagcaaatta gctt;tg:tsls S:DSS:I:ttgst acatccaagg gtggcagaca tgttgattat 

1021 gtagctgatc agattgtgac taaacttgtt gatgttgtga agaagaagaa caagggtggt 
1081 gttgcagtaa aagcacatca ggtgaaaaat cacatgtgga tttttgtaaa tgccttaatt 
1141 gaaaacccaa cctttgactc tcagacaaaa gaaaacatga ctttacaacc caagagcttt 
1201 ggatcaacat gccaattgag tgaaaaattt atcaaagctg ccattggctg tggtattgta 
1261 gaaagcatac taaactgggt gaagtttaag gcccaagtcc agttaaacaa gaagtgttca 
1321 gctgtaaaac ataatagaat caagggaatt cccaaactcg fltgatgcc!! tgatgcamg 
1381 ggccgaaact ccactgagtg tacgcttatc ctgactgagg gagattcagc caaaactttg 
1441 gctgtttcag gccttggtgt ggttgggaga gacaaatatg gggttttccc tcttagagga 
1501 aaaatactca atgttcgaga agcttctcat aagcagatca tggaaaatgc tgagattaac 
1561 aatatcatca agattgtggg tcttcagtac aagaaaaact atgaagatga agattcattg 
1621 aagacgcttc gttatgggaa gataatgatt atgacagatc aggaccaaga tggttcccac 
1681 atcaaaggct tgctgattaa ttttatccat cacaactggc cctctcttct gcgacatcgt 
1741 tttctggagg aatttatcac tcccattgta aaggtatcta aaaacaagca agaaatggca 
1801 ttttacagcc ttcctgaatt tgaagagtgg aagagttcta ctccaaatca taaaaaatgg 
1861 aaagtcaaat attacaaagg tttgggcacc agcacatcaa aggaagctaa agaatacttt 
1921 gcagatatga aaagacatcg tatccagttc aaatattctg gtcctgaaga tgatgctgct 
1981 atcagcctgg cctttagcaa aaaacagata gatgatcgaa aggaatggtt aactaatttc 
2041 atggaggata gaagacaacg aaagttactt gggcttcctg aggattactt gtatggacaa 
2101 actaccacat atctgacata taatgacttc atcaacaagg aacttatctt gttctcaaat 
2161 tctgataacg agagatctat cccttctatg gtggatggtt tgaaaccagg tcagagaaag 
2221 gttttgttta cttgcttcaa acggaatgac aagcgagaag taaaggttgc ccaattagct 
2281 ggatcagtgg ctgaaatgtc ttcttatcat catggtgaga tgtcactaat gatgaccatt 
2341 atcaatttgg ctcagaattt tgtgggtagc aataatctaa acctcttgca gcccattggt 
2401 cagtttggta ccaggctaca tggtggcaag gattctgcta gtccacgata catctttaca 
2461 atgctcagct ctttggctcg attgttattt ccaccaaaag atgatcacac gttgaagttt 
2521 ttatatgatg acaaccagcg tgttgagcct gaatggtaca ttcctattat tcccatggtg 
2581 ctgataaatg gtgctgaagg aatcggtact gggtggtcct gcaaaatccc caactttgat 
2641 gtgcgtgaaa ttgtaaataa catcaggcgt ttgatggatg gagaagaacc tttgccaatg 



220 

2701 cttccaagtt acaagaactt caagggtact attgaagaac tggctccaaa tcaatatgtg 
2761 attagtggtg aagtagctat tcttaattct acaaccattg aaatctcaga gcttcccgtc 
2821 agaacatgga cccagacata caaagaacaa gttctagaac ccatgttgaa tggcaccgag 
2881 aagacacctc ctctcataac agactatagg gaataccata cagataccac tgtgaaattt 
2941 gttgtgaaga tgactgaaga aaaactggca gaggcagaga gagttggact acacaaagtc 
3001 ttcaaactcc aaactagtct cacatgcaac tctatggtgc tttttgacca cgtaggctgt 
3061 ttaaagaaat atgacacggt gttggatatt ctaagagact tttttgaact cagacttaaa 
3121 tattatggat taagaaaaga atggctccta ggaatgcttg gtgctgaatc tgctaaactg 
3181 aataatcagg ctcgctttat cttagagaaa atagatggca aaataatcat tgaaaataag 
3241 cctaagaaag aattaattaa agttctgatt cagaggggat atgattcgga tcctgtgaag 
3301 gcctggaaag aagcccagca aaaggttcca gatgaagaag aaaatgaaga gagtgacaac 
3361 gaaaaggaaa ctgaaaagag tgactccgta acagattctg gaccaacctt caactatctt 
3421 cttgatatgc ccctttggta tttaaccaag gaaaagaaag atgaactctg caggctaaga 
3481 aatgaaaaag aacaagagct ggacacatta aaaagaaaga gtccatcaga tttgtggaaa 
3541 gaagacttgg ctacatttat tgaagaattg gaggctgttg aagccaagga aaaacaagat 
3601 gaacaagtcg gacttcctgg gaaagggggg aaggccaagg ggaaaaaaac acaaatggct 
3661 gaagttttgc cttctccgcg tggtcaaaga.gtcattccac gaataaccat agaaatgaaa 
3721 gcagaggcag aaaagaaaaa taaaaagaaa attaagaatg aaaatactga aggaagccct 
3781 caagaagatg gtgtggaact agaaggccta aaacaaagat tagaaaagaa acagaaaaga 
3841 gaaccaggta caaagacaaa gaaacaaact acattggcat ttaagccaat caaaaaagga 
3901 aagaagagaa atccctggcc tgattcagaa tcagatagga gcagtgacga aagtaatttt 
3961 gatgtccctc cacgagaaac agagccacgg agagcagcaa caaaaacaaa attcacaatg 
4021 gatttggatt cagatgaaga tttctcagat tttgatgaaa aaactgatga tgaagatttt 
4081 gtcccatcag atgctagtcc acctaagacc aaaacttccc caaaacttag taacaaagaa 
4141 ctgaaaccac agaaaagtgt cgtgtcagac cttgaagctg atgatgttaa gggcagtgta 
4201 ccactgtctt caagccctcc tgctacacat ttcccagatg aaactgaaat tacaaaccca 
4261 gttcctaaaa agaatgtgac agtgaagaag acagcagcaa aaagtcagtc ttccacctcc 
4321 actaccggtg ccaaaaaaag ggctgcccca aaaggaacta aaagggatcc agctttgaat 
4381 tctggtgtct ctcaaaagcc tgatcctgcc aaaaccaaga atcgccgcaa aaggaagcca 
4441 tccacttctg atgattctga ctctaatttt gagaaaattg tttcgaaagc agtcacaagc 
4501 aagaaatcca agggggagag tgatgacttc catatggact ttgactcagc tgtggctcct 
4561 cgggcaaaat ctgtacgggc aaagaaacct ataaagtacc tggaagagtc agatgaagat 
4621 gatctgtttt aaaatgtgag gcgattattt taagtaatta tcttaccaag cccaagactg 
4681 gttttaaagt tacctgaagc tcttaacttc ctcccctctg aatttagttt ggggaaggtg 
4741 tttttagtac aagacatcaa agtgaagtaa agcccaagtg ttctttagct tt 

II 

The sequence of the primers which were used in the RT-PCR reaction (see Chapter 3) is marked by 
bold, underlined (blue) letters. The first 64 base pairs nucleotide sequence is marked by bold, 
underlined (black) letters, representing the sequence upstream the transcription initiation codon (the 
first ATG). The numbering of the nucleotide location within the human tope II a eDNA throughout this 
thesis is done according to the base A of the first ATG, which is considered number 1 (see appendix 
5, 6 and 7). 
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Appendix 5 

GI = "10121860" [GenBank] 

AF285157, 1578 bp mRNA LOCUS 
DEFINITION 
cds. 
ACCESSION 
VERSION 

Homo sapiens topoisomerase II alpha-2 (TOP2A) mRNA, partial 

SOURCE 
ORGANISM 

AF285157 
AF285157.1 GI:10121860 

human 
Homo sapiens 
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 
Euteleostomi; Mammalia; Eutheria; Primates; Catarrhini; 
Hominidae; Homo. 
1 (bases 1 to 1578) 
Petruti-Mot,A.S. and Earnshaw,w.c. 

REFERENCE 
AUTHORS 
TITLE Two differentially spliced forms of topoisomerase II alpha and 

beta mRNAs are conserved between birds and humans 
Gene-in press 
2 (bases 1 to 1578) 
Petruti-Mot,A.S. and Earnshaw,w.c. 
Direct Submission 

JOURNAL 
REFERENCE 

AUTHORS 
TITLE 
JOURNAL Submitted (07-JUL-2000) ICMB, University of Edinburgh, Mayfield 

Road, Edinburgh, Scotland EH9 3JR, UK 
FEATURES 

source 

gene 

CDS 

Location/Qualifiers 
1 •• 1578 
/organism="Homo sapiens" 
/db xref="taxon:9606" 
/chromosome="17" 
/map="17q21-q22" 
1 •• >1578 
/gene="TOP2A" 
1 •• >1578 
/gene="TOP2A" 
/note="alternatively spliced variant" 
/codon start=1 
/product="topoisomerase II alpha-2" 
/protein id="AAG13403.1" 
/db_xref;-"GI:10121861" 

translation="MEVSPLQPVNENMQVNKIKKNEDAKKRLSVERIYQKKTQLEHIL 
LRPDTYIGSVELVTQQMWVYDEDVGINYREVTFVPGLYKIFDEILVNAADNKQRDPKM 
SCIRVTIDPENNLISIWNNGKGIPVVEHKVEKMYVPALIFGQLLTSSNYDDDEKKVTG 
GRNGYGAKLCNIFSTKFTVETASREYKKMFKQTWMDNMGRAGEMELKPFNGEDYTCIT 
FQPDLSKFKMQSLDKDIVALMVRRAYDIAGSTKDVKVFLNGNKLPVKGFRSYVDMYLK 
DKLDETGNSLKVIHEQVNHRWEVCLTMSEKGFQQISFVNSIATSKGGRHVDYVADQIV 
TKLVDVVKKKNKGGVAVKAHQVKNHMWIFVNALIENPTFDSQTKENMTLQPKSFGSTC 
QLSEKFIKAHLYSRFLIDPFFPNMIPNMIFSFSKAAIGCGIVESILNWVKFKAQVQLN 
KKCSAVKHNRIKGIPKLDDANDAGGRNSTECTLILTEGDSAKTLAVSGLGVVGRDKYG 
VFPLRGKILNVREASHKQ" 

BASE COUNT 541 a 258 c 346 g 433 t 

ORIGIN 
1 .A:.t.ggaagtgt caccattgca gcctgtaaat gaaaatatgc aagtcaacaa 

61 aatgaagatg ctaagaaaag actgtctgtt gaaagaatct atcaaaagaa 
121 gaacatattt tgctccgccc agacacctac attggttctg tggaattagt 
181 atgtgggttt acgatgaaga tgttggcatt aactataggg aagtcacttt 
241 ttgtacaaaa tctttgatga gattctagtt aatgctgcgg acaacaaaca 
301 aaaatgtctt gtattagagt cacaattgat ccggaaaaca atttaattag 
361 aatggaaaag gtattcctgt tgttgaacac aaagttgaaa agatgtatgt 

aataaagaaa 
aacacaattg 
gacccagcaa 
tgttcctggt 
aagggaccca 
tatatggaat 
cccagctctc 
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421 atatttggac agctcctaac ttctagtaac tatgatgatg atgaaaagaa agtgacaggt 
481 ggtcgaaatg gctatggagc caaattgtgt aacatattca gtaccaaatt tactgtggaa 
541 acagccagta gagaatacaa gaaaatgttc aaacagacat ggatggataa tatgggaaga 
601 gctggtgaga tggaactcaa gcccttcaat ggagaagatt atacatgtat cacctttcag 
66 1 cctgatttgt ctaagtttaa aatgcaaagc ctggacaaag atattgttgc actaatggtc 
721 agaagagcat atgatattgc tggatccacc aaagatgtca aagtctttct taatggaaat 
781 aaactgccag taaaaggatt tcgtagttat gtggacatgt atttgaagga caagttggat 
841 gaaactggta actccttgaa ag~IIScl~lt 9AI~I19Scaa accacaggtg ggaagtgtgt 
901 ttaactatga gtgaaaaagg ctttcagcaa attagctttg ~~~~~~g~aSc t!I~Scl~tcc 
961 aagggtggca gacatgttga ttatgtagct gatcagattg tgactaaact tgttgatgtt 

1021 gtgaagaaga agaacaaggg tggtgttgca gtaaaagcac atcaggtgaa aaatcacatg 
1081 tggatttttg taaatgcctt aattgaaaac ccaacctttg actctcagac aaaagaaaac 
1141 atgactttac aacccaagag ctttggatca acatgccaat tgagtgaaaa atttatcaaa 
1201 gctcatttcjt tc ,ptl: tete; t:aqa t CCCt' c.et Cle et4ata q . 1- ~c.. ... 
1261 a1"..ct.tctcgt t·i:.tcaLua~ge tgccattggc tgtggtattg tagaaagcat actaaactgg 
1321 gtgaagttta aggcccaagt ccagttaaac aagaagtgtt cagctgtaaa acataataga 
1381 atcaagggaa ttcccaaact cgat0At0cc aatgatgc19 ggggccgaaa ctccactgag 
1441 tgtacgctta tcctgactga gggagattca gccaaaactt tggctgtttc aggccttggt 
1501 gtggttggga gagacaaata tggggttttc cctcttagag gaaaaatact caatgttcga 
1561 gaagcttctc ataagcag 

II 

The sequence of the primers wh1ch were used in the RT-PCR reaction (see Chapter 3) is marked by 
bold, underlined (blue) letters. The additional nucleotide insertion which describes the human topo lln-
2 eDNA is marked by bold, outlined {blue) letters. The numbering of the nucleotide location within the 
human topo Ita eDNA throughout this thesis is done according to the base A of the first ATG. which is 
considered number 1 (see appendix 5, 6 and 7). The first ATG is marked in bold, underlined (black) 
letters. 
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Appendix 6 

GI = "10121862" (GenBank] 

AF285158, 1608 bp mRNA LOCUS 
DEFINITION 
cds. 
ACCESSION 
VERSION 

Homo sapiens topoisomerase II alpha-3 (TOP2A) mRNA, partial 

SOURCE 
ORGANISM 

AF285158 
AF285158.1 GI:10121862 

human. 
Homo sapiens 
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 
Euteleostorni; Mammalia; Eutheria; Primates; Catarrhini; 
Hominidae; Homo. 
1 (bases 1 to 1608) 
Petruti-Mot,A.S. and Earnshaw,w.c. 

REFERENCE 
AUTHORS 
TITLE Two differentially spliced forms of topoisomerase II alpha and 

beta mRNAs are conserved between birds and humans 
Gene-in press 
2 (bases 1 to 1608) 
Petruti-Mot,A.S. and Earnshaw,w.c. 
Direct Submission 

JOURNAL 
REFERENCE 

AUTHORS 
TITLE 
JOURNAL Submitted (07-JUL-2000) ICMB, University of Edinburgh, Mayfield 

Road, Edinburgh, Scotland EH9 3JR, UK 
FEATURES 

source 

gene 

CDS 

Location/Qualifiers 
1 •• 1608 
/organism="Homo sapiens" 
/db xref="taxon:9606" 
/chromosome="17" 
/map="17q21-q22" 
1 •• >1608 
/gene="TOP2A" 
1 •• >1608 
/gene="TOP2A" 
/note="alternatively spliced variant" 
/codon_start=1 
/product="topoisomerase II alpha-3" 
/protein_id="AAG13404.1" 
/db_xref="GI:10121863" 

translation="MEVSPLQPVNENMQVNKIKKNEDAKKRLSVERIYQKKTQLEHIL 
LRPDTYIGSVELVTQQMWVYDEDVGINYREVTFVPGLYKIFDEILVNAADNKQRDPKM 
SCIRVTIDPENNLISIWNNGKGIPVVEHKVEKMYVPALIFGQLLTSSNYDDDEKKVTG 
GRNGYGAKLCNIFSTKFTVETASREYKKMFKQTWMDNMGRAGEMELKPFNGEDYTCIT 
FQPDLSKFKMQSLDKDIVALMVRRAYDIAGSTKDVKVFLNGNKLPVKGFRSYVDMYLK 
DKLDETGNSLKVIHEQVNHRWEVCLTMSEKGFQQISFVNSIATSKSSKYWSSRKSKQH 
ILLNFFVLFKFINDAFFGICPFKGGRHVDYVADQIVTKLVDVVKKKNKGGVAVKAHQV 
KNHMWIFVNALIENPTFDSQTKENMTLQPKSFGSTCQLSEKFIKAAIGCGIVESILNW 
VKFKAQVQLNKKCSAVKHNRIKGIPKLDDANDAGGRNSTECTLILTEGDSAKTLAVSG 
LGVVGRDKYGVFPLRGKILNVREASHKQ" 

BASE COUNT 553 a 252 c 347 g 456 t 

ORIGIN: 1 ~aagtgt caccattgca gcctgtaaat gaaaatatgc aagtcaacaa 
61 aatgaagatg ctaagaaaag actgtctgtt gaaagaatct atcaaaagaa 

121 gaacatattt tgctccgccc agacacctac attggttctg tggaattagt 
181 atgtgggttt acgatgaaga tgttggcatt aactataggg aagtcacttt 
241 ttgtacaaaa tctttgatga gattctagtt aatgctgcgg acaacaaaca 
301 aaaatgtctt gtattagagt cacaattgat ccggaaaaca atttaattag 

aataaagaaa 
aacacaattg 
gacccagcaa 
tgttcctggt 
aagggaccca 
tatatggaat 
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361 aatggaaaag gtattcctgt tgttgaacac aaagttgaaa agatgtatgt cccagctctc 
421 atatttggac agctcctaac ttctagtaac tatgatgatg atgaaaagaa agtgacaggt 
481 ggtcgaaatg gctatggagc caaattgtgt aacatattca gtaccaaatt tactgtggaa 
5 4 1 acagccagta gagaatacaa gaaaatgttc aaacagacat ggatggataa tatgggaaga 
601 gctggtgaga tggaactcaa gcccttcaat ggagaagatt atacatgtat cacctttcag 
661 cctgatttgt ctaagtttaa aatgcaaagc ctggacaaag atattgttgc actaatggtc 
721 agaagagcat atgatattgc tggatccacc aaagatgtca aagtctttct taatggaaat 
781 aaactgccag taaaaggatt tcgtagttat gtggacatgt atttgaagga caagttggat 
841 gaaactggta actccttgaa agtlltl,lt 911,119t1Cl accacaggtg ggaagtgtgt 
901 ttaactatga gtgaaaaagg ctttcagcaa t9,tl£atCC 
961 aagtcttcta all~ .. t.'tgqtc t1:4: ....:!91\&U tcta..i t'!I'.-C • t4tf-<t"" N'Ul~ ... ~t:a:. . 

1021 gttcttttu .utt":tattu t~a~gtrt6;tt ttt(JCJt.J t...,. ~cet t1 .. .,. : 9:ftggcaga 
1081 catgttgatt atgtagctga tcagattgtg actaaacttg ttgatgttgt gaagaagaag 
1141 aacaagggtg gtgttgcagt aaaagcacat caggtgaaaa atcacatgtg gatttttgta 
1201 aatgccttaa ttgaaaaccc aacctttgac tctcagacaa aagaaaacat gactttacaa 
1261 cccaagagct ttggatcaac atgccaattg agtgaaaaat ttatcaaagc tgccattggc 
1321 tgtggtattg tagaaagcat actaaactgg gtgaagttta aggcccaagt ccagttaaac 
1381 aagaagtgtt cagctgtaaa acataataga a tcaagggaa ttcccaaact C91~91~9'' 
1441 a1tgatqc1g ggggccgaaa ctccactgag tgtacgctta tcctgactga gggagattca 
1501 gccaaaactt tggctgtttc aggccttggt gtggttggga gagacaaata tggggttttc 
1561 cctcttagag gaaaaatact caatgttcga gaagcttctc ataagcag 

II 

The sequence of the primers which were used in the RT-PCR reaction (see Chapter 3) is marked by 
bold, underlined (blue) letters The additional nucleotide insertion which describes the human topo llu-
2 eDNA is marked by bold, outlined (blue) letters The numbering of the nucteotide location within the 
human topo flu eDNA throughout th1s theSis is done according to the base A of the first A TG, which is 
considered number 1 (see appendix 5, 6 and 7). The first ATG is marked in bold. underlined (black) 
letters. 
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Appendix 7 

GI = "10121864" [GenBank] 

AF285159, 1743 bp mRNA LOCUS 
DEFINITION 
cds. 
ACCESSION 
VERSION 

Homo sapiens topoisomerase II alpha-4 (TOP2A) mRNA, partial 

SOURCE 
ORGANISM 

AF285159 
AF285159.1 GI:10121864 

human. 
Homo sapiens 
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 
Euteleostomi; Mammalia; Eutheria; Primates; Catarrhini; 
Hominidae; Homo. 
1 (bases 1 to 1743) 
Petruti-Mot,A.S. and Earnshaw,w.c. 

REFERENCE 
AUTHORS 
TITLE Two differentially spliced forms of topoisomerase II alpha and 

beta mRNAs are conserved between birds and humans 
Gene-in press 
2 (bases 1 to 1743) 
Petruti-Mot,A.S. and Earnshaw,w.c. 
Direct Submission 

JOURNAL 
REFERENCE 

AUTHORS 
TITLE 
JOURNAL Submitted (07-JUL-2000) ICMB, University of Edinburgh, Mayfield 

Road, Edinburgh, Scotland EH9 3JR, UK 
FEATURES 

source 

gene 

CDS 

Location/Qualifiers 
1 •• 1743 
/organism="Homo sapiens" 
/db xref="taxon:9606" 
/chromosome="17" 
/map="17q21-q22" 
1 •• >1743 
/gene="TOP2A" 
1 •• >1743 
/gene= .. TOP2A" 
/note="alternatively spliced variant" 
/codon start=1 
/product="topoisomerase II alpha-4" 
/protein_id= 11 AAG13405.1 11 

/db_xref="GI:10121865" 

translation="MEVSPLQPVNENMQVNKIKKNEDAKKRLSVERIYQKKTQLEHIL 
LRPDTYIGSVELVTQQMWVYDEDVGINYREVTFVPGLYKIFDEILVNAADNKQRDPKM 
SCIRVTIDPENNLISIWNNGKGIPVVEHKVEKMYVPALIFGQLLTSSNYDDDEKKVTG 
GRNGYGAKLCNIFSTKFTVETASREYKKMFKQTWMDNMGRAGEMELKPFNGEDYTCIT 
FQPDLSKFKMQSLDKDIVALMVRRAYDIAGSTKDVKVFLNGNKLPVKGFRSYVDMYLK 
DKLDETGNSLKVIHEQVNHRWEVCLTMSEKGFQQISFVNSIATSKGGRHVDYVADQIV 
TKLVDVVKKKNKGGVAVKAHQRELCNGAILAHCNLRLMGSSDSPASASRVAGIAGGCH 
HTQLIFVFLVETGFHHVGQAGLERLTSGDPPASASQSSGITDVKVKNHMWIFVNALIE 
NPTFDSQTKENMTLQPKSFGSTCQLSEKFIKAAIGCGIVESILNWVKFKAQVQLNKKC 
SAVKHNRIKGIPKLDDANDAGGRNSTECTLILTEGDSAKTLAVSGLGVVGRDKYGVFP 
LRGKILNVREASHKQ" 

BASE COUNT 568 a 280 c 394 g 501 t 

ORIGIN: 1 atggaagtgt caccattgca gcctgtaaat gaaaatatgc aagtcaacaa 
61 aatgaagatg ctaagaaaag actgtctgtt gaaagaatct atcaaaagaa 

121 gaacatattt tgctccgccc agacacctac attggttctg tggaattagt 
181 atgtgggttt acgatgaaga tgttggcatt aactataggg aagtcacttt 
241 ttgtacaaaa tctttgatga gattctagtt aatgctgcgg acaacaaaca 
301 aaaatgtctt gtattagagt cacaattgat ccggaaaaca atttaattag 

aataaagaaa 
aacacaattg 
gacccagcaa 
tgttcctggt 
aagggaccca 
tatatggaat 
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361 aatggaaaag gtattcctgt tgttgaacac aaagttgaaa agatgtatgt cccagctctc 
421 atatttggac agctcctaac ttctagtaac tatgatgatg atgaaaagaa agtgacaggt 
481 ggtcgaaatg gctatggagc caaattgtgt aacatattca gtaccaaatt tactgtggaa 
541 acagccagta gagaatacaa gaaaatgttc aaacagacat ggatggataa tatgggaaga 
601 gctggtgaga tggaactcaa gcccttcaat ggagaagatt atacatgtat cacctttcag 
661 cctgatttgt ctaagtttaa aatgcaaagc ctggacaaag atattgttgc actaatggtc 
721 agaagagcat atgatattgc tggatccacc aaagatgtca aagtctttct taatggaaat 
781 aaactgccag taaaaggatt tcgtagttat gtggacatgt atttgaagga caagttggat 
84 1 gaaactggta actccttgaa an11Sau:1t 911SCII!lt&'i accacaggtg ggaagtgtgt 
901 ttaactatga gtgaaaaagg ctttcagcaa attagctttq SiS:I!S:!9£1Si t9£Sils:atcc 
961 aagggtggca gacatgttga ttatgtagct gatcagattg tgactaaact tgttgatgtt 

1021 gtgaagaaga agaacaaggg tggtgttgca gtaaaagcac atcagcgtga "nttt~t 
1081 qgmget.ilt.tc ttqctcat~,g tt&tt.taa¢ ct.u~tgqgt.L ~gtqat..asg ~gt 
1141 qet.f!~\9&\.g ttqctg~t tglCt.gqt;gqt t.qtce\tCIAtf! Ci"..cagrctt:.n. tttt~ttttt. 
1201 ct.tgtt.~ <rt:ggtt:ttct:~. tc£~~qgt eaa~~ t~c~ taatt.ctCJqt. 
1261 gatce~9 et.tctgct:tc t.c~gt;l!lqt ~t:t~.Retq o.t-..gttu~g,gt gaaaaatcac 
1321 atgtggattt ttgtaaatgc cttaattgaa aacccaacct ttgactctca gacaaaagaa 
1381 aacatgactt tacaacccaa gagctttgga tcaacatgcc aattgagtga aaaatttatc 
1441 aaagctgcca ttggctgtgg tatt gt agaa agcatactaa actgggtgaa gtttaaggcc 
1501 caagtccagt taaaca agaa gtgt tcagct gtaaaacata atagaatcaa gggaattccc 
1561 aaactcgatg 1Si9C£!!Si9! tg£!!!J999C cgaaactcca ctgagtgtac gcttatcctg 
1 621 actgagggag attcagccaa aactttggct gtttcaggcc ttggtgtggt tgggagagac 
1681 aaatatgggg tttt ccct ct tagaggaaaa atactcaatg ttcgagaagc ttctcataag 
1741 cag 

The sequence of the primers Which were used in the RT-PCR reaction (see Chapter 3) is marked by 
bold. underlined (blue) letters. The additional nucleotide insertion which describes the human topo lln-
2 eDNA is marked by bold, outlined (blue) letters. The numbering of the nucleotide location within the 
human topo lin eDNA throughout this thesis is done according to the base A of the first ATG, which is 
considered number 1 (see appendix 5, 6 and 7). The first ATG is marked in bold, undenined (black) 
letters. 
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Appendix 8 

GI = "2463528" [GenBank] 

LOCUS AB007446, 5430 bp mRNA 
DEFINITION Gallus gallus mRNA for DNA topoisomeraseii_beta, complete cds. 
ACCESSION AB007446 
VERSION AB007446.1 GI:2463528 
KEYWORDS DNA topoisomeraseii beta. 
SOURCE Gallus gallus cell line:MSB-1 eDNA to mRNA. 
ORGANISM Gallus gallus -

Eukaryota; Metazoa; Chordata; Vertebrata; Archosauria; Aves; 
Neognathae; Galliformes; Phasianidae; Phasianinae; Gallus. 

REFERENCE 1 (bases 1 to 5430) 
AUTHORS Niimi,A., Harata,M. and Mizuno,S. 
TITLE Direct Submission 
JOURNAL Submitted (18-SEP-1997) to the DDBJ/EMBL/GenBank databases. 

Atsuko 

Aobaku 
Niimi, Tohoku University, Laboratory of Molecular Biology; 

Tutumidoori Amamiyamachi 1-1, Sendai, Miyagi 981, Japan 
(E-mail:niimi@biochem.tohoku.ac.jp, Tel:022-717-8771, 
Fax:022-717-8883) 

REFERENCE 2 (bases 1 to 5430) 
AUTHORS Niimi,A., Harata,M. and Mizuno,S. 
TITLE Chicken DNA Topoisomerase_alpha and beta 
JOURNAL Published Only in DataBase (1997) In press 

FEATURES Location/Qualifiers 
source 1 •• 5430 

/organism="Gallus gallus" 
/db_xref="taxon:9031" 
/cell_line="MSB-1" 

gene 203 •• 5086 
/gene="DNA topoisomeraseii_beta" 

CDS 203 •• 5086 
/gene="DNA topoisomeraseii_beta" 
/codon start=l 
/product="DNA topoisomeraseii_beta" 
/protein id="BAA22540.1" 
/db_xref;-"GI:2463529" 

/translation="MAKSGGGGGGGGGGGGGGGGSGGLTCVTLFDNQINASKKEESES 
VNKNDTSKKMSVERVYQKKTQLEHILLRPDTYIGSVEPLTQLMWVYDEDVGMNCREVT 
FVPGLYKIFDEILVNAADNKQRDKNMTCIKISIDPESNIISIWNNGKGIPVVEHKVEK 
VYVPALIFGQLLTSSNYDDDEKKVTGGRNGYGAKLCNIFSTKFTVETACKEYKHSFKQ 
TWMNNMMKTSEPKIKHFEGDDYTCITFQPDLSKFKMENLDKDIVSLMTRRAYDLAGSC 
KGVKVMLNGKKLPVNGFRSYVDLYVKDKLDETGVALKVIHEVVNERWDVCLTLSEKGF 
QQISFVNSIATTKGGRHVDYVVDQVVGKLIEVVKKKNKAGVSVKPFQVKNHIWVFVNC 
LIENPSFDSQTKENMTLQPKSFGSKCQLSEKFFKAASNCGIIESILNWVKFKAQTQLN 
KKCSSVKHSKIKGIPKLDDANDAGGKHSLDCTLILTEGDSAKSLAVSGLGVIGRDRYG 
VFPLRGKILNVREASHKQIMENAEINNIIKIVGLQYKKSYEDPESLKSLRYGKIMIMT 
DQDQDGSHIKGLLINFIHHNWPSLLKHGFLEEFITPIVKASKNKQELSFYSIPEFDEW 
KKHMENHKAWKIKYYKGLGTSTAKEAKEYFADMERHRILFRYAGPEDDAAITLAFSKK 
KIDDRKEWLTNFMEDRRQRRLHGLPEQFLYGTATKHLTYNDFINKELILFSNSDNERS 
IPSLVDGLKPGQRKVLFTCFKRNDKREVKVAQLAGSVAEMSAYHHGEQALMMTIVNLA 
QNFVGSNNVNLLQPIGQFGTRLHGGKDAASPRYIFTMLSPLARLLFPSVDDNLLKFLY 
DDNQRVEPEWYIPIIPMVLVNGAEGIGTGWACKLPNYDTREIVNNVRRMLDGLDPHPM 
LPNYKNFRGTIQELGQNQYVVSGEIFVVDRNTVEITELPVRTWTQVYKEQVLEPMLNG 
TEKTPALISDYKEYHTDTTVKFVVKMTEEKLAQAEAAGLHKVFKLQTSLTCNSMVLFD 
HMGCLKKYETVQDILKEFFDLRLHYYSLRKEWLVGMLGAESTKLNNQARFILEKIQGK 
ITIENRSKRDLIQMLVQRGYESDPVKAWKEAQEKAAEEEDPQNANDDASSASGSTSGP 
DFNYILNMSLWSLTKEKVEELIKHRDSKERELNDLKRKSASDLWKEDLAAFVEELEKV 
EAQEREDVLAGMVGKPIKGKVGKPKMKKLQLEETMPSPFGRRIVPQITSAMKADASRK 
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LLKKKKGDADSVAIKMEFDEEFGGVQAEGGGDDTVNTAASGTKTPKLKREKKEPGTRV 
RRAPSSTKSSAKKVKKRNPWSDDESKSESDLEESEPVIIPRDSLLRRAAADRAKYTFD 
FSKEEDDAHDDDDANNNNDLDELKVKASPVINDREDEFVPSDSVEKDEYDFSPVKSKP 
SPEKMSQEKKNQDFGNIFSFPSYSQKTDDDTTKLDSDEEDSTPVFSSPFAPKQTEKML 
SKTVAAKKAKVDVPPKPKRAPKAKKMETVNSDSDSEFGIPKKTAAPKGKGRGAKKRKT 
SGSENEGEYNPGKKAPKSTPCKKSKKAAFDQDSDVEIFQSGFASETAPKPRTGRARKE 
VKYFAESDEDDDFDMFN" 

BASE COUNT 1810 a 980 c 1253 9 1387 t 

ORIGIN: 1 gctccgcttg cgcaccccgc tccctcgttg ttttgcttcg cctgggccgc gctcccggca 
61 tgaag:tagga gcgggccgcg gcgggaggcg ctgagggg:tc gaggcgaagc gcgaagggcg 

121 cgcggggagg cgcggggtcg gggccggccc tctcggctgc ctccatacac catcgcctcg 
181 gctgaggaga aacgggagga aaatggcaaa gtccggagga ggaggcggcg gcggcggtgg 
241 tggcggcggc ggtggtggtg gcagcggggg actgacctgt gtgacattat ttgataatca 
301 aatcaatgcc tcaaaaaagg aagaatcaga aagtgttaat aaaaatgaca cttcaaagaa 
361 gatgtctgtt gagagagttt atcagaaaaa gactcagctt gaacatatcc tcctccgtcc 
421 agacacctat attggatcag ttgaaccttt aactcagtta atgtgggttt atgatgaaga 
481 tgtcggaatg aattgcagag aggttacctt tgtccctggc ttatacaaga tctttgatga 
541 aatccttgtg aatgccgctg acaataagca gagggacaag aatatgacct gtattaaaat 
601 atccattgat ccagagtCI! !Sittlt~IH ~~tatggaat lltgglli!9g gtatiS:SllJt 
661 tgtggaacac aaagtagaaa aagtgtatgt tcctgcttta atctttgggc agctgttaac 
721 atctagcaac tacgatgatg atgagaaaaa agttacaggt ggtcgtaatg gctacggcgc 
781 aaaactctgt aacatattta gtacaaagtt tacagttgaa actgcttgca aggaatacaa 
841 acacagcttt aagcagactt ggatgaacaa tatgatgaag acttctgaac ccaagattaa 
901 gcattttgaa ggtgacgact acacatgcat tacattccaa ccagatctat ctaaatttaa 
961 aatggaaaac cttgacaagg atattgtgtc cctcatgaca agaagagcat atgatttggc 

1021 tgggtcgtgc aaaggagtca aagttatgtt gaatgggaag aagttacctg taaatggatt 
1081 tcgcagttac gtagatcttt acgtaaagga caagctggat gaaactggag ttgcactcaa 
1141 agttattcat gaagtcgtta atgaacgatg ggatgtgtgc ctaactttaa gtgaaaaagg 
1201 atttcagcaa atcagctttg taaatagtat agctaccaca aagggtggta ggcatgttga 
1261 ttacgtggtg gatcaggttg tgggcaaact gatagaagtg gtaaaaaaga agaataaagc 
1321 tggagtttca gtgaaaccat ttcaggtgaa gaatcatata tgggtttttg ttaattgctt 
1381 gattgaaaac ccatcttttg attcccagac aaaggaaaac atgacattgc agcctaaaag 
1441 ttttgggtcc aagtgccagc tatccgagaa attttttaaa gcagcctcca actgtggtat 
1501 catagagagt attttgaatt gggtcaaatt taaggcgcag actcaactga acaaaaaatg 
1561 ctcatctgtg aaacacagta aaatcaaagg cattccaaaa ctggatgatg ctaatgatgc 
1621 aggtggcaaa cattccttgg actgcacact aatactaaca gaaggagact ctgccaaatc 
1681 tttagctgtc tctggcttag gtgttattgg tcgggacaga tacggagtat tcccactcag 
1741 gggtaaaatt ctcaatgttc gagaagcttc tcacaagcag ataatggaaa atgcagaaat 
1801 caacaacatc atcaaaatag ttggactgca atacaagaaa agctatgaag atccagaatc 
1861 tctaaaaagt ctgagatatg gaaaaatcat gataatgaca gatcaggatc aggatggatc 
1921 tcacataaaa ggcttgttga tcaattttat tcatcacaat tggccatcac tgttgaaaca 
1981 tggttttctt gaagaattca tcactcctat tgtaaaggca agcaaaaata agcaagaact 
2041 ttcattctat agtattcctg aatttgacga gtggaagaaa catatggaaa atcataaagc 
2101 atggaagata aaatattata a?-ggtttggg tacaagcact gctaaagaag caaaagaata 
2161 ttttgctgac atggaaagac atcgaatctt atttcgatat gctggtcctg aagatgatgc 
2221 tgccattaca ctggccttca gtaaaaagaa gattgatgat cgaaaagaat ggttaacaaa 
2281 cttcatggag gacaggcgac agcgtcggct acatggcctt cctgagcaat ttttatatgg 
2341 tacagcgacg aaacatttga cctacaatga cttcattaac aaggagttga tccttttctc 
2401 aaattcagac aacgaaagat ctatcccctc ccttgttgat ggtttaaaac cagggcagcg 
2461 caaagttttg ttcacttgct ttaagagaaa tgacaaacgt gaagtaaagg tggctcagct 
2521 ggctggttct gttgctgaaa tgtcagctta tcaccacggg gagcaagcat taatgatgac 
2581 tattgtcaac ttggctcaga acttcgttgg aagtaacaat gttaatcttc tacaacctat 
2641 tggtcagttt ggtaccaggc ttcatggtgg aaaggatgct gccagccctc gctatatttt 
2701 cactatgcta agccctttag ccaggcttct ttttccatcg gtggatgaca acttgctgaa 
2761 attcctttat gatgacaacc aacgtgtaga gcctgaatgg tatattccca tcattcctat 
2821 ggttttagta aacggagctg aaggaattgg tactggatgg gcttgcaaac ttccaaacta 
2881 cgacaccaga gagattgtaa acaatgtcag acgaatgctg gatggcttag atccccatcc 
2941 tatgctccca aactacaaaa acttcagagg aaccattcaa gaacttggtc aaaaccagta 
3001 tgtagtcagt ggtgaaatat ttgtggtgga caggaacact gtagaaatta cagagctacc 
3061 tgtaaggaca tggacccagg tgtacaaaga acaggttcta gaacccatgt tgaatggaac 
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3121 tgaaaaaact ccagcattaa tttctgacta caaggaatac cacactgata caactgtgaa 
3181 attcgttgtg aagatgacag aagaaaaact tgcacaggca gaagctgctg gactgcacaa 
3241 agtctttaag cttcaaacaa gtcttacttg taattctatg gtgctatttg atcatatggg 
3301 atgtttaaag aagtatgaaa ctgtgcaaga cattttgaag gagttctttg· atttgcgatt 
3361 gcattattat agtttacgta aggaatggct tgtgggaatg ttgggtgctg aatctacaaa 
3421 gctaaacaac caagctcgct tcattctgga gaagatacaa ggaaaaatta ctatagagaa 
3481 tagatcaaaa agagatttga ttcaaatgtt ggttcagagg ggctatgaat ctgatccagt 
3541 taaagcttgg aaagaagcac aggaaaaggc agcagaagag gaggacccac aaaacgcaaa 
3601 tgatgatgct tcctctgctt ctggatcaac ttctggccct gattttaact atatcttaaa 
3661 catgtctctg tggtcactta caaaagagaa agtggaagag ctcattaagc acagagattc 
3721 aaaggagaga gaactaaatg accttaaaag gaaatctgct tcagatctct ggaaagaaga 
3781 cttagcagct tttgttgaag agcttgaaaa agtagaagca caggaaagag aagatgttct 
3841 ggctggtatg gttggtaaac caatcaaagg taaagttggt aaacccaaga tgaagaaact 
3901 tcagttggaa gagaccatgc catcaccatt tggtagaaga atagttccac agattacatc 
3961 tgccatgaaa gctgatgcca gtaggaaatt gctgaaaaag aaaaagggtg atgctgattc 
4021 tgtagcaata aaaatggaat ttgatgagga atttggtggt gtgcaagccg agggtggtgg 
4081 ggatgacacg gtgaatacag cagcctcagg aactaaaacc cctaaactga agagagagaa 
4141 gaaggagcct ggtactagag taagaagagc gccatcatct acaaaatcca gtgcaaaaaa 
4201 agtgaagaaa cgaaacccct ggtcagatga tgaatccaag tctgaaagtg atttagaaga 
4261 gagtgagcct gtgattattc caagagactc tctgcttagg agagctgcag ctgacagggc 
4321 caagtataca tttgacttct caaaagaaga ggatgatgcc catgatgatg atgatgccaa 
4381 caataataat gacttagatg agcttaaagt aaaagcctct ccagttataa atgatagaga 
4441 ggatgagttc gttccctcag acagtgtaga aaaagatgaa tatgacttct ctccagtcaa 
4501 atcaaagcca tctccagaaa aaatgtctca agagaagaaa aatcaagact ttgggaacat 
4561 tttctcattc ccatcttact ctcagaagac agacgatgat acaacaaaat tggacagtga 
4621 tgaggaggat tctactcctg ttttctcatc acctttcgcc ccaaaacaaa cagagaaaat 
4681 gctaagtaaa acagtagctg ctaaaaaagc aaaagtagat gtaccaccta aacctaaaag 
4741 ggctcccaag gccaagaaga tggaaactgt aaattctgac tcggattcag aattcggcat 
4801 tccaaagaag actgcagcac ccaaaggaaa agggagaggg gcaaagaaaa ggaaaacatc 
4861 tggctcagaa aatgaaggtg aatacaaccc tgggaagaag gcacctaaat caacaccatg 
4921 caagaaatcc aagaaggccg cttttgacca ggattctgat gtggaaatct tccagtcagg 
4981 ctttgcctcc gaaactgccc cgaagccccg gacaggccgg gctagaaaag aagtgaaata 
5041 ttttgcagag tctgatgaag atgatgattt tgatatgttt aattaagtgc ccaaagagca 
5101 cacaactgtt ttccaacgac tatcttgtgt tgtccttttg gtcccttctg tcgcaaactt 
5161 ttgtacattt gacttatttt atgtgataaa tgtaattgat ggtttttatt cttgtgtgta 
5221 ggcattttaa cattttgttc ttacacctac agttttatgc tcttttttac tcattgaaat 
5281 gtcatgtatt tgtctgactg gcttgtagag atgttctaga cagcgtgcta aagcacattt 
5341 taattgtcat ggttgcaaac agcaaacctg ctttttgaaa tgaagtttaa acattaaaaa 
5401 atggaaaact cccaaaaaaa aaaaaaaaaa 

II 

The first 202 bp nucleotide sequence, located upstream the translation initiation codon (the first ATG) 
present only in the previously characterized chicken topo II~ eDNA (the japanese sequence) and not 
in the full length chicken topo llf:l eDNA clone isolated in our laboratory (APM, unpublished) is 
indicated by bold, underlined (black) letters. The sequence of the primers which were used in the 5' 
RACEIRT-PCR reaction (see Chapter 3) is marked by bold, underlined (blue) letters. 
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Appendix 9 

LOCUS 5199 bp mRNA 

DEFINITION Gallus gallus mRNA for DNA topoisomeraseii_beta, complete cds. 

KEYWORDS 
SOURCE 
ORGANISM 

AUTHORS 

DNA topoisomeraseii beta. 
Gallus gallus cell line : MSB-1 eDNA to mRNA. 
Gallus gallus -
Bukaryota; Metazoa ; Chordata ; Vertebrata; Archosauria ; Aves; 
Neognathae; Galliformes; Phasianidae; Phasianinae; Gallus . 

Petruti-Mot A. s., and w.c. Earnshaw 

Unpublished 

BASE COUNT 

ORIGIN : 1 

1764 a 918 c 1177 9 1358t 

[5'RACE poly(a)aaaaaa)1 ~caaa gtccggagga ggaggcggcg gcggcggtgg 
39 tggcggcggc ggtggtggtg gcagcggggg actgacctgt gtg.c tta~ t~~~a~. 
99 o1.. tc: at~cc tc.· .. ~gg .1l.o.tgmatcaCJ• .;,1.q't~'t O.:,,i~.;t.: :\:t}J.C."1 ct;t~D.CJM 

159 ~"~'6 1¥~-rol)ti:.; ro;~'@":r~ - l.: ·~·::it atcn~ g~!1Qt.t gc&ac u·~ ~gtcc: 
219 9~r,~'1lf::: l:lfs~~·S~:~lS<i~ :~;gt.Ai.i>cettt l!lr.ei:l!tl.gtt \ l!tq'l,.;~qcJt:tt A1q~t~l'!ql! 

279 t.~':g~ut.g Mt.t.gcagug agg't .. f!Ctt ~ettg~ t$l;r3£; .. 1&'!§; >nftil '\~\"$iJ?(2'"J9nfl 

339 ~teet. i.gt:C} .,_..t.~ aeaaat.mqt:.l CJb.CjfJ'.JJ$.CIW.CJ Mt.r.al:q~P.cct (Jta~ 

399 atccattgat ccagag,tcaa !£8~~~~~19. ~Btatggaat 11~9.9.1119.9. g,~a~IS££~t 
459 tgtggaacac aaagtagaaa aagtgtatgt tcctgcttta atctttgggc agctgttaac 
519 atctagcaac tacgatgatg atgagaaaaa agttacaggt ggtcgtaatg gctacggcgc 
579 aaaactctgt aacatattta gtacaaagtt tacagttgaa actgcttgca aggaatacaa 
639 acacagcttt aagcagactt ggatgaacaa tatgatgaag acttctgaac ccaagattaa 
699 gcattttgaa ggtgacgact acacatgcat tacattccaa ccagatctat ctaaatttaa 
759 aatggaaaac cttgacaagg atattgtgtc cctcatgaca agaagagcat atgatttggc 
819 tgggtcgtgc aaaggagtca aagttatgtt gaatgggaag aagttacctg taaatggatt 
879 tcgcagttac gtagatcttt acgtaaagga caagctggat gaaactggag ttgcactcaa 
939 agttattcat gaagtcgtta atgaacgatg ggatgtgtgc ctaactttaa gtgaaaaagg 
999 atttcagcaa atcagctttg taaatagtat agctaccaca aagggtggta ggcatgttga 

1059 ttacgtggtg gatcaggttg tgggcaaact gatagaagtg gtaaaaaaga agaataaagc 
1119 tggagtttca gtgaaaccat ttcaggtgaa gaatcatata tgggtttttg ttaattgctt 
1179 gattgaaaac ccatcttttg attcccagac aaaggaaaac atgacattgc agcctaaaag 
1239 ttttgggtcc aagtgccagc tatccgagaa attttttaaa gcagcctcca actgtggtat 
1299 catagagagt attttgaatt gggtcaaatt taaggcgcag actcaactga acaaaaaatg 
1359 ctcatctgtg aaacacagta aaatcaaagg cattccaaaa ctggatgatg ctaatgatgc 
1419 aggtggcaaa cattccttgg actgcacact aatactaaca gaaggagact ctgccaaatc 
1479 tttagctgtc tctggcttag gtgttattgg tcgggacaga tacggagtat tcccactcag 
1539 gggtaaaatt ctcaatgttc gagaagcttc tcacaagcag ataatggaaa atgcagaaat 
1599 caacaacatc atcaaaatag ttggactgca atacaagaaa agctatgaag atccagaatc 
1659 tctaaaaagt ctgagatatg gaaaaatcat gataatgaca gatcaggatc aggatggatc 
1719 tcacataaaa ggcttgttga tcaattttat tcatcacaat tggccatcac tgttgaaaca 
1779 tggttttctt gaagaattca tcactcctat tgtaaaggca agcaaaaata agcaagaact 
1839 ttcattctat agtattcctg aatttgacga gtggaagaaa catatggaaa atcataaagc 
1899 atggaagata aaatattata aaggtttggg tacaagcact gctaaagaag caaaagaata 
1959 ttttgctgac atggaaagac atcgaatctt atttcgatat gctggtcctg aagatgatgc 
2019 tgccattaca ctggccttca gtaaaaagaa gattgatgat cgaaaagaat ggttaacaaa 
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2079 cttcatggag gacaggcgac agcgtcggct acatggcctt cctgagcaat ttttatatgg 
2139 tacagcgacg aaacatttga cctacaatga cttcattaac aaggagttga tccttttctc 
2199 aaattcagac aacgaaagat ctatcccctc ccttgttgat ggtttaaaac cagggcagcg 
2259 caaagttttg ttcacttgct ttaagagaaa tgacaaacgt gaagtaaagg tggctcagct 
2319 ggctggttct gttgctgaaa tgtcagctta tcaccacggg gagcaagcat taatgatgac 
2379 tattgtcaac ttggctcaga acttcgttgg aagtaacaat gttaatcttc tacaacctat 
2439 tggtcagttt ggtaccaggc ttcatggtgg aaaggatgct gccagccctc gctatatttt 
2499 cactatgcta agccctttag ccaggcttct ttttccatcg gtggatgaca acttgctgaa 
2559 attcctttat gatgacaacc aacgtgtaga gcctgaatgg tatattccca tcattcctat 
2619 ggttttagta aacggagctg aaggaattgg tactggatgg gcttgcaaac ttccaaacta 
2679 cgacaccaga gagattgtaa acaatgtcag acgaatgctg gatggcttag atccccatcc 
2739 tatgctccca aactacaaaa acttcagagg aaccattcaa gaacttggtc aaaaccagta 
2799 tgtagtcagt ggtgaaatat ttgtggtgga caggaacact gtagaaatta cagagctacc 
2859 tgtaaggaca tggacccagg tgtacaaaga acaggttcta gaacccatgt tgaatggaac 
2919 tgaaaaaact ccagcattaa tttctgacta caaggaatac cacactgata caactgtgaa 
2979 attcgttgtg aagatgacag aagaaaaact tgcacaggca gaagctgctg gactgcacaa 
3039 agtctttaag cttcaaacaa gtcttacttg taattctatg gtgctatttg atcatatggg 
3099 atgtttaaag aagtatgaaa ctgtgcaaga cattttgaag gagttctttg atttgcgatt 
3159 gcattattat agtttacgta aggaatggct tgtgggaatg ttgggtgctg aatctacaaa 
3219 gctaaacaac caagctcgct tcattctgga gaagatacaa ggaaaaatta ctatagagaa 
3279 tagatcaaaa agagatttga ttcaaatgtt ggttcagagg ggctatgaat ctgatccagt 
3339 taaagcttgg aaagaagcac aggaaaaggc agcagaagag gaggacccac aaaacgcaaa 
3399 tgatgatgct tcctctgctt ctggatcaac ttctggccct gattttaact atatcttaaa 
3459 catgtctctg tggtcactta caaaagagaa agtggaagag ctcattaagc acagagattc 
3519 aaaggagaga gaactaaatg accttaaaag gaaatctgct tcagatctct ggaaagaaga 
3579 cttagcagct tttgttgaag agcttgaaaa agtagaagca caggaaagag aagatgttct 
3639 ggctggtatg gttggtaaac caatcaaagg taaagttggt aaacccaaga tgaagaaact 
3699 tcagttggaa gagaccatgc catcaccatt tggtagaaga atagttccac agattacatc 
3759 tgccatgaaa gctgatgcca gtaggaaatt gctgaaaaag aaaaagggtg atgctgattc 
3819 tgtagcaata aaaatggaat ttgatgagga atttggtggt gtgcaagccg agggtggtgg 
3879 ggatgacacg gtgaatacag cagcctcagg aactaaaacc cctaaactga agagagagaa 
3939 gaaggagcct ggtactagag taagaagagc gccatcatct acaaaatcca gtgcaaaaaa 
3999 agtgaagaaa cgaaacccct ggtcagatga tgaatccaag tctgaaagtg atttagaaga 
4059 gagtgagcct gtgattattc caagagactc tctgcttagg agagctgcag ctgacagggc 
4119 caagtataca tttgacttct caaaagaaga ggatgatgcc catgatgatg atgatgccaa 
4179 caataataat gacttagatg agcttaaagt aaaagcctct ccagttataa atgatagaga 
4239 ggatgagttc gttccctcag acagtgtaga aaaagatgaa tatgacttct ctccagtcaa 
4299 atcaaagcca tctccagaaa aaatgtctca agagaagaaa aatcaagact ttgggaacat 
4359 tttctcattc ccatcttact ctcagaagac agacgatgat acaacaaaat tggacagtga 
4419 tgaggaggat tctactcctg ttttctcatc acctttcgcc ccaaaacaaa cagagaaaat 
4479 gctaagtaaa acagtagctg ctaaaaaagc aaaagtagat gtaccaccta aacctaaaag 
4539 ggctcccaag gccaagaaga tggaaactgt aaattctgac tcggattcag aattcggcat 
4599 tccaaagaag actgcagcac ccaaaggaaa agggagaggg gcaaagaaaa ggaaaacatc 
4659 tggctcagaa aatgaaggtg aatacaaccc tgggaagaag gcacctaaat caacaccatg 
4719 caagaaatcc aagaaggccg cttttgacca ggattctgat gtggaaatct tccagtcagg 
4779 ctttgcctcc gaaactgccc cgaagccccg gacaggccgg gctagaaaag aagtgaaata 
4839 ttttgcagag tctgatgaag atgatgattt tgatatgttt aattaagtgc ccaaagagca 
4899 cacaactgtt ttccaacgac tatcttgtgt tgtccttttg gtcccttctg tcgcaaactt 
4959 ttgtacattt gacttatttt atgtgataaa tgtaattgat ggtttttatt cttgtgtgta 
5019 ggcattttaa cattttgttc ttacacctac agttttatgc tcttttttac tcattgaaat 
5079 gtcatgtatt tgtctgactg gcttgtagag atgttctaga cagcgtgcta aagcacattt 
5139 taattgtcat ggttgcaaac agcaaacctg ctttttgaaa tgaagtttaa acattaaaaa 

The sequence of the primers which were used in the5' RACEIRT-PCR reaction (see Chapter 3) is 
marked by bold, underlined (blue) letters. The additional nucleotide insertion which describes the 
chicken topo 11(:\-1 eDNA is marked by bold, outlined (blue) letters. The numbering of the nucleotide 
location within the human topo II a eDNA throughout this thesis is done according to the base A of the 
first ATG, which is considered number 1. The first ATG is marked in bold, underlined (black) letters. 
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Appendix 10 

GI = "10121858" [GenBank] 

LOCUS AF285156, 792 bp mRNA 
DEFINITION Gallus gallus topoisomerase II beta-2 (TOP2B) mRNA, partial 
cds. 
ACCESSION 
VERSION 

SOURCE 
ORGANISM 

REFERENCE 
AUTHORS 
TITLE 

JOURNAL 
REFERENCE 

AUTHORS 
TITLE 
JOURNAL 

AF285156 
AF285156.1 GI:10121858 

chicken. 
Gallus gallus 
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 
Euteleostomi; Archosauria; Aves; Neognathae; Galliformes; 
Phasianidae; Phasianinae; Gallus. 
1 (bases 1 to 792) 
Petruti-Mot,A.S. and Earnshaw,w.c. 
Two differentially spliced forms of topoisomerase II alpha and 
beta mRNAs are conserved between birds and humans 
Gene-in press 
2 (bases 1 to 792) 
Petruti-Mot,A.S. and Earnshaw,w.c. 
Direct Submission 
Submitted (07-JUL-2000) ICMB, University of Edinburgh, Mayfield 
Road, Edinburgh, Scotland EH9 3JR, UK 

FEATURES 
source 

Location/Qualifiers 
1 •• 792 

gene 

CDS 

/organism="Gallus gallus" 
/db xref="taxon:9031" 
/cell_line="MSB-1; DU249; DT40" 
<1. -.>792 
/gene="TOP2B" 
<1 •• >792 
/gene="TOP2B" 
/note="alternatively spliced variant" 
/codon start=1 
/product="topoisomerase II beta-2" 
/protein id="AAG13402.1" 
/db_xref;-"GI:10121859" 

translation="MAKSGGGGGGGGGGGGGGGGSGGLTCVILVNAADNKQRDKNMTC 
IKISIDPESNIISIWNNGKGIPVVEHKVEKVYVPALIFGQLLTSSNYDDDEKKVTGGR 
NGYGAKLCNIFSTKFTVETACKEYKHSFKQTWMNNMMKTSEPKIKHFEGDDYTCITFQ 
PDLSKFKMENLDKDIVSLMTRRAYDLAGSCKGVKVMLNGKKLPVNGFRSYVDLYVKDK 
LDETGVALKVIHEVVNERWDVCLTLSEKGFQQISFVNSIATTKGGR" 

BASE COUNT 260 a 127 c 205 g 200 t 

ORIGIN: 1 atggcaaagt ccggaggagg aggcggcggc ggcggtggtg gcggcggcgg tggtggtggc 
61 agcgggggac tgacctgtgt gatccttgtg aatgccgctg acaataagca gagggacaag 

121 aatatgacct gtattaaaat atccattgat ccag!!!U:S:B! acgttatsag s;:a~tggaat 
181 l!t991A!aa !ltl!i1S:S:il9t tgtggaacac aaagtagaaa aagtgtatgt tcctgcttta 
241 atctttgggc agctgttaac atctagcaac tacgatgatg atgagaaaaa agttacaggt 
301 ggtcgtaatg gctacggcgc aaaactctgt aacatattta gtacaaagtt tacagttgaa 
361 actgcttgca aggaatacaa acacagcttt aagcagactt ggatgaacaa tatgatgaag 
421 acttctgaac ccaagattaa gcattttgaa ggtgacgact acacatgcat tacattccaa 
481 ccagatctat ctaaatttaa aatggaaaac cttgacaagg atattgtgtc cctcatgaca 
541 agaagagcat atgatttggc tgggtcgtgc aaaggagtca aagttatgtt gaatgggaag 
601 aagttacctg taaatggatt tcgcagttac gtagatcttt acgtaaagga caagctggat 
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661 9aaact99a9 tt9cactcaa a9ttattcat 9aa9tc9tta at9aac9at9 99at9t9t9c 
721 ctaactttaa 9t9aaaaa99 atttca9caa atca9cttt9 taaata9tat a9ctaccaca 
781 aa999t99ta 99 

The sequence of the primers which were used in the5' RACEIRT-PCR reaction (see Chapter 3) is 
marked by bold, underlined (blue) letters. The additional nucleotide insertion which describes the 
chicken topo 11~-1 eDNA is marked by bold, outlined (blue) letters. The numbering of the nucleotide 
location within the human topo llu eDNA throughout this thesis is done according to the base A of the 
first ATG, which is considered number 1. The first ATG is marked in bold, underlined (black) letters. 
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Appendix 11 

(Revised MS for publication in Gene) 

Two differentially spliced forms of topoisomerase /Ia and f3 mRNAs 

are conserved between birds and humans 
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ABSTRACT 

Screening of chicken eDNA libraries has identified four distinct forms of 

topoisomerase II a and ~ cDNAs. Two of these, designated topo II a-1 and topo II ~-1 , 

were previously deposited in the data base. The other two, topo lla-2 and topo 11~-2, 

are novel variants that appear to be conserved between chicken and human. Topo 

lla-2 encodes a protein with an additional 35 amino acids inserted after K321 of the 

chicken topo lla-1 protein sequence. Topo 11~-2 encodes a protein missing 86 amino 

acids following V27 in the topo 11(3-1 protein sequence. We have also detected 

several alternatively spliced forms of human topo II a. One of these, topo II a-3, 

appears to correspond to chicken topo lla-2. The other two are novel. The 

existence of these alternatively spliced forms in mature cytoplasmic RNA was 

confirmed by RT-PCR in several cell lines. Interestingly, these alternatively spliced 

forms carry sites for posttranslational modification, suggesting that they may be 

subject to differential regulation from the canonical forms. These results suggest that 

cells express a more complex repertoire of topo II isoforms than previously thought, 

raising the possibility that different forms of topo II may fulfill specialized functions in 

chromosome dynamics. 
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1. INTRODUCTION 

The degree of DNA supercoiling in cells is controlled by DNA topoisomerases 

(Sogo et al., 1999), which catalyze the passage of individual DNA strands (type I 

DNA topoisomerases), or double helices (type II DNA topoisomerases) through one 

another. Only one form of topoisomerase II (topo II) is present in the genomes of 

yeast (Mewes et al., 1997), Drosophila (Wyckoff et al., 1989; Adams et al., 2000), 

and C. elegans (Consortium, 1998). In addition to the canonical 170 kDa topo lla, 

vertebrates have a second type II DNA topoisomerase. This 180 kDa protein, topo 

llf3, has biochemical, pharmacological and antigenic characteristics distinct from 

those of topo lla (Drake et al., 1989). Topo llf3, which was first found in human cells 

(Drake et al., 1987; Jenkins et al., 1992; Austin et al., 1993), has been identified in 

mouse (Adachi et al., 1997), rat (Tsutsui et al., 1993), hamster (Dereuddre et al., 

1995) and chicken cells. One alternative splice variant of topo II f3 has been 

described in human cells (Davies et al., 1993} This variant, designated topo II f3-2, 

contains a 5 amino acid insertion after V23 in the human topo II f3-1 protein sequence. 

The relative roles of topo I Ia and f3 are not known. Topo II a, like yeast topo II, 

is likely to be essential both for chromosome segregation and for events earlier in the 

cell cycle (DiNardo et al., 1984; Uemura and Yanagida, 1984; Holm et al., 1985; 

Uemura and Yanagida, 1986; Holm et al., 1989). In contrast, topo II f3 is not essential 

for cell proliferation, but it is required for the post embryonic life of the organism, at 

least in mouse (Yang et al., 2000) . 

Sequence comparisons between the topo II a and f3 isoforms reveal a high 

percentage of similarity both at the nucleotide and peptide levels. This may reflect 

the relatively high conservation of the catalytic core of the enzyme. Yeast topo II 

contains a 125 kDa core flanked by N- and C- terminal domains (Uemura et al., 

1986). This core alone is responsible for the full DNA catalytic activity in vitro 

(Uemura, Morikawa et al., 1986), and is conserved from bacteria to eukaryotes. 

There is much greater divergence in the amino acid sequence at the N-and C-
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terminal ends of the proteins, which contain a number of sites at which the protein is 

phosphorylated. 

It has long been thought that topo II is regulated by posttranslational 

modifications, particularly phosphorylation. The phosphorylation of the enzyme 

peaks during G2/M phase (Heck et al., 1989; Saijo et al., 1990; Taagepera et al., 

1993; Kaufmann, 1998), although the enzyme is phosphorylated throughout the cell 

cycle (Burden et al., 1993; Ishida et al., 1996). Phosphorylation enhances the 

catalytic activity by several fold (Corbett et al., 1992; Corbett et al., 1993), however 

dephosphorylated topo II is still active (Kaufmann, 1998). Casein kinase 2 

(Ackerman et al., 1985; Cardenas et al., 1992; Corbett, DeVore et al., 1992; 

Bojanowski et al., 1993; Dang et al., 1994; Wells et al., 1994; Ishida, lwai et al., 

1996), protein kinase C (PKC) (Sahyoun et al., 1986; Rottmann et al., 1987; Corbett, 

Fernald et al., 1993; Wells et al., 1995) and proline-directed kinases including Cdk1-

cyclin B (Wells and Hickson, 1995) phosphorylate topo II in vitro. InS. pombe topo II 

is phosphorylated by cdc2 (Yanagida, 1995). 

The purpose of the present study was to conduct a detailed analysis of the 

topo lla and ~ mRNAs expressed in several vertebrate cell lines. This analysis 

reveals the presence of evolutionarily conserved alternatively spliced forms of both 

enzymes. Interestingly, these alternatively spliced forms are predicted to encode 

proteins that differ in their potential to undergo posttranslational modifications. This 

suggests that alternative splicing might be one strategy used by vertebrates to create 

forms of topo II that may be subject to differential regulation. 
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2. MATERIALS AND METHODS 

2.1 Isolation of topoisomerase /Ia and f3 cDNAs 

cDNAs encoding the chicken topo lla and ~ proteins were isolated from 

lambda-ZAP libraries, derived from two chicken cell lines, MSB-1 (Nazerian and Lee, 

1974) and DU249 (Langlois et al., 1974). The libraries were constructed using 

oligo(dT) primers and MMLV reverse transcriptase for the first strand synthesis 

(ZAP-eDNA Synthesis-Gigapack Kit- Stratagene). 

2.2 Analysis of genomic DNA for the chicken topoisomerase lb. gene 

A recombinant lambda Fixll phage, carrying a portion of the chicken DT 40 

topo lla gene was double digested with a mixture of Xbal + Xho (New England 

Biolabs) enzymes, and a 2.5 kb fragment was purified (Qiagen), cloned into 

pBiuescript KS and sequenced as described below. 

2.3 DNA sequencing 

We generated Exo Ill deletion clones for the chicken topo lla. and ~ cDNAs, 

using the Erase-a-Base System Kit (Promega). The Exo Ill deletion series, the 

human or chicken RT-PCR topo lla eDNA fragments cloned into pGEM-T, and the 

chicken topo lla genomic DNA clones, were sequenced using the ABI version 2.0 T7 

Automatic DNA Sequencing Kit. The sequence covering the alternative splicing area 

was confirmed by manual dideoxy sequencing using T7 DNA polymerase 

(Pharmacia Biotech). 

2.4 RT-PCRdetection of the novel topo lh-2 splice variant in cytoplasmic RNA 

Cytoplasmic RNA was purified from 1x1o7 chicken (MSB-1, DU249, DT40) 

and human (Hela, MCF-7) cultured cells using Qiagen columns according to the 

manufacturer's instructions. 200 ng of cytoplasmic RNA was reverse transcribed 

using ALV-reverse transcriptase and oligo(dT) primers. The human RT-PCR 
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amplification used 150 ng of cytoplasmic RNA. This was reverse transcribed using 

MMLV-reverse transcriptase and oligo(dD, random hexamers (r.p.) or topo lla 

specific primers. The reaction was performed as follows. First, the annealing 

mixture (150-200 ng cytoplasmic RNA, 5xAMV-RT + MMLV-RT Buffer, 100 pmol of 

oligo(dD primer and DEPC-treated dH20 to complete the 7.5 JJI reaction volume) 

was incubated for 1 hr at 42°C. Next, the extension mixture ( 200 JJM dNTPs, 20 

mM MgCI2, 200 JJM DTT, 5U RNAsin and 5xAMV-RT + MMLV-RT-Buffer) was added 

to the annealing reaction. Reverse transcription was performed in the presence of 

1 OU ALV-reverse transcriptase + 200U MMLV-reverse transcriptase for 1 h at 37°C. 

1 JJI from each reverse transcription was used for further PCR amplification reactions. 

Primers were made to regions flanking the 1 05 bp insert in the chicken topo 

lla-2 eDNA. The sequences of the primers were: (5' primer) 5' 

GAGATCCTGGTCAATGCT 3'; (3' primer) 5' TCACAACATCAATGAGTT 3'. The 

human topo lla primers (Oswel) were made to regions flanking positions 896-1378 

within the eDNA. The sequences of the primers were: (5' primer) 5' 

TGTCAACAGCATTGCTAC 3'; (5' nested primer) 5' GTAATACATGAACAAGTA3'; (3' 

primer) 5' CTGCATCATTGGCATCAT 3', and (3' nested primer) 5' 

ACAGCTGAACACTTCTTG 3'. The amplification reaction was performed in the 

presence of 0.5 U (for the chicken eDNA) or 0.25 U (for the human eDNA) Taq DNA 

Polymerase (Boehringer), for 25 cycles of 1 min denaturing time at 95°C, 1 min 

annealing time at 62°C, and 1 min extension time at 72°C. The final extension step 

was performed at 72°C, for 10 minutes. PCR products were generated from all 

chicken and human cell lines analyzed. PCR fragments were cloned into pGEM-T 

(Prom ega). 

2.5 PCR amplification of chicken topoisomerase lla cDNAs from the libraries 

The same primers used for the chicken RT -PCR experiment were used to 

amplify the corresponding fragments from the chicken DU249 eDNA library. In 

addition, we made an extra 5' end nested primer: 5' AAATGCTTCAGCGTCATC 3'. 
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The PCR reaction was performed under standard conditions for a 25 cycle 

amplification program, using 0.5 U of Taq DNA polymerase. 

2.6 RT-PCR amplification of chicken topoisomerase 11(3-1 and {3-2 eDNA ends 

(5' RACE experiment). 

Chicken cytoplasmic RNA, prepared as described above, was used as 

template for amplification of the 5' end of the topo II~ eDNA by PCR-RACE. 2 J.lg of 

RNA were mixed with 2 pi of 1 M NaCI, 200 mM Tris-CI, pH 7.5, 25 mM EDTA and 

100 pmol of topo II~ specific primer; kept 3 min at 65°C and then incubated at 40°C 

for 3-4 hours. The primer, 5' ACCATATGGGAAAGGTAA 3', corresponded to the 3' 

end flanking the novel spliced region in the Topo 11~-1 message. The first strand 

eDNA synthesis was performed in the presence of 200 U of MLV-reverse 

transcriptase (Promega) for 1 h at 37°C. The reaction contained 10 pi of the primer

template mixture, 5x MLV Buffer, 10 mM OTT, 300 pM dNTPs and 5U RNAsin 

(Promega), in a volume of 25 pl. The subsequent A-tailing reaction at the 5' end was 

performed in the presence of 200 pM dATP and 30 U of TdT (Promega), at 37°C, 

overnight. 

In the first round PCR, 1 pi of the product of the tailing reaction was used as 

template, with 100 pmol of the 3' Topo II~ primer described above, and oligo(dT) to 

generate a Topo II~ 5' end eDNA fragment. This first PCR reaction was performed 

for 30 cycles of 1 min at 95°C, 1 min at 55°C, and 1 min at 72°C, followed by a 10 

min extension step in the presence of 0.3 U Taq Polymerase. The amplification 

product was visualized following a second round of PCR in which 1 pi of the first 

round PCR product was further amplified. The second PCR utilized a second nested 

3' primer- 5' ACGACTATTACAAACTGA 3', and involved 25 cycles of 1 min 95°C, 1 

min 60°C, and 1 min 72°C, followed by a 10 minute final extension time. 
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3. RESULTS 

3.1 Identification of eDNA clones encoding variants of chicken topoisomerase 

/Ia 

Lambda ZAP-eDNA libraries from chicken MSB-1 (lymphoblastoid) and 

DU249 (hepatoma-derived) cells were screened under low stringency hybridization 

conditions, using a PC A-generated fragment of human topo II a eDNA as a probe. 

Several positive clones were isolated and sequenced, the majority of which had a 

protein coding sequence identical with the unpublished chicken topo lla eDNA 

recently deposited in the data bases. However, several of the clones deriving from 

both libraries encoded topo II a molecules with an insertion of 35 amino acids 

between K321 and G322 (relative to the topo lla-1 protein). We designated this 

longer version of the eDNA topo lla-2 [AF285155], and refer to the previously 

described isoform as topo lla-1 (Figure 1 ). The sequence of the 105 base pair 

insertion and the predicted amino acid sequence which it encodes are shown in 

Figure 2. 

3.2 RT-PCR amplification of the chicken topoisomerase lla-2 insertion eDNA 

sequence 

In order to confirm that the novel alternatively spliced form of the topo lla 

eDNA corresponds to a mature mANA found in vivo, we analysed cytoplasmic RNA 

from MSB-1, DU249 and DT40 cells by RT-PCR. Two primers flanking the putative 

splicing site within the topo lla-1 eDNA (Figure 1A), were used to amplify a 765 bp 

fragment (corresponding to the a-1 variant) and a 870 bp fragment (corresponding to 

the a-2 variant) of topo II a eDNA in the same amplification reaction (Figure 1 B). The 

two bands were gel purified and subcloned into pGEM-T for sequence analysis. The 

resulting sequence confirmed the presence of the 105 base pair insertion after the 

first 976 base pairs in the topo II a-2 eDNA, as illustrated in Figure 1 C. 
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3.3 Analysis of the genomic DNA for the chicken topoisomerase 1/a gene 

To confirm the origin of the two alternative versions of the topo II a eDNA, we 

analysed the topo /Ia genomic locus covering the region of variability in the cDNAs. 

We isolated a 2.5 kb genomic fragment comprising the putative alternative splicing 

area from a lambda Fixll DT40 genomic library {Figure 2A). Sequence analysis of 

this genomic fragment revealed the presence of potential splice acceptor sites, 

separated by the 105 base pair segment found in the topo lla-2 eDNA (Figure 28). 

This strongly suggests that the topo lla-2 mANA is likely to arise by alternative 

splicing. 

3.4 Identification of eDNA clones encoding variant isoforms of human 

topoisomerase /Ia 

In order to determine if this alternatively spliced form of the topo I Ia mANA is 

evolutionarily conserved, we used a PCR strategy to look for splice variants in the 

mature human cytoplasmic topo lla mANA. Two primers flanking the putative 

alternative splicing region (nucleotides 898-1378) within the human topo lla eDNA 

(accession number NM001067), were designed to amplify a fragment of 480 bp size 

(Figure 3A). RT-PCR experiments performed on human cytoplasmic RNA prepared 

from two different cell lines, Hela and MCF-7, generated a number of bands as 

visualized in agarose gels (Figure 38). These bands, numbered from 1-4, were gel 

purified, cloned into the pGEM-T vector and sequenced. AT-PCR amplification 

product 1 (topo II a-1) corresponded to the canonical human topo II a eDNA 

sequence, of 480 bp in size. This species was detected in both Hela and MCF-7 

cells. Although consistently present in the mature, cytoplasmic RNA isolated from 

both Hela and MCF-7 cell lines, topo lla-1 appeared to be less abundant than the 

other human topo I Ia variant cDNAs. The co-amplified bands, of approximately 520 

bp, 600 bp and 720 bp in size, contain 3 different eDNA insertions within the topo I Ia 
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coding sequence. In the human topo lla-2 [AF285157] variant (amplification band 

no. 2 in the RT-PCR experiment), a 78 bp insertion was present between exons 10 

and 11 of the canonical topo II a-1 eDNA sequence. This in-frame insertion 

introduces a sequence of 26 amino acids between A401 and A 402 of the human 

protein sequence (Figure 3C). The human topo lla-2 variant was detected in 

cytoplasmic RNAs from both Hela and MCF-7 cells. 

The human topo lla-3 [AF285158] eDNA variant (amplification band no. 3 in 

the RT-PCR experiment), which was only observed in cytoplasmic RNA from Hel.a 

cells, contained a 1 08 bp insertion between exons 8 and 9 of the canonical 

topoisomerase lla-1 coding sequence (Figure 3C). The novel in-frame sequence 

introduces an additional 36 amino acids between residue K321 and G322 in the 

human topo lla-1 protein sequence. This corresponds exactly to the site at which 

the chicken topo lla-1 and a-2 isoforms differ, indicating that an alternative splice at 

this site is evolutionarily conserved. 

The human topo lla-4 eDNA [AF285159] variant (amplification band no. 4 in 

the RT-PCR experiment) was isolated from Hel.a and MCF-7 cells, by RT-PCR 

amplification. The topo lla-4 message appeared to be more abundant in the 

cytoplasm of these cells than the topo lla-1, a-2 or a-3 isoforms. Sequencing of the 

human topo lla-4 variant revealed an extra 243 bp in frame insertion between exons 

9 and 1 0 of the canonical topo lla-1 isoform. This 81 amino acid sequence, inserted 

between residues Q 355 and v356 of the human topo lla-1 protein sequence, is 

shown in Figure 3C. 

The three additional nucleotide sequences of 78 bp (topo Jla-2), 108 bp (topo 

lla-3) and 243 bp (topo lla-4) respectively, could be identified in the human topo /Ia 

genomic locus within intron 10 (topo lla-2), intron 8 (topo II a-3) and intron 9 (topo 

lla-4), respectively. Each of these three sequences was flanked by two putative 

splice acceptor sites (ag), as illustrated in Figure 3C. 
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3.5 Identification of a novel splice variant of the chicken topolsomerase llf3 

eDNA. 

In addition to topo lla clones, our library screening procedure generated a 

number of clones that corresponded to topo II~- Most of these were identical in 

sequence with the unpublished chicken topo 1113 eDNA recently deposited in the data 

bases. However, one clone derived from the MSB-1 eDNA library was shorter 

[AF285156], lacking 258 base pairs. This corresponds to an in-frame deletion of 86 

amino acids between V27 and E114 of the reported topo 1113 sequence (Figure 4). 

3.6 RT-PCR (5' RACE) amplification of chicken topoisomerase llfJ-2 eDNA 

sequence. 

In order to confirm that the novel form of the topo 1113 eDNA corresponds to a 

mANA found in vivo, we analysed the 5' end structure of the chicken topo If~ mANA 

in detail using PCR-RACE. This experiment, performed on chicken cytoplasmic RNA 

prepared from MSB-1, DU249 and DT40 cells, revealed the presence of two different 

cytoplasmic topo 1113 cDNAs (denoted f3-1 and f3-2) beginning at the same 

transcription initiation codon. When these RT-PCR-generated fragments were 

cloned into pGEM-T and sequenced, the sequence obtained showed 100°/o identity 

with the sequence of the clones isolated from the eDNA library (Figure 4). 
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4. DISCUSSION 

At present, little is known about the distinct functions of the topo lla and 

~ isoforms in vertebrate cells. In order to address this issue, we have begun a 

genetic analysis of the two proteins in chicken cells. As a first step, we screened two 

chicken eDNA libraries for clones encoding topo lla and fl. After this screen had 

been completed, cDNAs for these two isoforms were entered into the data base by 

the laboratory of Mizuno and coworkers (topo II a - AB007 445; topo 1113 - AB007 446). 

The present report describes a novel splice variant found for each eDNA in our 

screen. Both splice variants affect the N-terminal region of the two topo II isoforms, 

a region which is relatively divergent between species, and which is dispensable for 

catalytic activity in yeast (Uemura, Morikawa et al., 1986). 

These splice variants are conserved between birds and mammals. The topo 

II~ variant is positioned identically to one previously described in human (Hela) cells. 

The 5 amino acid insertion in the human topo II ~-2 variant follows 'J23 (Davies, 

Jenkins et al., 1993). In the present instance, a longer insertion of 86 amino acids 

follows V27, the homologous position in the chicken topo II~ protein. 

The situation with topo lla is more complex. Library screening and PCR 

experiments revealed the presence of two variant forms of the topo lla mANA in 

chicken cells. However, an RT-PCR analysis of cytoplasmic RNAs from human cell 

lines revealed the presence of several forms of the topo lla mANA. When we cloned 

and sequenced these amplified species, we found the canonical topo lla sequence, 

plus other cDNAs with insertions of 36 residues after residue K321, 81 residues after 

Q355 or 26 residues after A 401 in the human topo lla-1 eDNA. Interestingly, the 

human topoisomerase lla-3 spliced form appears to correspond to the chicken topo 

lla-2 form. The additional sequence in human topo lla-3 (36 residues) is inserted 

after residue K321 in the topo lla-1 protein, whilst the additional sequence in chicken 

topo lla-2 (35 residues) is inserted after residue K321 in the chicken topo lla-1 

protein (Figure 6). Furthermore, the two inserted sequences are ..w30°/o identical to 
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one another. It is worth noting that the flanking regions of the protein are more highly 

conserved than this. 

The presence of both chicken and human topo lla mANA variants in mature, 

cytoplasmic RNAs was confirmed by RT-PCR experiments. Furthermore, that the 

novel topo lla variants are likely to arise via differential splicing, was supported by 

the identification of putative alternative splice acceptor sites in the genomic 

sequence. Interestingly, the RT-PCR analysis suggested that the mRNAs 

corresponding to both the chicken and human novel variants may be at least as 

abundant as those encoding the canonical isoforms. In addition, we cannot exclude 

that analysis of differing regions of the mANA or different cell types might yield 

further splice variants. 

The functional significance of these novel isoforms remains to be determined, 

however it is noteworthy that in some cases, they could potentially have a significant 

impact on the posttranslational modifications of the protein. For example, in the case 

of the chicken topo II a-2 isoform, the 35 amino acid sequence introduces an 

additional consensus PKC or proline-directed kinase phosphorylation site into the 

molecule (Figure 5). Similarly, human topo lla-3 contains 3 consensus PKC 

phosphorylation sites (2 of them overlapping) within the additional 36 amino acids. 

Human topo lla-4 has one (weak) consensus casein kinase II phosphorylation site 

and 3 putative N-myristilation sites within the deduced 81 amino acid sequence. 

Similar potential differences in posttranslational modifications are observed between 

the canonical topo II~ and f3-2 variants. The 86 aa region of chicken topo II f3 missing 

from the f3-2 isoform also contains a number of consensus sites for posttranslational 

modifications. It will be important in future studies to verify whether any of these 

sites are targets for posttranslational modification in vivo. 

In summary, we have identified three novel splice variants of the human topo 

lla mANA and one each tor the chicken topo II a and f3 mRNAs. At least two of these 

spliced versions of topo lla and f3 appear to be evolutionarily conserved between 

human and chicken, suggesting that they may have some functional significance. 
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Future functional analysis of vertebrate topo I Ia and f3 will need to account for the 

existence of these novel isoforms, which may exhibit differences in tissue or cell

type-specific expression, subcellular localisation, interaction with other proteins, or 

catalytic activity. 
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FIGURE LEGENDS 

Figure 1. Identification of an alternatively spliced form of the chicken topo I Ia mANA. 

Panel A -Schematic representation of chicken topo lla-1 and a-2 cDNAs. The 105 

bp insertion of chicken topo lla-2 isoform and its nucleotide position in the topo lla-1 

eDNA is represented by the hatched box. The positions of primers used in the PCR 

reactions shown in Panel B are indicated, with numbering relative to the topo II a-1 

eDNA. Panel 8- Identification of both alternative forms of the mANA in total (MSB-1) 

and cytoplasmic RNA (MSB-1, DU249 and DT40) by RT-PCR. The second round 

RT-PCR amplification product was electrophoresed in a 1.5o/o agarose gel. The 

bands corresponding to topo lla-1 (765 bp) and topo lla-2 (870 bp) are indicated. 

The negative control included the specific primer pairs but no added template DNA. 

Panel C - Autoradiography of a 6°/o polyacrylamide sequencing gel showing the 

additional sequence present in the topo lla-2 variant (bracketed on right lanes). 

Figure 2. Characterization of the genomic region encoding the alternatively spliced 

form of the chicken topo lla mANA. Panel A- Diagram of the region of the chicken 

topo lla locus subject to alternative splicing. Exons are represented in black boxes, 

with the alternative addition shown as a hatched box. The arrows indicates the 

alternative splice acceptor sites. The 2.5 kb genomic fragment cloned and 

sequenced to determine the structure of the gene around the alternatively spliced 

region is shown. Panel 8- Nucleotide sequence of a portion of the chicken topo I Ia 

gene. Splice acceptor sites are underlined. The numbering of the amino acids 

corresponds to the topo II a-1 protein sequence. The additional 105 bp fragment 

present in the chicken topo lla-2 variant is boxed. 

Figure 3. Identification and characterization of multiple splice variants of the human 

topo II a mANA. Panel A- Diagram of the region of the human topo II a gene subject 

to alternative splicing. Exons corresponding to human topo lla-1 form are 
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represented by black boxes. The additional sequences corresponding to topo lla-2, 

a-3 and a--4 are represented by hatched boxes. The arrows indicate the putative 

alternative splice acceptor sites. Where applicable, the relevant numberinf from the 

human topo lla-1 eDNA sequence is shown. The positions of the two PCR primers 

used for the experiment of Panel B is shown, again using numberinf corresponding 

to that in the human topo lla-1 eDNA. Panel B- RT-PCR amplification experiment 

using human cytoplasmic RNA isolated from Hela and MCF-7 cells. The reverse 

transcription reaction was performed in the presence of oligo( dT) or random primers 

(r.p.). The figure shows a 1.8°/o agarose gel of the second round (nested) RT-PCR 

amplification product, when primers flanking the eDNA region located between the 

nucleotide positions 898-1378 were used. The numbers 1-4 (right) indicate the co

amplified bands, corresponding to the human topo lla-1 , a-2, a-3 and a-4 isoforms, 

respectively. The numbers at the left indicate the approximate size of the amplified 

bands in bp. Panel C - Nucleotide and deduced polypeptide sequences of the 

relevant portions of the human topo II a gene. The numbering of the amino acids 

corresponds to the human topo II a-1 sequence. The additional 78 bp present in 

human topo lla-2 (left), 108 bp fragment present in human topo lla-3 (middle) and 

243 bp fragment present in human topo lla-4 (right) are boxed. 

Figure 4. Characterization of an alternative spliced form of the chicken topo II~ 

mANA. Panel A - Schematic representation of the chicken topo 11~-1 and (3-2 

cDNAs. The 258 bp region of the topo 11(3-1 eDNA missing from the topo 11(3-2 

variant is represented by a blue line. The positions of primers used in the RT-PCR 

experiment are shown, withnumbering relative to the topo II ~-1 variant. Panel B -

Both variant forms of the topo 11(3 eDNA are identified in cytoplasmic RNA following a 

PCR-RACE protocol. The 212 bp fragment corresponds to the topo 11(3-2 form, and 

the 470 bp fragment to the topo 11(3-1 variant. The 212 bp band apears as a dublet 

because of two different annealing sites of the oligo(dT) primer to the poly(A) tail 

generated during the 5' RACE experiment. Both of the bands have been cloned and 
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sequenced, confirming this interpretation. Panel C - DNA sequencing analysis. 

Autoradiograph of a 6°/o polyacrylamide gel, showing sequence from the topo II 13-1 

and f)-2 cDNAs. A portion of the additional sequence present in the topo II 13-1 

variant is bracketed at the left. 

Figure 5. Multiple sequence alignment of a portion of topo lla covering the 

alternatively spliced region of the chicken and human topo lla cDNAs. The amino 

acids are numbered according to their position in the topo II a-1 protein sequence. 

Putative protein kinase C sites within the amino acid insertions are represented in 

red. A putative casein kinase II sites is represented in blue. There is limited region of 

conserved amino acid sequence in the homologous insertion in the chicken topo lla-

2 and human topo lla-3 variants. 
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