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ABSTRACT 

Mammalian DNA topoisornerase II (topo il) is an essential nuclear enzyme which 

changes the topology of DNA by passing an intact helix through a transient double- 

stranded break made in a second helix followed by religation of the DNA break. These 

interactions with DNA are important in almoa every aspect of DNA metabolism. 

including replication, transcription, recombination and repair. Topo II is also the cellular 

target of several clinically relevant antitancer dmgs. There are two isoforms of topo II, 

a and p, eac h di fferi ng in biochemical properties, ce1 1-cycle expression, and sensitivity 

to antineoplastic agents. Various dmg-resistant cancer ceIl lines demonstrate both 

qualitative and quantitative differences in both the a and P isoforms. To date, only the 

5'-flanking region of the a isoform has been isolated and characterized. In order to 

investigate elements goveming the expression of DNA topo lIp, the 5'-flanking region of 

hurnan topo IIp has been cloned and partially analyzed. The transcription start site, 1 183 

bp of 5'-flanking sequence, and fi@-six potential putative regulatory elements have been 

identified. Whether these regulatory elements are Functiond or important, remains to be 

explored. 
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INTRODUCTION 

1 TOPOISOMERASE BIOLOGY 

L 1 To~oisomerases govern DNA to~ology 

The movement of RNA polymerase along DNA presents a topological problem for 

the cell. Either the RNA polyrnerase traverses a helical path around the DNA, or the DNA 

rotates about its long axis during replication (Gamper and Hearst, 1982). In the former case, 

the nascent RNA would become wrapped around the DNA along with any proteins that 

might be bound to it (ribosomes or ribonucleoproteins), and would eventually have to 

unravel (Stemglanz, 1989). Since the unwinding of such a large structure would probably be 

quite slow, it is considered more l ikely that the DNA rotates during transcription ( Stemglanz, 

1989). DNA rotation would lead to positive supercoiling ahead of the moving RNA 

polyrnerase and negative supercoiling behind it, creating topological constraints in the DNA 

that must be eliminated (Giaever and Wang, 1988; Liu and Wang, 1987; Wu et d., 1988; 

Tsao et al., 1989). Topoisornerases are essential for reiaxing this type of tonional stress. 

In 1969, Escherichia coh (E. d i )  extracts capable of relaxing supercoiled DNA were 

first identified (Wang, 1969). Subsequent purification identified a single enzyme responsible 

for relaxing negatively supercoiled DNA without the requirement of a highenergy cofactor, 

such as ATP or NAD (Wang, 1971). This enzyme, originally designated as the QI protein 

(Wang, 197 1 ), was characterized by the transient breakage and rejoining of one strand, 

allowing the passage of another strand through the break. In 1972, the eukaryote equivaient 

to the CO protein was identified (Champoux and Dulbecco, 1972), and in 1979, the LII protein 



was renamed DNA topological isomerase I or topoisomerase 1 (topo i )  for its ability to 

control DNA topology (Wang and Liu, 1979). 

Two more relaxing enzymes were later identified one in bacteria and the other in 

euk-otes, designated DNA gyrase and topoisomerase II (topo 11) respectively. Both 

enzymes preferentially relax positive supercoils (Wu et al., 1988; D'Arpa and Liu, 1989), 

and both alter nucleic acid topology by passing an intact double helix of DNA through a 

transient double-stranded break made in a second DNA helix (Liu et al., 1980; Gellert, 198 1 : 

Wang 1982). Unlike the bacterial enzymes, both eukaryotic type 1 and type II enzymes relax 

negative and positive supercoils at comparable rates (Goto and Wang, 1982; Benedetti et ai., 

1 983; Osheroff et al., 1983: Schomburg and Grosse, 1986; D'Arp and Liu, 1989). 

1.2 Topoisornerase 1 

Sedirnentation and gel filtration data suggest that both the bacterial and eukaryote 

type 1 enzymes, topo I and III, are monomeric in nature and do not require a divalent cation 

for activity, but are stimulated 10 to 20 fold in the presence of  or ~ a "  (Goto et al., 

1984). The type I enzyme interconverts different topological forms of DNA by creating a 

transient single-stranded break in the nucleic acid backbone, passing the unbroken strand of 

the DNA through the nick, and resealing the original scission (Gelleri, 198 1 ; Wang, 198 1, 

1 982, 1985; Vosberg, 1985; Osheroff, 1989a; ConareIli and Wang, 1990; Andersen el al., 

1994; Champoux, 1994; Gupta et ai., 1995; Sharma and Mondragon, 1995). 

Although topo 1 is not necessaq for the viability of eukaryotic cells (Uernuni et ai., 

1986), topo 1 does appear to play an important role in chronatin organization (Uemura and 



Yanagida, l984), mitosis (Mad et al., l986), DNA replication (Goto and Wang, 1985; 

Snapka, 1986; Bnll et al., 1987; Yang et al., l987), recombination (Halligan et d , 1985; 

Bullock et al., 1985; McCoubrey and Charnpoux, 1986)- and transcription (Fleischrnann et 

al., 1984; Bonven et al., 1985; Muller et al., 1985; Gilmour et al., 1986; BriIl et al., 1 987). 

ï h e  type II enzymes, which encompass bacterial DNA gyrase, topoisornerase N, and 

eukaryotic topo II, alter nucleic acid topology by passing an intact double helix of DNA 

through a transient double-stranded break made in a second DNA helix (Liu et ai., 1980: 

Gellert, 1981; Wang 1982, 1985; Vosberg, 1985; Osheroff, 1989a; Cozzarelli and Wang, 

1990; Osheroff et al., 199 1 ; Andersen et d , 1994; Watt and Hickson, 1994; Sharma and 

Mondragon, 1 995). 

Unlike the type I enzyme, topo II is essential to the suwival of the eukaryotic ce11 

(DiNardo et al., 1984; Goto and Wang, 1 984; Uernura and Yanagida, 1 984; Ho lm et al., 

1985). Topo iI is involved in many aspects of nucleic acid metabolism, including DNA 

replication (Sundin and Varshavslcy, 1 98 1 ; Nojuchi et al., 1983; Jazwinski and Edelrnan, 

1984; Weaver et al., 1985; Nelson et al., 1986; Snapka, 1986; Brill et al., 1987; Yang et al., 

1987), transcription (Glikin and Blangy, 1986; Rowe et ai., 1986b; Brill et ui., 1987), mRNA 

processing (Schroder et al. , 1987), and chromosome segregation (Sundin and Varshavsky, 

198 1; DiNardo et ai., 1984; Uernura and Yanagida, 1984, Uemura et ai., 1986; Holm et al., 

1985; Snapka, 1986; B d l  et al., 1987; Uemura et ai., 1987b; Yang et al., 1987). In addition, 

the type II enzyme plays an important role in chromosome structure (Earnshaw et al., 1985; 



Eamshaw and Heck, 1985; Cockeril1 and Garrard, 1986; Gasser el al., 1986; Gasser and 

Laemrnli, 1986; Newpon 1987; Newport and Spann, 1987; Uemura et ai., l98'%), stnictural 

tethering (Heck et al., 19891, condensation (Uemura et al., 198%; Wood and Eamshaw. 

1990; Adachi et al., 199 1; Hirano and Mitchison, 1993), and in the organization of the 

nuclear matrix (Berrios et al., 1985). 

Eukaryotic type 11 topo activity was fint reported in 1980 (Baldi et ai., 1980: Hsieh 

and Brutlag, 1980; Liu et al., 1980), and the isolation of the enzyme from marnmalian cells 

swn followed (Miller et ai., 198 1 ). Since the initial isolation, topo II has been purified and 

characterized from a wide variety of eukaryotic species, including protozoans (Riou et cil.. 

1986), f h g i  (Goto and Wang, 1982: Goto et ai., 1984), insects (Hsieh, 1983; Shelton et al., 

l983), amphibians (Benedetti et al., I983), and mammals (Halligan et al., 1 985; Riou et ai., 

1 985; Schomburg and Grosse, 1986) 

The physical properties of al1 eukaryotic type II topoisornerases isolated are simiiar. 

The polypeptide molecular mass of the enzyme ranges from 160 kD to 180 kD, while 

hydrodynamic and sedimentation coefficient studies indicate that the enzyme exists in 

solution as a homodimer, and appean to have an elongated shape, rather than globular three- 

dimensional structure (Miller et al., 198 1; Sander and Hsieh, 1983; Shelton et al., 1983; 

Goto and Wang, 1984; Halligan et al., 1985; Schomburg and Grosse, 1986). 

The type II topoisornerase has an absolute requirement for a divalent cation. Goto 

et al. ( 1984) identified M~%S the most effective cation for topo il activity, whereas ~n'+, 

ca2', or CO" were found to support the reaction to a lesser extent. Goto et ai. (1 984) also 

discovered that ATP or dATP are required for topo LI activity, whereas the nonhydrolyzable 



AT'P analogues [adenylyl imidodiphosphate and adenylyl @,y-methylene) diphosphonatej 

inhibit activity. 

Although yeast (Goto and Wang, 1984) and Drosophila ( Wyckoff et ai., 1989) 

apparently contain only a single type II topoisomerase, marnmals possess two isoforms of the 

enzyme, a and p (Drake et al., 1989; Watt and Hickson, 1994). Our understanding of these 

two isoforms, especially the P isofonn, is ail1 rudimentary. Why higher eukaryotes possess 

two distinct isoforrns of the type iI enzyrne whereas other organisms swive  with only one is 

not clear. 

1.4 A ~ r o b a b l e  evolutionaw reiationship between the domains of 

to~oisomerase il and DNA evrase 

A cornparison between the nucleotide sequence for the Sacchuromyces cerevislue 

(S. cerevisioe) gene TOP2, encoding DNA topo II, and the sequence for bacterial DNA 

g - s e  revealed large regions of sirnilar sequence (Lynn et of., 1986). Although the two 

enzymes differ in both quatemary structure and activity, the homology between the two 

proteins indicates mechanistic as well as structurai sirnilarities, and a probable evoluhonary 

relationship (Lynn et ai., 1986). 

Based on this cornparison with DNA gyrase A and B subunits, the eukaryotic topo II 

homodimer cm be divided into three domains: an amino terminal domain (N-terminus) 

homologous to the E. coli gynise B subunit (involved with ATP hydrolysis), a central domain 

homologous to the E. coli gyrase A subunit (involved with the DNA breakage and reunion 



reactions), and a carboxyl teminus (C-terminus) with clusters of charged arnino acids 

(Wang, 1985). 

Topo fI sequence homology between S. cerevisiae. Saccharomyces pombe 

(S. pombe). and Drosophila melanogaîler is less than 50 %, and not evenly distributed 

throughout the protein. The highest sequence conservation between species is seen within 

the N-terminal domain, whereas the C-terminal domain shows the least degree of sequence 

conservation (Wyckoff et al., 1989; Austin et al., 1995). Thus, the C-terminal region present 

in topo 11 is extremely uniikely to contain residues required for formation of the catalytic 

active sites of the enzyme. This, however, does not imply that this domain is dispensable for 

furiction. 

There are four potential roles of the C-terminal region: nuclear localization, 

dimerization, regdation of enzymatic activity, and aid in chromosome segregation. Shiozaki 

and Yanagida ( 1992), working with the S. pombe topo iI enzyme, found that two nuclear 

localization signals exist: one in the N-terminal ATPase domain, and one in the C-terminus. 

Mirski and Cole ( 1995) also demonstrated that alterations in the COOH-proximal domain of 

topo Da in human cells diminished the ability of the enzyme to localize in the nucleus. 

Since eukaryotic topo II is a homodimer, it must therefore contain defined areas vital for the 

dimerizahon of the individual subunits. In 1994, Caron et al. identified one of these areas 

located in the C-terminus of a S. cerevisiae enzyme. The C-teminal domain of the fission 

yeast topo LI enzyme has also been identified as a target for phosphorylation, although 

additional sites of phosphorylation are found in the N-terminal region of this enzyme 

(Shiozaki and Yanagida, 1992). Finally, Watt er al. (1995) hypothesized that one function of 



the C-terminal dornain of topo LI might be to direct specific interactions with other proteins 

required to effect chromosome segregation. VVatt et al. (1995) identified a Slow Growth 

Suppressor (SGS) protein (thought to be a DNA helicase) that interacts specifically with a 

short region of the C-terminal domain. Strains lacking a functional SGS gene are unable to 

eliminate the supercoiling caused by the rotation of the DNA. These trains show a reduced 

fidelity of both mitotic and meiotic chromosornal segregation, leading to a diminished 

capacity to undergo productive ce11 division (Watt et al., 1995). 

1.5 The catalytic cvcle of topoisornerase LI 

How the DNA segment being tmnsported through the DNA gate enters and leaves the 

enzyme during a reaction cycle has been a question of long standing. Two types of models 

have been postulated. In the two-gate model, the DNA segment to be transported passes 

through the entire interfacial channel in between the two halves of the enzyme (Mimuchi 

et al.., 1980; Wang er al., 1980; Kirchhausen et al., 1985; Reece and Maxwell, 199 1 ). In 

such a model, the second DNA segment enters through a gate on one side of the enzyme and 

then exits through a second gate on the other side of the enzyme; the two gates must open at 

different stages to prevent the two halves of the enzyme from corning apart (Roca and Wang, 

1994). In the one gate model, the DNA segment to be transported passes through the DNA 

gate, the gate then closes and the enzyme-bound DNA segment containing the DNA gate 

dissociates fiom the enzyme (Osheroff, 1989a). In either model, the DNA gate may fom 

one gate or an integral part of one gate, and the second DNA strand segment must pass 

through the DNA gate only once during each reaction cycle. 



Catalytie double-stranded DNA passage mechanism: the two-gate mode1 

Although this reaction appean to be concerted, it can be broken into discrete steps as 

summarized (Roca and Wang, 1994) (Figure 1 ). 

1) DNA binding. In the absence of bound ATP, the enzyme is in the fonn of an open 

clamp and can bind to or dissociate fiom a linear or circular DNA segment. The 

enzyme binding to the DNA creates the future DNA gate. This interaction 

requires no cofactors. 

2) Second DNA strand. A second DNA segment can go in and out of the DNA-bound 

enzyme so long as it remains in the open form. 

3) DNA cleavage and double-strand DNA passage. Upon the binding of ATP to the 

enzyme, the protein gate composed of the N-terminal domain (N-gate) closes. If the 

second DNA segment has entered the clamp before the N-gate is completely closed a 

DNA gate on the opposite side of the N-gate opens. The opening of the DNA gate 

creates a transient double-stranded enzyme-bound break in the DNA backbone to 

allow the exit of the second DNA segment fiom the intenor of the enzyme. ATP 

binding is Iikeiy to favor the entrance of the second DNA segment pnor to the closure 

of the clamp. This reaction absolutely requires the presence of a divalent cation. 

4) Religation. The DNA gate closes religating the cleaved DNA. The first DNA 

segment still remains associated with topo LI in a noncovalent fashion. 



5)  ATP hydrolysis and enzyme turnover. Topo II hydrolyzes the bound ATP 

molecule to ADP and inorganic phosphate (hydrolysis of ATP probably occun 

shortly before step 5) ,  and topo II retums to the open-clamp form bound to the fint 

DNA segment to complete one cycle of reaction. 



Figure 1. The catalytic cycle of topoisornerase II: 
The two-gate mode1 

Second DNA 

Topoisornerase II 

First DNA \ 
Segment 

ADP + Pi 



Catalytic dou ble-stranded DNA passage meehanism: the one-gate mode1 

Although this reaction appears to be concerte4 it can be broken into discrete steps as 

summarized (Osheroff 1989a) (Figure 2). 

1) DNA binding. Topo II binds to its DNA substrate in a noncovalent fashion. This 

interaction requires no cofactors. 

2) DNA cleavage. Topo il creates a transient double-stranded enzyme-bound break in 

the DNA backbone. This reaction absolutely requires the presence of a divalent 

cation. 

3) Double-strand DNA passage. Upon the binding of ATP to the enzyme, topo II 

passes an intact double-stranded DNA helix through the transient break made in the 

nucleic acid backbone. 

4) Religation. Topo LI religates the cieaved DNA and rernains associated with its 

DNA product in a noncovalent fashion. 

5) ATP hydrolysis. T o p  II hydrolyzes the bound ATP molecule to ADP and 

' inorganic phosphate. 

6)  En y m e  turnover. Following ATP hydrolysis, the topo II-DNA complex tums 

over and the enzyme regains its ability to initiate a new round of catalysis. 



Figure 2. The catalytic cycle of topoisornerase II: 
The one-gate model 

ADP + 

ATP 



The two rnodels descnbed above, for the type II DNA topoisornerases, have been in 

parallel existence since 1980, owing to a lack of experimental tests. Recently, Roca and 

Wang (1994) showed clearly that when AMPPNP, the nonhydrolyzable PY-imido analogue of 

ATP, was added to a yeast DNA topo iI molecule bound to a supercoiled DNA ring singly 

linked to a nicked or relaxed DNA ring, the enzyme could transport the nicked or relaxed 

DNA ring through the supercoi led DNA with a high probabili ty . There fore, ATP-hydrol ysis 

was not required for the release of the second DNA segment fiom the enzyme following its 

passage through the DNA gate. Because the N-gate of the enzyme is believed to be 

irreversibly locked by the binding of AMPPNP (Roca and Wang, 1992; Lindsley and Wang, 

1993), the release of the unlinked nicked or relaxed DNA ring fiom the enzyme-supercoiled 

DNA complex upon binding of AMPPNP suggests that there is a second protein-protein gate 

in addition to the N-gate. 

1.6 Two isoforms of topoisornerase II have been identified 

Initial reports on the purification and characterization of topo II from human cells 

identified topo II as a 170 kD protein, now known as topo Ila. However, subsequent 

purification of topo II activity frorn both mouse and human cells revealed the presence of a 

larger 180 kD form, now known as topo IIp (Miller et al., 198 1 ; Drake et al., 1987, 1989). 

This newer isoform was initially purified in a 4'49-acridinylaminojmethanesulfon-m- 

aniside (m-AMSA) resistant P388 murine leukemia cell line providing some evidence that it 

might be of significance in cellular resistance to topo II agents (Miller et al., 198 1 ; Chung 

et al., 1989). 



The topo Da and f3 genes appear to have arisen via a relatively recent gene 

duplication event which included several flanking markers including the retinoic acid 

receptor a and p genes (Coutts et aL , 1993). At the primary sequence level, the two 

isoforms in humans share 68% overall homology (Austin et al., 1993), while other sequence 

cornpansons indicate that the C-terminai region of eukaryotic topo IJ proteiw show only 

35% amino acid identity (Jenliins et al., 1993; Watt and Hickson, 1994). 

The two isoforms appear to be differentially regulated, and the ratio of their levels 

changes in response to cellular proiiferaîion rate (Drake et al., l989), oncogenic 

transformation (Woessner et a(., 1 WO), and selection for tesistance to topo inhibitors (Drake 

el al., 1987) or alkylating agents (Tan et al., 1988). The two isoforms of topo II also require 

different KCI concentrations for their optimal activity, show different heat denaturation 

levels and display different levels of association with chromatin or the nuclear matrix (Drake 

et al., 1987, 1989). Finally, it hm been shown that the 180 kD fom is more processive 

suggesting that the enzyme dissociates more slowly from DNA than the 170 kD form 

(Osheroff, 1 986). 

1.7 Cell cvcle expression of topoisornerase na and 

The two isoforms are differentially regulated, topo IIa is quantitatively associated 

with active ce11 growth and transformation, while topo IIP is not (Woessner et al., 1990). 

When mouse fibroblast NM-3T3 cells are synchronized with serum starvation and then 

stimulated to enter the ce11 cycle by addition of fresh medium, topo IIa levels rise in late 



S-phase, peak in G2-M-phase, and decrease as cells complete rnitosis (Woessner et al., 199 1). 

Heck et al. ( 1988) also demonstrated that the transition from mitosis into the subsequent 

GI-phase is accompanied by a dramatic decrease in the stability of topo II (now thought to be 

the a isoform). The P isofonn was present at relatively constant levels throughout the ceIl 

cycle (Woessner et al., 199 1 ). 

LS Localization of topoisornerase Ha and B 

In humans, the predominant localization of the topo Ha isoform is to the 

nucleoplasm and to a lesser axtent to the nucleolus (Zini eî al., 1994). Topo iIp, on the other 

hand, appears almost exclusively localized on the dense fibrillar component of the nucleolus 

(Zini et al., 1992, 1994). In Chinese hamster fibroblasts, the prevalent localization of' both 

the a and p isoforms is in the nucleoplasm and the nucleolus (Petrov et al., 1993). 

Studies on relative mRNA expression in a variety of murine tissues show high levels 

of topo IIa in proliferating tissues such as bone marrow and spleen, whereas topo IIP is more 

widely expressed in non-proliferating tissues including utenis, ovary, adrenal glands, eye, 

bladder, and heart (Capranico et al., 1992). A sirnilar pattern of expression was confirmed 

by Holden er al. ( 1 W2), with the levels of topo Da highest in human cancers with a hi& 

percentage of cycling cells. The highest levels of topo Iip were found in the placenta, where 

there is a low percentage of cycling cells (Holden et al., 1992). 

The chromosomal location of genes encoding these isoforms also diffee. The gene 

encoding the B isoform is located on the short arm of chromosome 3 at position p24 (Jenkins 



et ai., 1993), whereas the gene encoding the u isoform is Iocated on the long arm of 

chromosome 17 at positions q2 1-22 (Juan et al., 1988: Tsai-Pflugfelder et ai., 1988). 

II TEE ROLE OF TOPOISOMERASE II IN CHEMOTHERAPY 

II.1 Topoisornerase II is a tareet for several clinicallv relevant antineo~lastic 

agents 

Topo 11 is the target of a number of antineoplastic h g s  including DNA intercalating 

agents such as anthracyclines (e.g. doxorubicin and daunomycin), acridines [e-g. amsacrine 

(m-AMSA), O-AMSA (4'-(9-acridinylamino)-methanesulfon6-aniside) ellipticines 

(e-g. ellipticine and 2-methyl-9-hydroxyl-ellipticinium acetate), anthracenediones 

(e-g. mitoxantrone and bisantrene), actinomycin D, and non-intercalating 

epipodophyllotoxins (e-g. etoposide [VP- 1 61, and teni poside [VM-261). The evidence that 

supports the role of topo II in the action of these two classes of agents is comprehensive and 

consistent in vitro and in vivo (Ross et al., 1978, 1979; Zwelling, 198 1 ; Womiak and Ross, 

1983; Glisson et al., 1984; Nelson et al., 1984; Ross et al., 1984; Rowe et al., l986a; Liu, 

1989; Wasserman and Wang, 1994). 

lL2 Different classes of antineo~lastic agents stimulate topoisomeraae II-mediated 

DNA cleavaee at different sites 

Pommier et al. ( 1983) found that intercalators from different chemicai classes 

stimulated topo II-mediated DNA cleavage at different sites, whereas intercalators from the 



same chernical class stirndated cleavage at similar sites. In the absence of drugs, topo 11 

produces a cleavage pattern of its own, referred to as background cleavage. Topo II 

preferentially binds to DNA that contains A-T rich regions of DNA, matrix association 

regions (MARS) (Adachi et al., 1991 ; Sperry et ai., l989), or G-C rich regions flanked by 

arrays of oiigo(dA) and oligo(dT) tracts characteristic of MAR sequences (Kas and Laemmli, 

1992). These natural sites of action of topo II are primarily responsible for the background 

c Ieavage pattern. Many of the drug-stimulated cleavage sites overiap with these background 

cleavage sites (Pommier et al., 1983), in particular, cleavage sites associated with the high- 

salt insoluble nuclear mahx (Grornova et al., 1995). It seems possible that each dnig 

selectively stimulates a subset of the background cleavage sites. This selectivity may reflect 

both specific dmg-DNA interactions and enzyme-DNA interactions (Liu, 1989). 

U.3 To~oisomerase IIa and B have different sensitivities to antineo~lastic agents 

Human topo II is an important anticancer dnig target, but the role of the individual 

a and p isoforms is not known. Austin et al. (1 995) discovered that topo IIp is able to 

promote DNA cleavage with both m-AMSA and O-AMSA whereas topo IIa is only able to 

prornote DNA cleavage with rn-AMSA. In contrast, topo II a is 3-fold more sensitive to 

VM-26 and 8- to IO-fold more sensitive to merbarone than topo IIB (Hochhauser and Harris, 

1 993). Therefore, despite their overall structural simi lari ties by protease studies, human 

a and p isoforms can be distinguished hy cleavage cornplex-foming compounds. 

Whether specific targeting of human topo n isoforms is of benefit in cancer 

chemotherapy remains to be detemined. A better understanding of the normal role of both 



isoforms of topo II and their regdation may help to explain these differential sensitivities to 

c hemotherapeutic agents. 

lL4 Cellular content of topoisornerase ïï influences towisomerase II sensitivitv to 

antineo~lastic agents 

To better undentand the regulation of t o p  II activity during the ce11 cycle and its 

relationship to h g  sensitivity, Chow et al. (1988), examined DNA induced cleavage and 

topo II content in mouse fibroblast BALB / C 3T3 cells. Results indicated a marked increase 

in the hg-induced cleavage activity during the G2 1 M phase correlated well with increased 

topo II content. Maximal cytotoxicity of antineoplastic agents, however, occurred during 

S phase (Chow et al., 1988). Other researchers also found a correlation between dmg- 

induced DNA breakage and enzyme content in human, mouse, hamster, proli ferating cells, 

and quiescent cells (Sullivan et a/., 1986; Chow and Ross, 1987; Estey et ai., 1987; 

Markovits et al., 1987; Sullivan et al., 1987; Zwelling et al., 1987) 

Kauhann et al. (1994) discovered that estimates of topo II content in human acute 

myelogenous leukemia cell (AML) samples did not correlate with sensitivity to topo U- 

directed agents N? vitro. But this lack of correlation appeared to result from marked 

cell-to-ce11 heterogeneity of topo [I expression within leukemic marrow, a heterogeneity that 

obscured differences in topo U levels in clonogenic leukemia cells (KaufÎnann et al., 1994). 



ILS Topoisomerase~~oisonsstabiIizethecleavablecomplex 

Despite the important role of topo il in the treatment of human cancers, virtually 

nothing was known about the molecular mechanism by which antineoplastic drugs altered 

enzyme function until 1990. It was possible to demonstrate that antineoplastic agents 

stimulated enzyme-mediated DNA breakage by shifting the cleavage / religation equilibrium 

toward cleavage, but it was impossible to state with certainty whether these dmgs acted by 

enhancing the forward cleavage reaction or by inhibiting DNA religation reaction (Osheroff, 

1989a). Fortunately, recent advances have now made such delineation possible. Dnigs 

appear to stabilize topo II-DNA cleavage complexes by two distinct mechanisrns (Corbett 

and Osheroff, 1993; Wasserman and Wang, 1994). The Srst rnechanism stabilizes the 

covalent enzyme-DNA reaction intermediates by inhibiting religation or enhancing cleavage, 

while the second mechanism inhibits the enzyme without trapping the covalent 

intermediates. 

Epi podophyllotoxins (e.g. etoposide and teni poside), acridines (amsacri ne), and 

anthracyclines (e.g. doxonibicin and daunomycin), act prirnarily by irnpairing the ability of 

topo II to religate cleaved nucleic acids (Ross, 198% Osheroff, 1989a; Robinson and 

Osheroff, IWO, 199 1 ; Sorensen et ni., 1992;). 

In marked contrast, quinolones, nitroimidazoles, pyrimidobenzimidazoles, ellipticines 

(e-g. ellipticine and 2-melhyl-9-hydroxyl-ellipticinium acetate), and genistein show Iittle 

inhibition of enzyme-mediated DNA religation and appear to work by enhancing the forward 

rate of DNA cleavage (Robinson et al., 199 1 ; Corbett and Osheroff, 1993; Froelich-Ammon 

et al., 1995). 



Finally, Ishida et a!. ( 199 1 ) discovered that bisdioxopiperazines, ICRF-159 and 

ICW-193, have different effects on mammalian cells when compared to covalent complex- 

stabilizing agents such as etoposide. ICRF-193 appears to be an inhibitor of a 

confornational change of the enzyme during its catalysis of DNA transport. This 

conformational change is mechanisticaily distinct fiom drugs that stabilized enzyme-DNA 

covalent intermediates, often referred to as topoisornerase "poisons" (Roca er al. 1994). 

U.6 Cellular conseauences of the drue-to~oisornerase II interaction 

The potency of dmgs, within a class, to induce cleavable complexes correlates well 

with their cytotoxic effects (Davies et al., 1988; Holm el ul., 1989; D'Arp et al., 1990; Shin 

and Snapka, 1990). Two mechanisms seern possible to explain these results. First, the 

stabilization of the enzyme in the cleavable complex may render the enzyme catalytically 

inactive during a time when it is required. For example, topo II appears to be absolutely 

required for separating intextwined daughter molecules prior to mitosis in yeast (D7Arpa and 

Liu, 1989). Second, the cleavable complexes and their cellular response cause the majority 

of ceIl killing (D7Arpa and Liu, 1989). Most lines of evidence support the idea that dmg 

cytotoxicity is related to the specific ability of the dnig to stabilize the cleavable complex, 

rather than the inhibition of the catalytic activity of topo II (Zwelling, 198 1 ; Nelson et al., 

1984; Tewey el al., 1984; Rowe et al., 1985; Bodley et al., 1989), and that the cellular 

response to the stabilized cleavable complex ultimately leads to cytotoxicity (Long et uL, 

1985; Li, 1987; Schneider et al., 1989). 



The potential lethaiity of hg-induced cleavage complexes occurs when replication 

rnachinery or helicases atternpt to traverse the covalently bound bbtopoisomerase roadblock" 

in the DNA (Hsiang et al., 1989; Howard et ai., 1994). When present at hi@ concentrations, 

a portion of these transient enzyme-associated DNA breaks are converted to permanent 

untethered breaks during replication and transcription (Zhang et ai., 1990; D' Arpa et ai., 

1990; Chen and Liu, 1994: Howard et al., 1994; Liu, 1994). Once these untethered breaks 

are produced in the DNA, they become targets for recombination and repair pathways. This 

in tum stimulates sister chromatid exchange, the generation of large insertions and deletions, 

and the production of chromosomal aberrations and translocations (Corbett and Osheroff, 

1 993; Anderson and Berger, 1994; Chen and Liu, 1994; Ferguson and Baguley, 1 994). When 

these permanent DNA breaks are present at suficient concentration, they trigger a series of 

events that uitimately culminates in ceIl cycle arrest and / or apoptosis, leading to ce11 death 

(Duval1 and Wyllie, 1985; Wyllie, 1987; Arends and Wyllie, 199 1; Kaufmann. 199 1 ; 

Pommier, 1993; Beck et al., 1994; Chen and Liu, 1994: Liu, 1994; Pommier et al., 1994; 

Gupta et ai., 1995). 

III THE ROLE OF TOPOISOMERASE II IN DRUG RESISTANCE 

IILl Drug resistance is multifactorial 

The simultaneous resistance to severai classes of natural product cirugs in vivo afier 

exposure to a chemically dissirnilar agent is termed multidnig resistance (MDR). Cells 

drsplaying this phenotype usually have a decreased intemal steady state dmg level, decreased 



retention of drug (Beck, 1983), and specific changes in plasma membrane glycoproteins 

(Juliano and Ling, 1 976). Several mechanisms may mediate MDR, primanly, altered 

expression of the MDR gene, the MRP gene, glutathione transferases, and topoisornerases. 

MDR was originally closely associated with the over expression of P-glycoprotein 

(PGP), a 170 kD protein with six hydrophobic domains and a tandemly duplicated ATP 

binding domain (Endicott and Ling, 1989). PGP acts as an energydependent efflux plasma 

membrane pump, functioning to lower intracellular dmg concentrations in resistant tumor 

cells (Kaye, 1990). Kaye ( 1990) and Beck ( 1 983) discovered that the overexpression of PGP 

is responsible for cellular resistance to natural products such as anthracyclines, 

epipodophyllotoxins and Mnca-alkaloids. 

In 1992, Cole et al. identified a new member of the ATP-binding cassette super 

family of transporter genes, designated multidrug resistance-associated protein ( M W ) ,  that is 

highly overexpressed in a small ce1 1 lung cancer ce11 line, H69A.R (Cole et al., 1992; Evans 

et al., 1 994). This H69AR ce1 1 line displays resistance to VP- 1 6 and doxorubicin that can 

not be explained by the level of expression of either topoisomerase or PGP, thereby invoking 

another resistance mechanism (Evans et al., 1994). Thus the overexpression of the novel 

transporter gene MRP was strongly implicated. 

The involvement of glutathione and glutathione transferases (GSTs) in the multidrug 

resistance has been difficult to clarify. Glutathione transferases are enzymes involved in 

detoxification and are widely distributed (Pickett and Lu, 1989). Increases in the level of 

GST isozyrnes, particularly the Pi family, have been well correlated with the onset of dmg 

resistance in several different ce11 lines (Cowan, 1989; Morrow and Cowan, 1990). 



However, other studies have shown litîle, or no, correlation between GST levels and drug 

resistance (Bellamy et al., 1989; Moscow et ai., 1989; Nakagawa et al., 1990; Schisselbauer 

et al., 1990). 

ILl.2 Topoisornerase II is implicated in rnuttidrug resistance 

Topo II was first implicated in multidmg resistance because the only lesion identified 

in many human leukemic multidmg resistant ceIl lines was an altered topo iI enzyme (Danks 

et al., 1988). Danks el ai. ( 1988) temed this phenotype gltered  opo ois ornera se II multidrug 

resistance, or atypical MDR (at-MDR). Hochhauser and Harris ( 1 993) found that even 

though the phenornenon of at-MDR is associated with resistance to al1 types of topo II drugs, 

the degree of resistance varies between di Eerent classes. 

Cellular resistance to antineoplastic apents is ~artialtv attributed to 

guantitative and / or aualitative alterations of the tomisornerase II enzvme 

Atypical multidrug resistance appears to be caused by either a reduction in the level 

of expression of topo II or a qualitative alteration in the enzyme that confers drug resistance. 

Deffie et al. ( 1  989b) provided evidence that in two Adriarnycin resistant murine Ieukemic 

cell lines, P3 88/ADR/3 and P3 88/ADR/7 (Goldenberg et al., 1 986), a mutation in one of the 

alleles for topo II may be a major factor in the reduced levels of the native topo II mRNA and 

gene product. Other factors such as differences in transcription and stability of the native 

topo II transcript, may be involved in regulating the level of topo II in ADR-resistant P388 

leukemia cells (Deffie et al., 1989a). Other lines of evidence also suggea that topo II 



resistance is attributed to a reduced level of enzyme (Glisson et uf., 1986; Per et al., 1989; 

Potmesil et ai., 1988; Deffie et a/. , l989a; Zwelling et al., 1989). 

In 1989, Sullivan et al. described the first instance in which cellular resistance to 

topo II active h g s  could be ascribed to a qualitative alteration in the enzyme. ûther reports 

have identified a nurnber of mutations in the gene encoding topo Ii that confer resistance to 

antineoplastic dmgs, and a study of these mutations has now defined two regions in topo II 

that appear to be important for dmg-enzyme interactions. The fim region is located in the 

gyrB dornain near the consensus ATP binding sequence (Danks et al., 1989; Bugg et cil., 

199 1 ; Hinds et al., 199 1 ; Lee et al., 1992; Chan et a!. , 1993; Wasserman and Wang, 1994; 

Hsiung et al., 1 996), whereas the second region is located in the gyr A homology domain and 

s p s  approxirnately 200 amino acids flanking the active site tyrosine residue (Danks et of., 

1 993; Jannatipour et d, 1993; Patel and Fisher, 1993; Liu et al., 1994; Hsiung et uf., 1 996). 

These findings make it difficult to draw conclusions conceming the potential 

microenvironment of drug binding with these regions or even to conclude whether dmgs 

share a common site on the enryme. Findings by Elsea et al. (1 995) suggest that, in yeast, 

the interaction domains for most DNA cleavage-enhancing agents overlap one another, but 

the specific points of contact on the enzyme probably differ between dmg classes. 

CIL4 The role of tomisomerase IIa and B as mediators of cvtocidat activitv 

The identification of two topo II isozymes has raised questions about the nature of the 

functions previously aitributeci to the a isoform. Differences in expression of the two 

isoforms may be relevant to cimg resistance clinically. Most studies report decreased levels 



of topo na in dnig resistant ce11 lines, suggesting that the a isoform mediates cytocidal 

activity (Bugg et uf., 199 1 ; Hinds et al., 199 1 ; Lee et al., 1 992; Chan et al., 1 993: Danks 

et al., 1993; PateI and Fisher, 1993; Adachi et al., 1994; Feldhoff et al., 1994; Kaufniann 

et al., 1 994; Liu et al., 1 994; Wasseman and Wang, 1 994; Hsi m g  et al., 1 996). Several 

studies now indicate that a down regulation of the P isofom may be equally, if not, more 

significant at mediating cytocidal activity, in some cell lines, than a down regulation of the 

a isofom (Hill, 1993; Evans et al., 1994; Hosking et ai., 1994; Harker et al., 1995; Davies et 

ul., 1996). 

In contrasf Brown et al. ( 1995) discovered that expression of topo IIa varies 

inversely with the level of expression of topo UB in six human acute lymphoblastic leukemia 

(ALL) ce11 Iines, and that resistance to Adriamycin in the six ALL ce11 lines correlates 

directly with the level of expression of topo na and inversely with the level of expression of 

topo np. 

TV REGUCATION OF GENE EXPRESSION 

IV.1 Gene regulation in eukarvotes 

The behavior of cells depends on the time at which genetic information is expressed, 

the precise portion of information that is expressed, and the extent to which this expression 

occurs. This ability of the ce11 to selectively control or regulate the various processes under 

its cornmand is termed gene regulation. One of the most interesting aspects of gene control 

in multicellular organisms is that the patterns of expression of each individual cell serve the 



need of the whole organism and not the sumival of the individual ce11 (Darnell et ul., 1990). 

This control of a gene's expression can be categorized into four areas: transcriptional 

regulation, postîranscriptional regdation, translational regulation, and posttranslational 

regulation. 

Regdation of transcriptional initiation is the most prevalent form of gene control in 

eukaryotes. Such control results in the increased or decreased synthesis of primary RNA 

transcripts, leading to a change in the level of specific r n W s  and their translation products 

Parnell et al., 1990). In eukaryotes, transcriptional initiation is regulated by proximal and 

distal regulatory sites, termed promoter and enhancer elements respectively, and by a TATA 

box, which is involved in the positioning of polymerase II (Darnell et al., 1990). In genes 

containing a TATA box, protein factors help the RNA polymerase II to recognize the TATA 

box and assist in the initiation of transcription. The initiation of transcription is as follows 

(Damell el al., 1990). The TATA binding factor TFnD binds directly to the TATA box 

region; once this occurs, the transcription binding factor TFllB binds to RNA polymerase II 

and directs the polymerase to the TFllD bound to the DNA. Once the polymerase-TFIIB 

complex binds to the DNA-TFIID complex, the resultant complex acts like ATPase and the 

energy released by ATP hydrolysis alters the conformation of certain proteins allowing 

transcription to begin. Al1 that is required is the presence of the transcription binding factor 

TFnE to prevent premature termination of the polymerase II and ribonucleoside triphosphates 

to create îhe RNA. 

Many genes do not contain a TATA box but contain an equivalent sequence 

necessary to start transcription, yet the rate of transcription of these genes tends to be low 



compared with genes containing a TATA box (Strickberger, 1985). In genes lacking a 

TATA box, TFI@ still plays a pivotal role as the primary factor directing the binding of the 

polymerase to the DNA (Darnell et al., 1990). 

Even when the TATA box, the TATA factor, and other transcription factors are 

present, initiation of transcription of eukaryotic genes by RNA polyrnerase II is not a 

frequent event. This process is improved by activators or enhancer sequences which may be 

located as far as one thousand bases or more From the genes they reguiate (Strickberger, 

1985). Gene-activating sites located over three-hundred bp frorn the start-site of 

transcription are called enhancer sites, whereas gene-activating sites located closer to the 

start-site of transcription are called promoter sites, yet there is little difference between the 

type of proteins that c m  bind to the enhancer sites versus the type of proteins that can bind to 

the promoter sites (Strickberger, 1985). The issue of distance may not even be an issue if 

one considers the possibility of DNA looping, and its potential to bnng a distantly bound 

protein into proximity with the transcription start-site (Damell et al., 1982). 

In eukatyotic ceils most mRNA transcripts contain noncoding sequences, introns, that 

intempt coding sequences called exons. The processing of these mRNA transcripts requires 

the removal of al1 introns, the addition of a rnethylated guanosine cap to the 5'-end, and the 

addition of a poly (A) tail to the 3'-end (Darnell el al., 1990). The cap and tail provide 

protection fiom the cytoplasmic environment allowing the mRNA to remain stable for 

translation. These posttranscriptional modifications are important aspects of gene 

regdation since they enable control over the nurnber, kinds, and stability of mRNA 

molecules that enter the cytoplasm for translation (Damell et al., 1990). 



The appearance of mature mRNA does not necessarily mean that it will be translated 

into a protein. At the translational level various controls are possible including those that 

affect initiation, elongation, and termination factors; the ability of ribosomes to attach to the 

mRNA molecules; the half Iife of -A; and the kinds and amounts of tRNA molecules 

carrying the necessary anticodons to allow for translation (Darne11 et al., 1990). 

Ribosomal translation of mRNA is not necessarily the last step that controls the 

appearance of functional protein. Both function and longevity may be afFected by proteolytic 

enzymes that cleave polypeptide chains at specific places, as well as various kinases, 

methylases, and other enzymes that rnodify specific amino acids on specific polypeptides to 

affect activity (Damell et al., 1982). 

iV.2 Transcriptional r-ulation of the topoisornerase Ha promoter 

In 1992, Hochhauser et al. cloned and characterized the 5 '-flanking region of the 

human topo IIa gene. Maximal promoter activity was observed 6 17 bp upstream of the start- 

site of transcription. Within this promoter sequence, a number of DNA elements that closely 

match the consensus sequences for transcription factor binding sites were identifie& 

including two GC boxes (potential Spl factor binding sites), five inverted CCAAT boxes 

(ICBs), and a potential activating transcription factor (ATF) recognition sequence 

(Hochhauser et al., 1992). 

To assess the relevance of these putative cis-acting elements, lsaacs et al. ( 1996) 

designed a series of stably integrated promoter deletion constructs lacking one or more of the 

promoter's elements. The data suggest that al1 of the essential elements for transcriptional 



repression are located in the region between (- l44) and (- 10 1 ) which contains only one 

transcription factor binding site, ICB2. Isaacs et al. (1  996) destroyed the ICB2 site by 

site-directed mutagenesis and demonstrated that the mutation cornpletely elirninated the 

down-regdation of expression. Ln con- Isaacs et al. ( 1996) discovered that ICB 1 is 

neither necessq nor sufficient for growth regulation, yet ICB2 and ICB 1 are distinguishable 

only by differences in spacing from other promoter elements and differences within specific 

sequences flanking each ICB. Furthemore, Isaacs et al. ( 1996) identified the NF-Y 

transcription factor as the protein that binds to ICB2, and subsequently inhibits ICB2's down- 

regulation This NF-Y factor has been implicated in controlling the activity of nurnerous 

other promoten, including those required for the transcription of the major 

histocompatibility complex class II gene (Dom et uf, 1,987) and the thymidine kinase gene 

(Chang and Liu, 1994). 

The human topo na gene is transcriptionally regulated by the p53 protein. The p53 

protein is one of the most important replators of ceIl cycle progression in mammals, with an 

apparent dual role in the induction of ceil cycle arrest following cytotoxic insults and in the 

regulation of the apoptotic ceIl death pathway. Ines cf al. (1  996) demonstrated that wild-type 

p53 is able to substantially decrease the activity of the full  length topo na gene promoter. 

Using a series of deletion constructs, Ines et a!. (1996) showed that this p53specific 

regulation is independent of al1 characterïzed transcription factor binding sites and is directed 

at the basal transcription machinery. The precise dom-strearn consequences of this 

regulation have not yet k e n  identified. 



Topo na has dso been shown to be transcriptionally regulated by retinoic acid (Tsao 

et ai., 1994)- the phorbol ester phorbol- 12-rnyristate- l -acetate (Zwelling et al., 1990; Fraser 

et cil., 1995)- and by methylation (Tan et uf., 1987). Since the topo IIP promoter ha .  not been 

isolated, it is not known whether any of the transcription factors associated with regulating 

the a isoform are involved in regulating the P isofomis. 

Ng et al. (1995) analyzed the role of lCBs in the regdation of basal expression of the 

Chinese hamster topo IIa gene. The 400 bp promoter has a moderately high GC content, no 

canonical TATA box sequences, five potential inverted CCAAT boxes, a potential GC box, 

and transcriptional start-sites that are scattered in several discrete positions (Ng  et cil., 1995). 

These are the characteristics of promoters of genes that have housekeeping and growth- 

related functions. The data fiom Ng et al. (1995) indicate that a 290 bp region of the 

5'-flanking region contains the maximal promoter activity. Within this region, three ICBs 

were identified (equivalent to ICB 1,2, and 3 of the human gene) and were shown to 

contribute to basal promoter activity, although ICBI and 3 were relatively more important 

for this effect than ICB2 (big et al., 1995). 

IV23 mRNA stabilitv of the topoisornerase Ua eene 

Topo IIa expression is coupled to the cell cycle position with topo Ha levels rising in 

late S-phase, peaking in G2-M-phase, and decreasing as cells complete mitosis (Woessner et 

of., 199 1 ). In 1996, Prabhat et al. demonstrated that this association between ce11 cycle 

position and topo IIa expression levels is mainly due to changes in topo Ha rnRNA stability. 

Prabhat et al. (1996) found when cells are in GrM-phase and mRNA levels are maximal, 



a half-life greater than four hours is observed. However, during G ,-phase, when cellular 

topo IIa levels are lowest, the half-Iife of topo LIU mRNA is approximately thirty minutes 

(Prabhat et al., 1996). A sirnilar decrease in mRNA stability was a h  induced by two 

extemal factors, heat shock and ionizing radiation, both of which are known to delay ce11 

cycle progression (Prab hat et al., 1 996 ). 

N.4 Posttranslational modification of DNA tomisomerase II 

Factors involved in posttranslational regulation of topo Il activity include poly (ADP) 

ribosylation (Darby et al., 1 SUS), and phosphorylation by casein kinase II (Ackerman et (II., 

1 985; Cardenas and Gasser, 1 993), protein kinase C ,  calmodulindependent protein kinase II 

(Sahyoun et al., 1986; Kroll and Rowe, 199 l), and protein tyrosine kinases (Ching et al., 

1984). Darby et ai. ( 1985) provided evidence that the unknotting, relaxing and catenating 

activities of calf thymus type II topoisornerase are inhibited by poly (ADP) nbosylation. This 

tinding suggests that poly (ADP) ribosylation could be a means by which eukaryotic cells 

achieve concerted regulation of topo II activity. 

Heck et d ( 1989) demonstrated that DNA topo II is phosphorylated in vzvo in 

vertebrate tissue culture cells, and the level of phosphorylation increases gradually during the 

G, and S phases, and reaches a maximum in the G2 phase. This elevated level of 

phosphorylation appears to be maintained until the cells enter mitosis. Casein kinase iT 

appears to be the major kinase responsible for topo II phosphorylation in vivo (Ackerman et 

uf., 1985; Cardenas and Gasser, 1993). Ackerman et al. (1985) dernonstrated that 

interactions between topo II and its nucleic acid substrates could be modulated by 



posttmnslational modification of the enzyme by casein kinase iI. Evidence suggests that the 

effects of casein kinase II mediated phosphorylation results from the modification of a small 

number of specific amino acid residues on topo II (Ackerman et al., 1985). 

Sahyoun et al. ( 1986) discovered that DNA topo iI_ from Drosophzia, is effectively 

phosphorylated by protein kinase C and calmodulin-dependent protein kinase II. but not 

cyclic Amdependent protein kinase. Phosphorylation of topo 11 by protein kinase C results 

in appreciable activation of topo II, suggesting that topo LI may represent a possible target for 

the replation of nuclear events by protein kinase C (Sahyoun et (11.. 1986). Whether topo II 

is a direct target for protein kinase C remains to be detemined. Ching et al. ( 1984) 

demonstrated that protein tyrosine kinases modulate the activity of topoisomerases by 

phosphorylating the tyrosine residue involved in DNA binding. 

V RATIONALE AND OBJECTIVES 

Both isoforms of the topo II gene are clearly important in several fundamental aspects 

of nucleic acid metabolism including DNA replication, mitosis, and transcription. In 

addition, each isoform plays a significant, but different, role in determining the response of 

cells to the cytotoxic effects of several clinically important classes of antineoplastic agents. 

Since the human topo IIa 5'-Banking region has already been isolated and partially 

characterized, the objective of this thesis is to isolate the human 5'-flanking region of the 



topo iIp gene. The isolation of the 5'-flanking region will allow investigators to identiQ 

genetic elernents involved in normal regdation of this important gene, and help to identify 

possible mechanisms that cimg-resistant cells use to alter topo IIP expression levels. 



MATERIALS AND METHODS 

1 mRNA ISOLATION (Invitrogen, San Diego, CA) 

To release the mRNA and digest unwanted proteins and ribonucleases, 5 x 106 HeLa 

cells were pelleted, then lysed in a detergent based buffer [200 mM NaCl, 200 mM TrisCl 

pH 7.5, 1.5 mM M@, 2% sodium dodecyl sulfate (SDS)] containing an mase inhibitor 

and proteases at 45 OC for 20 minutes. The cellular matrix was then added directly to an 

Oligo (dT) Cellulose tablet, and nutated for 20 minutes to maximize absorption of RNA 

containing A n s .  The Oligo (dT) Cellulose was pelleted at x 4,000 g, resuspended in a high 

salt Binding Buffer (500 mM NaCl, 10 mM Tris-Cl pH 7.9, and transferred to a spun 

colurnn. The DNA, proteins, and ce11 debris were removed with a high salt Binding Buffer, 

and centrifuged at 5,000 x g. Non-polyadenylated RNAs were washed offwith a Low Salt 

Wash Buffet (250 m M  NaCl, 10 mM Tris-CI pH 7.9, and centrifuged as before. The POI~A'  

RNA was eluted with a salt free Elution Buffer ( 1  O mM Tris-Cl pH 7 3 ,  centrifuged at 5,000 

x g, and precipitated with 20 pg of glycogen, 250 rnM Sodium Acetate, and 100% ethanol 

(EtoH). The P O ~ ~ A ~  RNA was stored at -70 OC and, when needed, centrifuged at 16,000 x g 

and resuspended in Elution BufTer. 



II RAPID AMPLIFICATION OF cDNA ENDS (RACE) (Clontech, Pa10 Alto, CA) 

U.1 Adastor-kated cDNA libran, svnthesis from HeLa and Placental P O ~ ~ A +  RNA 

To create single-stranded P O I ~ A +  RNA ?O allow a cDNA primer to anneal, 1 pg of 

each ~ 0 1 ~ ~ '  RNA sarnple (placental POI~A+ RNA supplied with kit as a positive control) 

was combined with 10 ph4 of a 52 bp Marathon cDNA çynthesis primer 

(5'-TTCTAGAATTCAGCGGCCGC(T)& - N T ,  where N.I = G, A, or C; and N = G, 4 C, 

or T), denatured, and placed on ice. Fint-strand cDNA synthesis, From P O ~ ~ A '  RNA, was 

accomplished by combining first-strand buffer (50 mM Tris pH 8.3 ,6  mM MgCl?, 75 rnM 

KCI), dNTP mix (dATP, dCTP, (IGTP, dTTP, each at 1 mM), 100 uni& of Moloney murine 

leukemia virus reverse transcriptase, and incubating at 42 "C for 1 hour. nie first-strand 

cDNA reaction was placed on ice to teminate the reaction. Second-strand cDNA synthesis 

was accomplished by combining second-strand buffer [100 mM KCl, 10 rnM (NH4)7S04, - 

5 m M  MgCl?, 0.15 rnM PNAD, 20 m M  Tris pH 7.5,4 pg bovine serum alburnin (BSA)], 

dM"P mix (dATP, dCTP, dGTP, dTTP, each at 0.2 mM), second-strand enzyme cocktail 

(24 units E cofi DNA polymerase 1,4.8 uni& E. colt DNA ligase, 1 unit E cofi RNase H), 

and incubating a? 16 "C for 1.5 hours. To allow the adaptor to ligate to the double-stranded 

cDNA (ds cDNA), the ds cDNA was bluntended with 10 units of T4 DNA polymerase, at 

16 "C for 45 minutes. The blunt-ending reaction was texminated by the addition of 9.3 mM 

ethylenediaminetetraacetic acid (EDTA) and 8 pg of Glycogen. Each reaction was 

sequentially extracted with 1 volume of phenol:chloroform:isoarnyl alcohol(25:24: 1 ), 



1 volume of chloroform:isoamyl alcohol (24: l), then precipitated with 0.5 volumes of 4 M 

ammonium acetate, and 2.5 volumes of 95% EtoH. The ds cDNA was pelleted at 16,000 x g, 

washed with 80% EtoY dissolved in dd-H20, and stored at -20 "C until needed. 

To ampli@ unknown 5'- or 3'-ends of ds cDNA, an adaptor of known sequence must 

be ligated to the ends of the ds cDNA. To ligate the adaptor to the ds c D N q  0.5 pg of each 

HeLa and placental reaction were combined with 10 pM of Marathon cDNA Adaptor 

(containing restriction sites Nol 1, Srfl, and Xma 1), ligation bufTer (50 m M  Tris-HCI pH 7.8, 

10 rnM MgCI2, 1 m M  DIT, 1 m M  ATP, 25% (w / v) Polyethylene glycol), 1 unit of T4 DNA 

1 igase, incubated at 1 6 "C ovemight, and heat inactivated at 70 O C .  This step essential l y 

creates adaptor-ligated ds cDNA libraries, for HeLa and Placenta, ready for 5'- or 3'- 

amplification. The ds DNA libraries were then diluted with Tricine-EDTA buffer ( 10 rnM 

Tricine-KOH pH 8.5,O. 1 mM EDTA) to a suitable concentration for RACE, 0.2 pg / rnL, and 

stored at -30 OC until needed, 

IL2 Raoid amplification of 5'cDNA ends (S'-RACE) 

To identifj the transcriptional start-site and untranslated region of topo IIP, the 

S'end of topo IIp was amplified fiom both HeLa and Placental ds cDNA libraries, by 

Polyrnerase Chain Reactions (PCR). Each PCR reaction contained 2 pg of appropriate 

cDNA template (HeLa or Placental), PCR buffer (67 rnM Tris-HC1 pH 8.8,6.7 rnM MgC12, 

1 -7 pg BSA, 16.6 mM (NHq)7S04), - 10% dimethylsulfoxide, dNTP mix (dATP, dCTP, 



dGTP, dTTP, each at 0.4 mM), and 50 pmol of each primer. Four amplification reactions 

were performed on each ds cDNA library and consisted of combinations of different primers; 

a sense oriented 27 bp Adaptor Primer 1 (AP 1 ); a nested 23 bp sense onented 

oligonucleotide. Adaptor Primer 2 (Am): a 25 bp antisense oligonucleotide, Gene Specific 

Primer 1 (GSPI); and a 38 bp antisense oligonucleotide, Gene Specific Primer 2 (GSP?), 

with additional sequence added on the S'-end to provide the restriction sites in20 1, Sol 1, and 

C h  1 to simpliS, cloning (Gibco BiU, Grand Island, NY) (Figure 3). The primer 

combinations for each HeLa and Placental cDNA template were AP 1 -GSP 1 , AP 1 -GSP2, 

AP2-GSP 1, and AP2-GSP2. The PCR cycling conditions were as follows: the samples were 

placed inside a DNA Thermal Cycler (Perkin-Elmer-Cetus, Emeryville, CA, USA), heated at 

95 OC for 5 minutes, then cooled to 72 OC and 5 units of TuqPlus (Stratagene, La Jolla, CA) 

were added. The sarnples were cycled 35x at 95 OC for 40 seconds, 55 OC for 1 minute, and 

at 72 OC for 3 minutes. When the PCR cycling was complete, 10% of each reaction was 

analyzed on a 1% agarose / ethidium brornide (EtBr) gel to determine the eficiency of each 

amplification and the size of the topo IIP untranslated region. 

lII AMPLIFICATION OF KNOWN cDNA OR GENOMIC DNA (Ausubel, 1993) 

The conditions for amplifjnng hown cDNA or genomic DNA were identical to those 

of section IU, (S'-RACE), except that different templates and primes were used. To create 

a probe (Probe 1) from the 5'-region of topo IIP corresponding to the topo IIP cDNA 

positions (-4 to +234), a 17 bp oligonucleotide (HTZB-Al ), and a 17 bp antisense 



oligonucleotide (HT2BB3) were constmcted [General Synthesis and Diagnostics (GSD), 

Toronto, Ont.] (Figure 3). To create a probe (Probe 5) from the 5'-region of topo IIP 

corresponding to the genomic topo IIP positions (-2 19 to +22), a 22 bp sense oligonucleotide 

(05 1 2 1 / 96-A) (S'CCTCGAGTT"ïGAGGGCAGCCGG-3') corresponding to the genomic 

topo IIp positions(-209 to -1 88), and a 22 bp antisense oligonucleotide (05 / 2 1 1 96-B) 

(Figure 3) were constmcted (Gibco BRL). When the PCR cycling was complete, 10% of 

each reaction was analyzed on a 1% agarose 1 EtBr gel to determine the fidelity and yield of 

each amplification by companng the size of the PCR product with that expected. 

TV RADIOLABELLING DNA PROBES (Sambrook el al., 1989) 

IV.1 Radiola bellin2 DNA bv raodom-priming 

DNA fragments larger than 100 bp were radiolabelled using the random-prime 

labelling technique. To create single-stranded DNA necessary for radioiabelling, DNA 

fragments were denatured and placed on ice. Radiolabelling the DNA was accomplished by 

combining 3 pg of random hexanucleotides, cDVW rnix (dCTP, dTTP, and dGTP at 2 mM 

each), 10 pCi of 3000 Ci 1 mm01 [ a - 3 2 ~ ] d ~ ~ ~  (EN Biomedicals, Irvine, CA, USA), 5 units 

of Klenow fragment, incubating at 37 O C  for 1 hour, and heat inactivating at 65 O C .  The 

completed reaction was placed in a 1 C.C. spun column (Sambrook el al., 1989) to remove 

non-incorporated nucleotides, centrifbged at 1,400 x g, boiled, and placed on ice until 

needed. 



Figure 3. Location of oligonucleotides used in 
Polymerase Chain reactions. 

AP-2 (Sense) 
b 

AP- l (Sense) 
b 

{ctaataqac tcactatagg gctcgagcgg ccgcccgggc aggt i 
z----------+----------+----------+----------+---- 

i 
! 

cccg tcca 

HTîB-A 1 (Sense) 
b 

Untranslated Region of Unknown Length 

gcggtaccgg ttcagcccac cgacgccgcg ccctcggccg cacccgccgc 
4 

05 / 21 1 96-8 (Ami-sense) 

-5 

gcaacggggc actgacctgg gtgaacaatg ctgcaaaaaa agaagagtca 
----------+----------+----------+----------+---------- 

cgttgccccg tgactggacc cacttgttac gacgtttttt tcttctcagt 

D 

gaaactgcca acaaaaatga ttcttcaaag aagttgtctg ttgagagagt 
----------+----------+----------+----------+---------- +146 
ctttgacggt tgtttttact aagaagtttc ttcaacagac aactctctca 

catagtcttc ttctgtgttg aa tgtgta agaagaagca gga 

GSP-2 (Anti-sense) ctacagctgagctcag 

atattgggtc agtggagcca ttgacgcagt tcatgtgggt gtatgatgaa 
----------+----------f--------------+----------+---------- + 2 4 6  
tataacccag tcacctcggt a tgcgtca agtacaccca catactactt 

GSP- 1 ( Anti-sense) HT2B-B3 (Anti-sense) 

- Marathon cDNA Adaptor p Transcription initiation start-site 

Translation initiation start-site 

Note: Nucleotide numbeting system was derived frorn Jenkins et al. ( 1  993) 
with +1 representing the start-site of translation for topo IIp 



IV.2 Radiolabelline DNA bv 5'-endlabelline an ~Iieonucleotide probe 

DNA fragments smaller than 100 bp were radiolabelled by the 5'-endlabelling 

technique. 5'-endlabelling of an oligonucleotide probe was accomplished by combining 

30 pmol of oligonucIeotide (DNA to be labelled), T4 Polynucleotide kinase buffer (50 rnM 

Tris-HCI pH 7.6, 10 mM MgCl?, 5 mM DTT, 0.1 mM spermidine, 1 rnM EDTA pH 8.0), 

12.5 pCi of 5000 Ci / mm01 [y-3 '~]~TP (ICN Biomedicals), 20 units of T4 Polynucleotide 

kinase, and incubating at 37 O C  for 45 minutes. The S7endlabelling reachon was terminated 

with 19 mM EDTA and extracted with 1 volume of phenol:chloroform:isoarnyl (EX: 1 ), 

precipitated with 2 volumes of 100% EtoH at -20 OC containing 300 mM NaAc, incubated at 

-70 "C for 2 hours, and centrifuged at 16,000 x g. The precipitated oligonucleotide was 

resuspended in TE8 (10 mM Tris-HCI pH 8.0, 1 m M  EDTA), placed in a 1 C.C. spun colurnn 

(Sambrook et al., 1989), centrifuged at 1,400 x g, and stored at 4 "C until needed. 

V GENOMIC DNA LIBRARY SCREENING (Sambrook et. ai., 1989) 

V.1 Librarv titration, ~lating, and ~Iaaue liffs 

To isolate pure populations of phage, serial dilutions were made fiom a human 

placental genomic library (cloning vector: Embl3 Sp6 / T7, cloning site: BamH 1, stock titer 

> 1 O* p h  / rnL, E. coli host strains LE392 or K802) (Clontech) in SM bufier (100 rnM NaCI, - 

10 mM MgSQ, 0.1% gelatin, 50 mM Tris-HCl pH 7.5) to achieve a suitable concentration of 

plaque forming units ( p h )  for screening. The host strain LE392 was grown in Luria-Bertani 



Broth (LB) ( 1 % Tryptone, 0.5% Yeast Emct ,  17 1 mM NaCI), 100 mM MgSOj, and 2% 

maltose, at 37 O C  to an 0.D.600 = 2.0. Each serial dilution was added to the host strain, 

LE392, and incubated at 37 OC for 15 minutes, allowing the phage to infect the cells. Top 

agarose (1% Tsrptone, 0.7% agarose, 138 rnM NaCI) was added to each suspension and the 

mixture was poured onto LB agar plates (1% Tryptone, 0.5% Yeast Extmct, 171 rnM NaCI, 

1.5% agar), and incubated at 37 "C ovemight. The number of pfus per plate was determined, 

the concenûation of the phage stock was calculated, and the stock library was diluted in SM 

buffer so that each plate would contain approximately 50,000 pfus. The Poisson distribution 

equation was used to identie how many p h  must be screened to obtain a 99% probability 

of finding a sequence of interest in a particular Iibrary. Enough pfus were plated out to 

obtain a 99% probability of finding the sequence of interest, and the library plating was 

carried out as before. 

To transfer the phage DNA to membranes, to allow hybridization, plaques were lified 

from LE3 agar plates using Nylon filten (Hybond-N, Amersham, Arlington Heights, IL, USA). 

Duplicate filters were used for each plate and each duplicate set was marked for orientation 

purposes. The filters were placed in denaturing solution ( 1.5 M NaCI, 0.5N NaOH) to create 

single-stranded DNA suitable for hybridization analysis, then neutralizing solution ( 1.5 M 

NaCl, 500 rnM Tris pH 7.2, 1 mM EDTA) to reduce the pH to a level that the DNA can bind 

to the filter. Finally, the filten are placed in 2x SSC (300 rnM NaCI, 30 mM Sodium Citrate 

pH 7.0) to remove any agar debris, and the phage DNA was perrnanently fixed to the filters 

by using an automated ultraviolet irradiation cross-linker (Stratagene) 



V.2 Hvbridization of Genomic librarv with radiolabelled DNA 

Before the nylon filters, containing immobilized recombinant phage DNA, could be 

probeci, the filters were first treated with a pre-hybndization solution (5x SSPE, 

5x Denhardt's solution, 0.5% SDS, 2.25 pg denatured çalmon sperm DNA) to provide an 

optimal environment for the radiolabelled probe to specifically bind to its target sequence, 

and to prevent non-specific hybridization. The fiiters were then incubated at 65 "C 

(for randomly-primed probes) or 55 O C  (for S'end labelled probes) for 1 hou, and 

radiolabelled DNA probe was added to give a final hybridizing solution containing at least 

2 x 106 cpm of probe per mL. 

VJ Filter washine, autoradioera~hv, and isolation of positive olaques 

To remove non-specifically bomd probe, ail filters were first washed with 2x SSC / 

0.1% SDS, then the stringency of the wash was increased. Filters probed with randomly- 

primed DNA were washed 2x with O. l x  SSC / 0.1% SDS at 65 O C  for 10 minutes, while 

filters probed with S'end labelled DNA were washed 2x with 2x SSC / 0.1% SDS, at 55 OC 

for 10 minutes. All filtea were exposed to autoradiography film (Eastman Kodak, 

Rochchester, New York) ovemight, and plaques that bound to the DNA probe were 

identified on the X-ray film autoradiographs. Once the autoradiographs were oriented with 

the filters, the areas of the plate corresponding to positive signals were removed and 

suspended in SM bufEer. Since the area removed may contain unwanted plaques in very 



close proxirnity to the plaque of interest, secondary and tertiary screens need to be performed 

to isolate the plaque of interest. 

Dilutions of the phage isolated in the primary screen ranging fiom 1 O-' to 1 o6 were 

made in SM buffer, and plated out as before. The number of p h s  per plate was determineci, 

and an aliquot of the isolated phage was diluted in SM buf5er so each plate would contain 

1000 p h .  Each area that produced a positive in the primary screen was then plated out as 

before, at the appropriate dilution, filter lifted, hybridized, washed and exposed as before. 

By the end of three rounds of screening, purified p h  containing nucleotide sequences of 

interest were isolated, placed in SM buffer, and stored at 4 "C until needed. 

VI BACTERIOPEIAGE LAMBDA DNA PREPARATTONS (Grossberger, 1987) 

To analyze the clones identi fied in the library screenings, lambda phage DNA was 

prepared as follows. A culture of LB containing 4% final volume LE392,4% final volume 

lambda phage. 10 m M  MgCl?, and 10 mM CaC12, was incubated at 37 OC for 18 hours to 

create a high titer stock of the lambda bacteriophage clone. The high titer stock was 

centrifuged at 2,000 x g to pellet ce11 ular debris, centrifuged at 2 1 8,000 x g to pellet the 

phage DNA, and resuspended in SM. To lyse the phage heads, the phage DNA was 

incubated with 200 pg of proteinase K at 37 OC for 2 hours. Phage DNA was extracted with 

3 volumes of phenol, 1 volume of chloroform, then precipitated witb 2 volumes of 100% 

EtoH at -20 O C  containing 1.5 M W O A c ,  incubated at -70 OC for 15 minutes, centnfùged at 

16,000 x g, washed with 70% EtoY and resuspended in TE8. 



VII SOUTHERN BLOTTING (Ausubel et al., 1993) 

DNA from lambda bacteriophage clones were dlgested with appropriate restriction 

enzyme(s), run in an agarose gel with appropriate DNA size markers, stained with EBr, and 

photographed upon W illumination. If the DNA fragments of interest were larger than 5 kb 

in length, a depurination step (0.25 N HCI) was performed to cleave to DNA into smaller 

fragments suitable for transfer. The gel was placed in denaturing solution ( 1.5 M NaCI, 0.5N 

NaOH) to create single-stranded DNA suitable for hybridization analysis, then in neutral king 

solution ( 1.5 M NaCI, 500 m M  Tris pH 7.2, 1 mM EDTA) to reduce the pH to a level that 

the DNA can bind to the filter. Gels were transferred using 3MM Whatman filter paper 

( VWR Scientific, Toronto, Ontario) ( Ausubel el al., 1993) for 16 hours. Transferred DNA 

was tixed to the filters by using an ultraviolet irradiation cross-linker (Stratagene). 

VIII SUBCLONING 

VIILl DNA ~urification (Geneclean II Kit, Bio 10 1 ,  La Jolla, CA, USA) 

To allow DNA of interest to bind to Glassmilk, DNA fragments excised From a TAE 

agarose gel were combined with 3 volumes of 6 M NaI, and incubated at 65 OC to dissolve 

the agarose. 10 pL of glass suspension (Glassmilk, Bio 10 1 ) was added, the solution 

incubated on ice for 5 minutes, centrifuged at 16,000 x g, and the supernatant removed The 

pellet was washed 3x with -20 "C New wash solution (Bio 10 I), and centrifuged at 



16,000 x g to remove protein and RNA debris, then the Glarsmilk pellet was resuspended in 

a sodium free buffer (TB) and incubated at 65 "C for 10 minutes to elute the DNA from the 

Glassmilk. The glassmilk was pelleted at 16,000 x g, and the eluted DNA was stored at 4 "C 

unti 1 needed. 

VIILZ Cohesive and blunt end lieation (Ausubel et al., 1993) 

Cohesive and blunt end ligations were accomplished by combining a purïfied DNA 

fragment and purïfied vector, containing a gene coding for resistance to ampicillin, at a ratio 

of 5: 1. DNA fragments were 1 igated together at 1 6 O C  for 1 6 houn in T4 DNA ligase buffer 

(5 mM Tris-HCl pH 7.5, 10 m M  MgC12, 10 mM Dithiothreitol, 1 mM ATP, 0.375 pg BSA), 

and 1 unit of T4 DDN Aiigase. 

VDl.3 TA overhang lieation (Invitrogen) 

TA overhang ligations were accomplished by combining Ligase buffer (6 mM Tris- 

HC1 pH 7.5,6 rnM MSL,  5 mM NaCI, 1 pg BSA, 7 m M  fi-mercaptoethanol, 0.1 mM ATP, 

2 m M  dithiothreitol, 1 mM spermidine), 50 ng of pCR II vector (containing a single 3'-T 

nucleotide overhang, and containing a gene coding for resistance to ampicillin), 6 ng of 

purified DNA Fragment of interest (containing a single 5'-A nucleotide overhang), 1 unit T4 

DNA ligase, and incubating at 14 OC for 18 hours. The T overhang of the vector and the A 

overhang of the insert create compatible sticky ends allowing the insert and vector to ligate 

together efficiently. 



VI IL4  TransCormation (Ausubel et al., 1993) 

To ampiify the DNA of interest, ligation reactions were combined with competent 

DHSa cells (Gibco-BRL), the mixture was set on ice for 30 minutes, heat shocked at 37 OC 

For 45 seconds, then set on ice for 2 minutes. The DHSa cells were grown in antibiotic Free, 

SOC medium (2% Tryptone, 0.5% Yeast Extract, 10 mM NaCI, 2.5 rnM K I ,  10 mM MgCl-, 

10 mM MgSOj, 20 rnM Glucose) at 37 "C for 1 hour, then plated onto LB agar ampiciliin 

plates ( 1% Tryptone, 0.5% Yeast Extract, 171 mM NaCl, 1.5% agar, 1 x ampicillin), and 

incubated at 37 "C ovemight. Selected colonies were placed in LB containing 1 x ampicillin, 

and incubated at 37 OC ovemight, to propagate recombinant DNA plasmids. 

IX PLASMID MINIPREPARATIONS (Artsubel et a[. , 1993) 

DH5a cells containing recombinant plasmids were centrifuged at 16,000 x g, and the 

pellet resuspended in Solution A (50 mM Glucose, 25 rnM Tris pH 8.0, 10 m M  EDTA). The 

bactena were lysed and any proteins, chromosomal DNA, and plasmid DNA were d e n a ~ e d  

upon addition of Solution B (0.2 N NaOH, 1 % SDS). The mixture was neutralized with 

Solution C (2.4 M KAc, 1 1.5% glacial acetic acid), causing the plasmid DNA to reanneal 

and the chromosomal DNA and protein to precipitate. The precipitate was pelleted at 

16,000 x g, and the supematant extracted with 1 volume pheno1:chloroform ( 1 : 1 ). RNA was 

removed ffom the supematant by adding 40 pg of DNase-fiee RNase, incubating at 37 OC for 

1 5 minutes, and re-extmcting as before. The aqueous phase, containing puri fied plasmid 



DNA, was precipitated with 100% EtoH, centrifuged at 16,000 x g, washed with 70% EtoH, 

and resuspended in TE8. 

X DNA SEQUENCING (Sanger et a/. , 1 977) 

X.1 DNA seauencine reactions (Pharmacia Biotech, Uppsala, Sweden) 

5 pg of minipreparation DNA was denatured in 400 rnM NaOH 10.4 mM EDTA for 

10 minutes. The DNA was precipitated by adding 447 mM NaAc pH 5.2 and -20" C 100% 

EtoH, incubating at -70 OC for 15 minutes, spiming at 16,000 x g, and washing with 70% 

EtoH. The DNA pellet was resuspended in dd-H?O and annealed to sequencing primes in 

the presence of 20% final DMSO to inhibit hydrogen bond formation, 300 ng of appropriate 

primer, and Annealing Buffer (286 rnM Tris-HC1 pH 7.6,28.6 rnM MgCL, 45.7 rnM DTT). 

This mixture was incubated at 65 O C  for 5 minutes, to inhibit self-annealing, then 37 "C for 

10 minutes and room temperature for 15 minutes, to allow annealing of the primer to the 

template. DNA sequence reactions were initiated by combining dATP Labelhg mix 

(0.206 jM of each dCTP, dGTP, dTTP, 50 mM NaCI), 3.2 units of T7 poiyrnerase, 1.6 pL of 

enzyme dilution buffer ( 1.6 mM Tris-HCl pH 7.5,0.4 mM DTT, 0.16 pg BSA 

5% glycerol), 1 pCi of 1500 Ci / mm01 [a 3 S ~ ] d ~ ~ ~  (ICN Biomedicals), and incubating at 

room temperature for 5 minutes. To generate the four sequencing laddea of a dideoxy- 

sequencing reaction, aliquots from each labelling reaction were added to four possible 

dideoxynucleoside triphosphate solutions (Pharmacia) that terminate chain elongation, and 

incubated at 37 "C for 5 minutes. The sequencing reaction was stopped by adding Stop 



Solution (0.3% each Bromophcnol Blue and Xylene Cyan01 FF, 4.7 m M  EDTA pH 7.5. 

97.5% deionized formamide). 

X 2  Polvacwlamide gel electro~horesis and autoradiogra~hv (Ausubel et ai-, 1993) 

Sequencing reactions were heated at 95 O C  for 5 minutes, to denature the single- 

stranded DNA, and 30% of each reaction was electrophoresed on an 0.75 mm, 

8% polyacrylamide sequencing gel [8% acrylamide, 17.5 mM N, N'-bisacrylamide, 6.8 M 

urea, lx TBE (890 rnM Tris, 890 rnM Boric acid, 20 rnM EDTA pH 8.0)], polymerized with 

0.054% ammonium penulfate and 3 -3 mM of TEMED. Electrophoretic sepration was 

allowed to occur for a desired period of time, usuaily 3 hows for a short sequence run and 

6 hours for a long sequence run The gel waj dried on a vacuum gel dryer (Savant, Bluffton, 

Indiana) at 80 "C for 2 hours, and exposed to X-ray film (Kodak X-OMAT AR) ovemight. 



RESULTS 

1 SCREENING A GENOMIC LlBRAlRY USING PROBES COMPLEMENTARY 

TO TEE S'-END OF THE KNOWN TOPOISOMERASE IIB &NA 

SEQUENCE 

To isolate clones containing the 5'-flanking sequence of hurnan topo HP, a 238 bp 

fragment (Probe 1 ), spanning human topo IIP cDNA (Jenkins et d, 1993) positions 

(-4 to +234), was amplified by PCR and sequenced using the dideoxynucleotide chain 

termination method for fidelity confirmation (Figure 4). Probe 1 was radiolabelled by the 

random-priming technique and used to screen 1 x 106 pfus fiom a hurnan placental genomic 

library. Three potential clones were identified (Clone 1,2, and 3) fiom the primary library 

screening, purified by secondary and tertiary screenings, and amplified by liquid lysate phage 

preparations for m e r  analysis. DNA fiom each clone was digested with the restriction 

enzymes BumH 1, Suc 1, EcoR 1, Sul 1, Xho 1, Hind III, and Nco 1, then analyzed on a 

1% agarose / EtBr gel. A Southern blot of the gel was performed and the membrane, 

containing the transferred DNA, was hybridized with Probe 1 to identiQ the fragments fiom 

each clone that contained the nucleotide sequence of interest The fnigments hybridiing to 

Probe I in Clone I were a 4.75 kb Sac I fragment [Clone 1, fragment 1 ( 1-1 )], and a 2.0 kb 

Hind hgment (1-2). The fragment hybridio'ng to Probe 1 in Clone 2 was a 1 kb EcoR 1 

fragment [Clone 2, fragment 1 (2-l)], and the fragments hybridizing to Probe 1 in Clone 3 

were a 1.5 kb EcoR 1 fragment [Clone 3, fragment 1 (3-l)], and a 700 bp EcoR 1 fragment 

(3-2). Al1 of these fragments were subcloned into the phagemid BlueScript II KS' using the 



Figure 4. S'-portion of human topoisornerase IIP 
cDNA sequence 

gcggtaccgg ttcagcccac cgacgccgcg ccctcggccg cacccgccgc 
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gcaacggggc actgacctgg gtgaacaatg ctgcaaaaaa agaagagtca 
+ 4 7  ----------+----------+----------+----------+---------- + 9 6  

cgttgccccg tgactggacc cacttgttac gacgtttttt tcttctcagt 
..... - ........ - . . . . . . . . . . . . . . . . .  - . -. ... .-.--- .-.--..--. ... - . . . . . . . . . . . . . - . . . . . . . . . .  - . . . . . . . . . . .  

N G A  L T W  V N N A  A K K  E E S  

- - - ,.- .. . -- -+. - .-- .-- - - *.. - - --. 7 .--.- . --. .-.- - - -- - 
gaaactgcca acaaaaatga ttcttcaaag aagttgtctg ttgagagagt 

ctttgacggt tgtttttact aagaagtttc ttcaacagac aactctctca 

........-.. _ ..... -.- - ..........._....... . __ .  .... .....-.-.- ....._............. -.. . - . . . _ . . . . . . . . . . . . . . . . _ . . .  

gtatcagaag aagacacaac ttgaacacat tcttcttcgt cctgatacat 
1 1 4 7  ----------+----------+----------+----------+---------- +196 

catagtcttc ttctgtgttg aacttgtgta agaagaagca ggactatgta 
. . . .  .----- .-.. ...................... - .... .-- .. - . . . . .  - .. 

Y - Q K  K T Q L  E H 1  L L R  P D T Y  

. . -  . . . . . .  . ..---.. -.-. ................-........... ....,.- .-.---- ..- 

.atattgggtc agtggagcca ttgacgcagt tcatgtgggt gtatgatgaa 
+197 ----------+----------+----------+----------+---------- + 2 4 6  

tataacccag tcacctcggt aactgcgtca agtacaccca catactactt 
. . . . . . . .  .-.. .- .. - . .  .-..- .. - . . .  .- --. .... --- .. - -- . . .  .. ..- ......... 

I G S  V E P  L T Q F  M W V  Y D E  

-. - . - - .. 238 bp double-stranded fragment (Probe 1 ) 
spanning topo II0 cDNA positions (-4 to +234) 

p Translation start-site 

Note: Nucleotide numbering system was derived from Jenkins et al. ( 1993) 
with +1 representing the start-site of translation for topo IIP 



cohesive-end ligation methoci, and arnplified using the minipreparation method Dideoxy- 

sequencing reactions were performed on fragments 1 - 1, 1-2,2- 1.3- 1 ,  and 3-2, using primers 

specific to the 5'-end of topo IIp cDNA (Figure 5). From these sequencing reactions, only 

fragment I - 1 and 1-2 produced sequence results. Fragments 1- 1 and 1-2 were taken for 

M e r  study, and digested with the restriction enzymes EcoR 1, Hird [II, Sac 1, Xbci 1, Sd 1, 

Pst 1, Bgl II, EcoR V, Pvu II, Xho 1, and Nco 1, analyzed on a 1% agarose / EtBr gel, and a 

restriction map was established (Figure 6). Fragment 1-2 was identified as a sub-fragment of 

Fragment 1-1, therefore only fragment 1- 1 was taken for further analysis. Fragment 1-1 was 

sequenced using the dideoxynucleotide chain termination method, and fond  to contain 

topo IIp exon sequence corresponding to the topo IXB cDNA sequence (+70 to +225), and 

flanked by intronic sequence (Figure 7). 

To investigate whether any of the three clones contained topo IIP exon sequence 

corresponding to the topo IIP cDNA sequence (-4 to +69), two antisense oligonucleotide 

probes were synthesized upstream of the two identified introns (Figure 8). The two 

oligonucleotide probes, a 30 bp antisense oligonucleotide (Probe 2) corresponding to the 

topo IIp cDNA positions (4 to +26) and a 24 bp antisense oligonucleotide (Probe 3) 

corresponding to the topo U P  cDNA positions (+46 to +69) were radiolabelled using the 

Sendlabelling technique and hybridized to filters containing positive and negative controls, 

to determine each probe's specificiîy. These test filters were washed at different stringencies 

to identify the conditions maximizing each probe's signal while minimizing background 

signal (Figure 9). ûnce optimal conditions for both probes were established, Southem blots 

of Clones 1'2, and 3. Clones 1,2, and 3 did not hy bridize to Probe 2. Probe 3 was Robe 2 



Figure 5. Sequencing primers specific to the S'-portion 
of human topoisomerase IIp cDNA sequence 

- 
HT2B-A 1 (Sense) 

gcggtaccgg ttcagcccac cgacgccgcg ccctcggccg cacccgccgc 
4 

Hï2B-B I ( Anti-sense) 

gcaacggggc actgacctgg gtgaacaatg ctgcaaaaaa agaagagtca 
+ 4 7  ----------+----------+----------+----------+---------- + 9 6  

cgttgccccg tgactggacc cacttgttac gacgtttttt tcttctcagt 
4 

HTB-B2 ( Antisense) 

gaaactgcca acaaaaatga ttcttcaaag aagttgtctg ttgagagagt 
+ 9 7  ----------+----------+----------+----------+---------- +146 

ctttgacggt tgtttttact aagaagtttc ttcaacagac aactctctca 

gtatcagaag aagacacaac ttgaacacat tcttcttcgt cctgatacat 
+ 1 4 7  ---------- +----------+----------+-----a----+---------- +196 

catagtcttc ttctgtgttg aacttgtgta agaagaagca ggactatgta 

atattgggtc agtggagcca ttgacgcagt tcatgtgggt gtatgatgaa 
+197 ----------+----------+----------+----------+---------- + 2 4 6  

tataacccag tcacctcggt aactgcgtca agtacaccca catactactt 
4 

HT2B-B3 (Anti-sense) 

Translation initiation start-site 

Note: Nucleotide numbering system was derived fiom Jenkins et ai. ( 1  993) 
with + 1 representing the start-site of translation for topo IIP 





Figure 7. Exon sequence data from fragment 1 - 1 

-"--II .-y-.---. 

:ttttttggtt aattttag ; AACAAT GCTGCAAAAA AAGAAGAGTC 

I 
- -- - .  - - 

TGTATCAGAA GAAGACACAA CITGAACACA 'ITCITCT'TCG TCCTGATACA 
+ 1 4 6  --.--------+----------+----------+----------+---------- 1 +191 

ACATAGTCIT CTTCTGTGTT GAACTTGTGTGT AAGAAGAAGC AGGACïATGT 

.---"---.-..-_ --.-I_Y 

TATATTGGCT CAGTGGAGCC ATGACGCAG , gta attattgctaj 

- Exon sequence,corresponding to topo IIP 
cDNA positions (+70 to +225), and 
flanked by intron sequence 

+196 

--- Intron sequence 

Note: Nucleotide numbering system was derived fiorn Jenkins et of. ( 1993) 
with +1 representing the start-site of translation for topo IIP 

C-u. -- - .C?v--+-d"-.--  -. % 

----------+----------+---------- 
ATATAACCGA GTCACCTCGG TAACTGCGTC 

+ 2 2 5  ---+ ---------- - 3 '  
cat taataacgati 



Figure 8. 5'-portion of human topoisomerase IIP 
cDNA sequence containing known intron 1 exon 
boundaries 

gcggtaccgg ttcagcccac cgacgccgcg ccctcggccg cacccgccgc - 

gcaacggggc actgacctgg gtg aacaatg 
+47 ----------+----------+--- - - . - .  - - - * - - - - - .--- -. + 7 (J ---- --- + 7 6 

cgttgccccg tgactggacc tac: un known length 
- - -  .- ---- - - . . - t tgttac 

ctgcaaaaaa agaagagtca gaaactgcca acaaaaatga ttcttcaaag 
+77 ----------+----------+----------+----------+---------- +126 

gacgtttttt tcttctcagt ctttgacggt tgtttttact aagaagtttc 

aagttgtctg ttgagagagt gtatcagaag aagacacaac ttgaacacat 
+127 ----------+----------+----------+----------+---------- +176 

ttcaacagac aactctctca catagtcttc ttctgtgttg aacttgtgta 

tcttcttcgt cctgatacat atattgggtc agtggagcca ttgacgcag 
+177 ----------+----------+----------+----------+--------- +225 

agaagaagca ggactatgta tataacccag tcacctcggt aactgcgtc 

t tcatgtgggt gtatgatgaa 
+226  -+----------+---------- +246  

a agtacaccca catactactt 

30 bp anti-sense 01 igonucleotide (Probe 2) 

--- 24 bp anti-sense oligonucleotide (Probe 3)  

Translation initiation start-site 

Note: Nucleotide numbering system was derived fiom Jenkins et al. (1 993) 
with + 1 representing the start-site of translation for topo IIP 



FIGURE 9. Test filters containing positive and 
negative controls for Probe 2 and Probe 3 

Pro 

65 OC hybrization and 
wash temperatures 

55 V~ hybrization and 
wash temperatures 

Prol 

65 OC hybrization and 
wash temperatures 

55 OC hybrization and 
wash temperatures 

5' 5'-portion of topoisornerase IIP (positive control) 
3' 3'-portion of topoisornerase I lp (negative contol) 
BS Bluescript U KS' (negative control) 



was radiolabelled using the S'endlabelling technique and hybridized to the radiolabelled 

using the 5'-endlabelling technique and hybridized to the Southem blots of Clones 1,2, and 

3. Clones 1,2, and 3 also did not hybridize to Probe 3. These results indicated that Clones 

1,2, and 3 did not contain any upstream exon sequence corresponding to topo iTp cDNA 

positions (4 to +69). 

To isolate clones containing topo IIp exon sequence, corresponding to the topo IIP 

cDNA sequence (-4 to +69) and the 5'-flanking sequence of human topo iIp, Probe 2 was 

radiolabelled using the 5'-endlabelling technique and used to screen 5 x 1 o6 pfus h m  a 

hurnan placental genornic library. No ptential clones were identified Probe 3 was then 

radiolabelled using the S'endlabelling technique and used to screen 3 x 106 pfûs from a 

hurnan placental genomic library. No potential clones were identified. 

II WALKING UPSTREAM OF THE K N O W  EXON LN THE 

TOPOSOMERASE II0 CENE 

Since the first strategy, using three diflerent cDNA probes, was unsuccessful in 

isolating any clones containing topo Up exon sequence upstream of the topo UP cDNA 

position +70, or the 5'-flanlang sequence of human topo HP, a new strategy was 

implemented, which involved walking upstream along the gene to identiQ the translation and 

transcription start-sites. Using this strategy, a 700 bp Sac I / Hind III fragment was isolated 

fiom the 5'-end of fragment 1-1 and purified for use as a probe (in green, Figure 6). The 



700 bp Suc I / Hind III fragment was radiolabelled by the random-priming technique and 

used to screen 1 x 106 p h  from a human placental genomic library. Three potential clones 

were isolated (Clones 4,5, and 6) from the primary library screening, purified by secondary 

and tertiary screenings and amplified by liquid lysate phage preparations for further analysis. 

Each clone was digested with the restriction enzymes B m H  I, Scic 1, EcoR 1, Sui i, Xho 1, 

Hind iTI, and Nco I, then analyzed on a 1% agarose / EtBr gel. helirninary restriction digests 

identified phage Clone 5 and phage Clone 6 as sister clones, therefore only Clone 4 and 

Clone 5 were M e r  examined. A Southern blot of the gel was performed and the 

membrane, containing the transferred DNA, was hybndized with the 700 bp Suc 1 / Hird111 

fragment to identim the fragments fiom each clone that contained the area of interest. The 

fragment that hybridized to the 700 bp Sac I / Hind III fragment in Clone 4 and Clone 5, was 

a 2.5 kb Hind In fragment [Clone 4 and Clone 5, fragment 1 (4-1 )]. Fragment 4- 1 was 

subcloned into the Hind III site of BlueScript II KS+. Fragment 4-1 was digested with the 

restriction enzymes EcoR I, HNld III, Sac 1, Xba 1, Sul 1, PSI 1, Rgl II, EcoR V, Pvu II , Xho 1, 

BumH 1, Nde 1, SCU i, BslE II, K p  I, Nhe 1 and Nco i, analyzed on a 1% agarose 1 EtBr gel, 

and a restriction map was established (Figure 10). 

To continue the walk along the gene, a 1.4 kb Hind III 1 Sac I fragment was isolated 

and purified fiom the 5'-end of hgment 4- 1 (in orange, Figure 1 0). To identiS> the 

fragments fiom eac h clone that contained the area of interest, the 1 -4 kb Hird  III / Suc 1 

fragment was radiolabelled by the random-priming technique and hybridized to the Southem 

blots of Clones 4,5, and 6.  The Fragment that hybridized to the 1 -4 kb Hind Ln / Sac 1 

fragment in Clone 4 was a 4.0 kb Suc I fragment [Clone 4, fiagment 2 (4-2)]. The hgrnent 



cc- 
& 
v- 



that hybridized to the 1.4 kb Hind III / Sbc 1 &grnent in Clone 5 was a 9.0 kb Suc 1 fragment 

[Clone 5, fragment 1 (5-l)]. Both fragments were subcloned into BlueScript II KS+ using the 

cohesive-end ligation methoci, and arnplified using the minipreparation method. Both 

ffagments, 4-2 and 5-1, were digested with the restriction enzymes EcoR 1, Hind HI, Suc 1, 

B o  1, Sul I, Pst i, Bgl II, EcoR V, Pvu 4 Xho i, BamH i, S m  L, and Nco 1, analyzed on a 

1% agarose / EtBr gel, and a restriction map was established (Figure 1 1 ). 

Ail three fragments, 4- 1,4-2, and 5- l , derived fiom the short chromosomal walk did 

not contain an Nco I restriction site, an important indicator since the translation start-site of 

topo IIp was expected to contain an Nco I restriction site based on cDNA sequence 

information. AI1 three fragments were sequenced using the dideoxynucleotide chain 

termination method using primers specific to the 5'-end of topo IIP cDNA, HT2B-A 1, 

HT2B-A2, and HT2B-BI (Figure 5) .  Finally, both Probe 2 and Probe 3 were radiolabelled 

using the 5'-endlabelling technique and hybridized to Southem blots of Clones 4,5, and 6. 

Neither probe hybridized to any hagments, suggesting that no topo IIP exon sequence 

corresponding to the topo IIP cDNA sequence (4 to +69) was present in these Clones. 

UI USING S'-RACE: TO IDENTIFY TEE START-Sm OF TRAiiSCRIPTION 

AND TO GENERATE NEW PROBES TO SCREEN A GENOMIC I 5 R A R Y  

To identiQ the transcription start-site of topo IIP, HeLa and hurnan placental POI~A' 

RNA were isolated, converted to ds cDNA, and the 5'-end of each topo HP cDNA was 

amplifieci. PCR products were subcloned into the pCR II vector using the TA ligation 



Figure 11. Restriction map of fragments 4-2 and 5-1, and a cornparision of their 
overlap with fragment 4- 1 (O). 

S'~O I /'SI 1 

J :  1 I 4-2 

Sac 1 l<coR 1 ,Yb0 1 H M  1 II l l . v r  1 

I I 1 I I 5- 1 
1 1 1 1 

sitcs arc contributcd 

Pliage Clone 5, kagrnent 1,9.0 kb SUC 1 

1 
1 1 :  1 1 1 '  

by phage DNA 
Hind I I I  /'.SI l 

1% i , I'\w I l  

Pliage Clone 4, fragment 2,4.0 kb Suc 1 

Phage Clone 4, fiagnent 1.2.5 kb H i d  I I I  '-1 EcoR I Soc 1 
IkoK V Sric I Hitrtl Il1 

: Snc 1 , l ' S I  l 
IkOR V EcoR I 

Thcsc restriction 

Area Iiybridiziiig to Probe I 

IkoR ,! V S<rc 1 
' S I  1  I I  Il Himl I I I  HitiJ I I I  

1-1 l I I 
Pliage Clone 1 ,  fragment 1.4.75 kb Suc 1 1 1 ,  1 I 

.kcl 1 H1m1 111 l J . s /  1 Xho I 



method and sequenced using the dideoxynucieotide chah termination me thd  Both the 

HeLa and human placental cDNA untranslated regions, PCR 1 and PCR 2 respectiveiy, 

spanned topo iip cDNA positions (-1 to -66) and contained identical sequence (Figure 12). 

To isolate clones containing topo IIp exon sequence, corresponding to the topo IIP 

cDNA sequence (-66 to +69), and the 5'-flanking sequence of human topo IIP, a 44 bp 

antisense oligonucleotide (Probe 4) corresponding to the topo IIP cDNA positions (- 1 to 4) 

was synthesized (Figure 12). Probe 4 was radiolaôelled using the 5'-endlabeiling technique 

and hybridized to a filter containing positive and negative controls, to determine the probe's 

specificiîy. The test filter was washed at different stringencies to identiQ the conditions 

rnaximizing the probe's signal while minimizing background signal. Before screening a 

genomic library, Probe 4 was radiolabelled using the 5'-endlabelling technique and 

hybridized to the Southem blots of Clones 4.5, and 6. The probe did not hybridize to any 

Fragments, suggesting that no topo IIP exon sequence corresponding to the topo Hf3 cDNA 

sequence (-44 to -1 ) was present in these Clones. Probe 4 was radiolabelled using the 

5'-endlabelling technique and used to screen 1 x 106 p h  from a human placental genomic 

library. One potential clone was isolated (Clone 7) fiom the primary library screening, 

purified by secondary and tertiary screenings, and amplified by liquid lysate phage 

preparations for M e r  analysis. Clone 7 was digested with the restriction enzymes BumH 1, 

Sac 1, EcoR 1, Sul 1, X710 1, Hind In, and Nco 1, then analyzed on a 1% agarose / EtBr gel. A 

Southem biot of the gel was performed and the membrane, containing the transferred DNA, 

was hybridized with Probe 4 to identify the fragments that contained the area of interest. The 

fragments that hybridized to Robe 4 in Clone 7 were 2.5 kb Hind KI fragment [Clone 7, 



Figure 12. Transcription start-sites, untranslated 
regions, and translation start-sites of HeLa and 
human placental cDNA 

5'-end of HeLa topo IIB cDNA (PCR 1) 

-161 1 --- +3 
- CGACCTCCGT GAGCG TAC 
--ii--- 

S'-end of human placental topo IIp cDNA (PCR 2) 

? Transcription start-site 

- Untranslated region 
(Y-region of topo Ilp Exon one) 

Translation start-site 

--- 44 bp anti-sense oligonucleotide 
(Probe 4) 

Note: Nucleotide nurnbering system was derived fiom Jenkins et al. (1993) 
with +1 representing the start-site of translation for topo IIP 



Fragment 1 (7-1 )], and a 750 bp EcoR 1 fragment (7-2) as illu~tfated in Figure 13. These 

fragments were subcloned into Hind III and EcoR 1 sites of BlueScnpt II KS' respectively. 

Minipreparations containing fragments 7- 1 and 7-2 were digested with the restriction 

enzymes EcoR 1, Hind III, Sac 1, B a  1, Sa( 1, Pst I, Bgf II, EcoR V, Pvu II, Xho 1, BumH 1, 

Nde 1, Sca 1, BsrE II, Kpn L, Nhe 1 and Nco L, analyred on a 1% agarose / EtBr gel (Figure 13). 

Results of restriction mapping indicated that Fragment 7-2 was contained within fragment 

7- 1, therefore only fragment 7- 1 was M e r  examined Fragment 7- 1 was sequenced using 

the dideoxynucleotide chain termination method, and found to contain no topo IIP exon 

sequence, instead, a repeat sequence was identified containing sequence identical to portions 

of Probe 4, corresponding to topo iIp cDNA positions (4 to - 15) and (-7 to - 15) (Figure 14). 

New information conceming the human topo iIP promoter region was presented at 

the Annual Meeting of the Amencan Association for Cancer Research, Apnl 1996 (Ng et ut., 

1996). This information included a portion of the topo IIB promoter region and the entire 

topo IIP exon one sequence, together corresponding to cDNA positions (-224 to +69). 

The sequence information from Ng et al. (1996) was used to design a 5'-primer to amplify a 

241 bp double-stranded fragment (Probe 5), corresponding to cDNA positions (-2 19 to +22), 

from a human placenta1 genomic DNA library. Probe 5 was sequenced using the 

dideoxynucleotide chain termination method for fidelity confirmation, then radiolabelled by 

the random-priming technique and used to screen 1 x 106 pfus from a human placenta! 

genomic library. Six potential clones were identified (Clones 8-9,  10, 1 1 , 12, and 13) from 

the primary library screening, purified by secondary and tertiary screenings, and amplified by 

Iiquid lysate phage preparations for M e r  analysis. Each clone was digested with the 



Figure 13. Restriction map of fragments 7-1 and 7-2 

Hind I I I  Nco I Ma I I3oR 1 Hg1 I I  Hind I l  1 

7- 1 
Pliage Clone 7, fragment 

Pliage Clone 7. fragment 2,750 bp IkoR 1 



Figure 14. Sequence cornparison between 
Probe 4 and fragment 7- 1 

Probe 4 (Anti-sense) 

- 4 4  -1 
3 ' -  GCGGCGGCTG CGGCCTCAGG GCCTGTGAGC TGGAGGCACT CGCC -5' 

Note: Nucleotide nurnbering system was derived from Jenkins et al. ( 1993) 
with + 1 representing the start-site of translation for topo IIP 

Sequence from fragment 7-1 

tcacagtttg gaagcactca cac 
+----------+----------+--- 
agtgtcaaac cttcgtgagt gtg 

tgg aggc tcac . . . . . . . . . . 
----+---- -----+--a------- 

acc tccg agtg . . . . . . . . . .  t 
Note: Nucleotide numbering system was derived from Jenkins et al. ( 1993) 
with + 1 representing the start-site of translation for topo 



restriction enzymes B m H  1, Sbc i, EcoR i, Snl i, M o  5 Hind III, and Nco I, then analyzed on 

a 1 % agarose / EtBr gel. From these preliminary restriction digests, phage Clones 8,9,10, 

and 1 1 were identified as sister clones, and phage Clone 12 and Cione 13 were identified as 

sister clones, therefore, only Clone 8 and Clone 12 were m e r  exarnined. A Southem blot 

of the gel was perforrned and the membrane, containing the transferred DNA, was hybridized 

with Probe 5 to identiQ the fragments frorn each clone that contained the nucleotide 

sequence of interest. The m e n t  hybridinng to Probe 5 in Clone 8 and Clone 12 was a 

4.3 5 kb Hind III fiagrnent [Clone 8 and Clone 1 2, fragment 1 (8- 1 )]. Fragment 8- 1 was 

subcloned into the phagemid BlueScript iI KS+ using the cohesive-end ligation method, and 

ampli fied using the minipreparation method. Fragment 8- 1 was digested with the restiction 

enzymes EcoR 1, Hind III, Suc 1, fia 1, Sui 1, Psr 1, Bgl II, Pvu l3, B o  I, BumH 1, Ndr 1, 

Sca 1, BstE II, Kpn 1, Nhe 1, Cla 1 and Nco 1, analyzed on a 1% agarose / EtBr gel, and a 

resîriction rnap was established (Figure 15). Fragment 8- 1 was sequenced using the 

dideoxynucleotide chain termination methoci, and found to contain the entire sequence of 

topo IIp exon one (-66 to +69) and approximately 1 183 bp of 5'-flanking sequence (Figure 

16). This sequence was analyzed using Transcription Element Search S o h a r e  (TESS) from 

the Baylor College of Medicine, Houston, Texas, and the TRANSFAC version 3.0 database. 

Fie-six potential mammalian transcription factor binding sites were identified (Figure 17). 





Figure 16. Sequence data of fragment 8- 1 

l aagcttttca ta tg tag t t t  tcttgaaact gaccatatgc tc t t t tgggg tgdgggagg agacggaaga 
- 1249 ---------- + ---------- + -------- --+ ------- ---+ ---------- + ---------- + ---------- I - 1180 ttcgaanagt atacatcaaa agaactttga ctggtatacg agaaaacccc actXccctcc t c t g c c t t c t  

laggagatgga gaaggtctga g a t g a t t t t t  ttcgacagca gcgtccacta ggcccttggg gaggccgggt 
-1179 ----------+----------+----------+----------+----------+----------+---------- I - I l i 0  

tcctctacct cttccagact ctactaaaaa aagctgtcgt cgcaggtgat ccgggaaccc ctccggccca 

gtgccccgga ggaacgtggt caccagatgt gcagaacgga cgccaaatgt tggcgagaaa at tXtat taa 

rggccccaggc a-ttcgg attcccggtt aggtctçaga gtaaacagca cgcttggagg a t tac ta tc  
-900 

ccggggtccg ttXXcaagcc taagggccaa tccagagtct ca t t tg tcg t  gcgaacctcc taatgatag 

acccgaggcc aattcgaccc t t t c c c t t t g  ccgccctcaa t tgacccttg aagcagcccc tgc tc tccc t  
-899 ----------+----------+----------+----------+----------+----------+---------- 

ag t t tacc t t  t tgggtgtct  g tg tg tg tg t  t t g t t t t t g g  ggttcagaag gaaagccaac gntgggcgtt 

-830 

-829 

tgggctccgg ttnagctggg aaagggaaac ggcgggagtt aactgggaac ttcgtcgggg acgagnggga 

J 

-759 

tcaaatggaa aacccacaga cacacacaca aacaaaaacc ccaagtcttc c t t tcggt tg  ctacccgcaa 
----------+----------+----------+----------+----------+----------+---------- 

-689 

-760 

tgacgtt tcc ccctcggtcc cgcccctcca gggttggaat t t tgggat tg  gccgagaggc tgtggcgaca 
----------+----------+----------+----------+----------+----------+---------- 
actgcaaagg gggagccagg gcggggaggt cccaacctta aaaccctaac cggctctccg acaccgctgt , 

-549 

-690 

aggcccggat tggacagcat ggcgctgact gacagtcggg gcggccgccg cgccctccct ctctccccgg 
----------+----------+----------+----------+----------+----------+---------- 

tccgggccta acctgtcgta ccgcgactga ctgtcagccc cgccggcggc gcgggaggga gagaggggcc 

-479 

-620 

b 

c t g t t t a t t g  tccctctcgg tg tg tg tg tg  tgaggaaatc ggggctgcag cgagyctaag gc tgcc t t tg  
----------+----------+----------+----------+----------+----------+---------- 

gacaaataac agggngagcc acacacacac ac tcc t t tag  ccccgacgtc gctccgattc cgacggaaac 
< 

-480 

aagcagcggc ggcgaccggg acgactacct ggcgactcga gtggctggcc ttcgcggagt gtgagaagga 
----------+----------+----------+----------+----------+----------+---------- 

ttcgtcgccg ccgctggccc tgctgatgga ccgctgagct ctccgaccgg aagcgcctca cactc t tcc t  
I 

- 4  10 



-339 

-269 

- Topo IIP exon one corresponding 
to cDNA positions (-66 to +69) 

ccgggcttca gcccggcctg cagcggcgcc cgctggcggc agnaggcaac gccgccgctc ggccgccgcc 
----------+----------+----------+----------+----------+----------+---------- 

ggcccgaagt cgggccggac gtcgccgcgg gcgaccgccg tct tccgttg cggcggcgag ccggcggcgg 
L 

-199 

- Intron sequence 

-270 

ggtcgctccc tgct t tc tcc  tcagccgccg cgctaggccc gggctgatcg cggacgccgc gcctcgagtt 
----------+----------+----------+----------+----------+----------+---------- 

ccagcgaggg acgaaagagg agtcggcggc gcgatccggg cccgactagc gcctgcggcg cggagctcaa 
rn 

? Transcription start-site 

Translation start-site 

X Unknown nucleotide 

Nco 1 restriction site 

-200 

'tgagggcagc cggcggcgcg gcçtcctcag cgggctcggc tgacgtccgc tccggatctt  cgcgatgggg 
----------+----------+----------+----------+----------+----------+---------- 

actcccgtcg gccgccgcgc cggaggagtc gcccgagccg actgcaggcg aggcctagna gcgctacccc 
i L 

Note: Nucleotide nurnbering system was derived from Jenkins et al. (1993) 
with +1 representing the start-site of translation for topo IIp 

-130 



Figure 17. Potential mamrnalian transcription 
factor binding sites identified on the 5'-flanking 
region of topoisomerase IIP from fragment 8-1 

acatcaaa agaactttga ctggtatacg aganaacccc a 

aggagatgga gaaggtctga g a t g a t t t t t  ttcgacagca gcgtccacta ggccc 
-1179 - - - - - - - - - - + - - - - - - - - - - + - - - - - - - - - - + - - - - - - - + +  

tcctc tacct  cttccagact ctactaaaaa aagctgtcgt cgcaggtgat ccggg#accc c ~ c g g c ~  

gg c t t c t t c c t g  ccaccccc t c c t  catccttaga 
--+----------+-------- ----+---------- -970 

cc 9aagaaggac ggt99ggg ngga gtaggaatct 

cgg a t t cc tgg t t  aggtctcaga gtaaacagca cgcttggagg at tactatcg 
-969 ---+----------+----------+----------+----------+---------- -900 

gcc taagggccaa tccagagtct c a t t t g t c g t  gcgaacctcc taatgatagc 

tgggctccgg ttaagctggg aaagggaaac g t t  aactggganc ttcgtcgggg acgagagg 

acaca aacaaaaacc ccaagtct tc  c t t t c g g t t g  ctacccgcaa 
-----+----------+----------+----------+---------- 

t g t g t  t t g t t t t t g g  ggttcagaag gaaagccnac gatgggcgtt 

ATF C/EBP 

,delta CREE-E 

tgtggcgaca 
.---------- 

acaccgctgt 



c- jun , C E - B P  1,CREB ,c-Fos, 
ATF-3-AP-1 

lacacgqtac acacacacgc cacaatacgg cc tg t t c t cc  ctc c tac tgcqgc t+ccg  ccgccgccga 

c t g t t t a  t g  t cc  ctcgg tg tg tg tg tg  t gggctgcag cgaggctnag gctgc 
-549 ------- --+--- -----+----------+- ---------+----------+$.-$.-- III gacaaat ac agg gagcc acacacacac a cccgacgtc gctccgattc cgacg 

H4TF - 1 

m g g c t t c a  gcccggcctg cagcggcgcc cgctggcggc agaaggîaac gocgccgctc ggccgccgcc 

Igg)ccgaagt cgggcoggac gtcgccgcgg gcgaccgccg t c t t c c g t t g  cggcggcgag ccggcggcgg 

ggtcgctccc t g c t t t c t c c  tcegccgccg cgctaggccc gggctgatcg cggacgccgc gcctcgagtt 
-269 ----------+----------+----------+----------+----------+----------+---------- -200 

ccagcgaggg acgaaagagg agtcggcggc gcgatccggg cccgactagc gcctgcggcg cggagctcaa 

acf.cccgtc3 gccgccgcgc cggaggogtc gcccgagccg)actgc~gcg aggcctagaa gcgctacccc 

- Human transcription factor binding site (tfbs) - Chicken tfbs 

- Mouse tfbs Pig tfbs 

- Rat tfbs X Unknown nucteotide 

Note: Nucleotide nurnbering system was derived fiom Jenkins et al. (1993) 
with + 1 representing the start-site of translation for topo iIP 



DISCUSSION 

A conventional method for isolating that portion of genomic DNA that 

transcriptionally regulates gene expression is to screen a genomic library using probes 

complementary to the S'end of the known cDNA sequence. Before a probe was selected, 

properties of the transcription start-site and untranslated region of human topo Ila were 

taken into consideration. The transcription start-site of human topo IIa was identified 90 bp 

upstrearn of the translation start-site, and the 90 bp untranslated region of human topo Ua 

was not intempted by introns. Therefore, it was predicted that a probe spanning the 

translation start-site of topo iIp could be used to isolate clones that included the topo iIB 

initiation start-site and 5'-flanking sequence. Accordingly, a 238 bp fragment (Probe 1 ) 

(Figure 4) spanning topo IIP cDNA positions (-4 to +234) was arnplified from known human 

topo iIp cDNA sequence, spanning (4 to +4866) (Jenkins et aL, 1993), and preexisting 

primen, HT2B-AI and HT25B3 (Figure 5). Initial genomic library screens yielded a 

4.75 kb Sac 1 fiagment ( 1-1 ) that hybridized to Probe 1. Restriction mapping revealed that 

fiagrnent 1-1 did not contain an Nco 1 restriction site (Figure 6), an important indicator since 

the start-site of translation of topo iTp was expected to contain an Nco I restriction site based 

on cDNA sequence information When dideoxy-sequencing ra t ions  were performed on 

fragment 1-1, using primers specitic to the S'end of topo IIP cDNA (Figure 5),  only two 

primers, HT2B-B2 and HT2B-B3, produced sequencing results. These sequencing results 

could not be identified a s  topo IIP, which suggested that either the two primers were non 

specific, or that fragment 1- I might contain inîron / exon boundarîes in the 5'-region of 

topo 1Ip corresponding to the location of the two sequencing prirners. 



Complete sequence information from fragment 1-1 revealed a 156 bp exon fragment 

corresponding to topo IIP cDNA position (+70 to +225) flanked by two introns (Figure 7). 

Whether more introns existed further upstrearn of these two introns was not known at this 

time. Therefore, two antisense oligonucleotide probes, Probe 2 and Probe 3, were 

synthesized 1 bp and 44 bp, respectively, upstream of the most 5' known intron to identiQ if 

any isolated clones containeci topo i!P exon sequence corresponding to topo HP cDNA 

positions (-4 to +69). Two distinct probes were synthesized to minimize the possibility of 

another inîron existing within topo iip cDNA positions (4 to +69) and destroying one 

probe's capability to hybridize to the target sequence. 

The length and location of Probe 2 (Figure 8), corresponding to topo I€p cDNA 

positions (-4 to +26), was chosen to create an appropriate G + C nucleotide composition. 

The G + C nucleotide composition determines the melting temperature of the probe, and 

thereby influences the hybridization and wash temperatures. The hybridization and wash 

temperature must be high enough to rninimize any non-specific hybridization. The length 

and location of Probe 3 (Figure 8), corresponding to topo IIP cDNA positions (+46 to +69), 

was chosen for two reasons. Fint, the length and location were chosen to create an 

appropriate G + C nucleotide composition. Second, exon fragment sizes are thought to be at 

least 30 bp in length. Therefore, it was predicted that the topo IIP exon sequence, 

corresponding to cDNA positions (+29 to +69), would not be intempted by another intron 

when one intron already exists between topo IIp cDNA positions (+69 and +70). 

When both Probe 2 and Probe 3 specifically hybndized to the test filters but failed to 

hybridize to Clones 1,2 or 3, it was concluded that the 5'-sequence, corresponding to 



topo IIP cDNA positions (4 to +69), did not exist in the three clones. When Probe 2 and 

Probe 3 were unable to isolate any potential clones after 2 million p h  were screened, 

positive and negative test filters were included in the hybridization process to test 

radiolabelling eficiency. An additional 6 million pfüs were xreened, and again Probe 2 and 

Probe 3 failed to identiQ any potential clones, even though the results obtained using the 

positive and negative controls were appropriate. 

The reason Probe 2 and Probe 3 failed to select potential clones is not clear, but at the 

time, several possible explmations existed First, it was thought that both probes might be 

intempted by introns located within the 5'-region of topo IIP corresponding to cDNA 

positions (-4 to +69), but this seemed highly unlikely. Second, the concentration of target 

sequence might have been t w  iow for efficient hybridization to occur, but oligonucleotides 

have been used previously to isolate clones from libraries. Finally, the most likely 

explanation was that oîher, unknown, factors were responsible. It was concluded that the 

dificulties encountered with Probe 2 and Probe 3 would probably be encountered with any 

oligonucleotide synthesized within the known topo IIP exon region corresponding to cDNA 

positions (-4 to +69) and therefore this strategy was abandoned. 

A new strategy was implemented., focusing on walking upstrearn along the gene, 

through any introns 5' of the exon region corresponding to topo np cDNA positions (+70 to 

+225), and eventually identifying the translation and transcription start4tes of topo IIP. The 

chromosomal walk entailed using a segment of DNA derived fiom the S'end of some 

fragment of the gene and using it as  a probe to identiQ overlapping clones that contain 

adjacent 5'-sequence. Using the strategy of walking along the chromosome provided 



genomic fragments spanning 12.2 kb upstrearn of the known exon sequence, corresponding 

to topo irp cDNA positions (+70 to +225). None of the three fragments derived fi-om the 

chromosomal walk contained an Nco I restriction site, indicating that the topo IIP translation 

start-site was not present. None of the primers specific to the S'end of topo IIP cDNA 

(Figure 5) produced sequencing results, also Probe 2 and Probe 3 failed to hybridize to any of 

the clones. The results suggested that none of the genomic clones, upstream of the known 

exon sequence, contained any exon sequence corresponding to topo IIP cDNA positions 

(-4 to +69). Therefore, the 12.2 kb upstream region, derived corn the chromosomal wal k, 

was thought to represent a substantiai intron in the gene. Continuing the walk could 

potentially entai1 walking through a very large intron, which would take a long time to isoiate 

the translation and transcription start-sites. Without knowledge of the size of this intron, or 

whether other introns exist fiuther upstream in the untranslated region or translated region of 

topo HP, the decision was made to abandon the chromosomal walk. 

The next strategy employed a commonly used method for isolating the 5'-flanking 

region of a gene, screening a genomic library using probes complementary to the 5'-end of 

the known cDNA sequence. This time the cDNA sequence would be derived from the 

transcription start-site and untranslated region of topo iIp. To isolate the transcription start- 

site and provide more 5'cDNA sequence for probe construction, amplification of 5'-HeLa 

and human placental topo II8 cDNA was performed. The decision to ampli@ the cDNA 

ends of both HeLa and hurnan placenta was made because both sources were readily 

available and there was uncertainty regarding efficiency of the 5'-RACE reaction using HeLa 



or placental mRNA. Both the HeLa and human placentai rnRNA isolations, and 5'-end 

cDNA amplifications were performed independent of one another. 

From the newly identified transcription start-site and untranslated region of topo IIP 

cDNA, a 44 bp antisense oligonucleotide (Probe 4) (Figure 12), corresponding to the topo np 

cDNA positions (- 1 to -44), was synthesized. The length and location of Probe 4 within the 

untranslated region, was chosen to create an appropriate G + C nucleotide composition. 

Screening a primary library yielded a 2.5 kb Hind III fragment (7- 1 ) that hybridized to Probe 

4. Restriction mapping (Figure 1 3) revealed that fiagrnent 7- 1 contained two Nco 1 

restriction sites, an important indicator that the topo llp translation start-site may be present. 

Fragment 7- 1 was sequenced using the dideoxynucleotide chain termination rnethod, 

revealing that Fragment 7-1 did not contain topo IIP exon sequence, but did contain a repeat 

sequence identical to portions of Probe 4. The repeat sequences, corresponding to topo [Ip 

cDNA positions (-4 to -1 5) and (-7 to -15) (Figure 141, accounted for 27% and 20.5% of 

Probe 4 respectively, providing enough homology to create a false positive signal. Sequence 

similarity searches were performed using the Basic Local Alignrnent Search Tool (BLAST) 

program and the National Center of Biotechnology Information GENBANK database, but no 

sequence similarity matches were identified A new probe would have to be constructe4 

corresponding to sequence within the untranslated region, but without the topo IIp sequence 

corresponding to the repeat sequences found in fragment 7- 1. 

Before a new probe was synthesized, new information conceming the human topo IIP 

promoter was presented by Dr. Alex Ng et ai. ( 1996) of Harvard Medical school at the 

Annual Meeting of the Arnerican Association for Cancer Research in Washingion, Apd 



1996. The information included topo llp 5'-flanking sequence corresponding to cDNA 

positions (-224 to -89), two transcription start-sites corresponding to topo IIP cDNA position 

-88 and - 190, and the entire sequence of the fim exon of topo IIp corresponding to cDNA 

positions (-88 to +69). The hurnan placenta transcription start-sites identified by Ng et al. 

( 1996) are 22 bp and t 24 bp M e r  upstream than the single transcription start-site 

identified here for both HeLa and human placenta topo IIP. The transcription start-sites 

identified in human genornic DNA by Ng et al. ( 1996) were established by 5'-RACE and 

confirmed by S 1 -nuclease mapping. To clarify this discrepancy, an S 1-nuclease protection 

assay for both HeLa and human placental mRNA is required It is difficult to comment on 

this discrepancy, however it is tempting to speculate that more than two transcription start- 

sites may exist for the p isoform of human topoisornerase II. 

Regardless of the discrepancy between transcription start-sites, the new topo IIP 

sequence information from Ng et al. (1996) was used to design a probe (Probe 5) spanning 

the untranslated region, the transcription start-site, and part of the 5'-flanking sequence. 

Probe 5, a 23 1 bp double-stranded fragment corresponding to cDNA positions (-2 19 to +22), 

was amplified from a hurnan placental genomic DNA library. Screening of a ptimary library 

yielded a 4.35 kb Hind RI fragment (8- 1) that hybridized to Probe 5. Restriction mapping 

revealed that fragment 8- 1 contained an Nco 1 restriction site, indicating that the hgment 

may contain the start-site of translation of topo IIP (Figure 15). Complete sequence 

information from hgment 8- 1 revealed topo IIp exon one ( 4 6  to +69) and approximately 

1 183 bp of 5'-flanking sequence (Figure 16). 



To establish fiinctional activity of the putative promoter of topo Iip, preliminary 

luciferase activity assays were conducted on several constructs derived fi-om fragment 8- 1 

(Figure 18). The CMV promoter was cloned into the luciferase vector, pGL2-basic, as a 

positive control, and the pGL2-basic vector alone was used as a negative control. AI1 the 

constnicts were sequenced using the dideoxynucleotide chain termination method to confirm 

insert orientation, ûansfected into an Acute Lymphoblastic Leukemia (ALL) ce11 line, and 

tested for luciferase activity. Unfortunately, none of the constmcts, including the positive 

controis, demonstrated l uci ferase activity. Ng et al. ( 1 996) provided prei iminary evidence of 

prornoter activity in a 137 bp fragment of the 5'-flanking region of hurnan topo IIP using 

luci ferase assays. Given that Ng et al. ( 1 996) demonstrated promoter activity on simi lar 

portions of the 5'-flanking region of topo IIP, and the fact that our positive controls were 

unable to elicit a response, it was concluded that the transfection conditions for the luciferase 

assays were simply not optimized Future experiments should manipulate ceIl type, ce11 

number, transfection voltage, transfection current, and incubation times to identify the 

optimal trmsfection conditions. 

The sequence obtained from fragment 8- 1 was analyzed using Transcription Element 

Search Software (TESS) fiom the Baylor College of Medicine, Houston, Texas, and the 

TRANSFAC version 3.0 database. Fi@-six potential mammalian transcription factor 

binding sites were identified (Figure 17). 





FUTURE RESEARCH DIRECTIONS 

Clearly fùrther studies would be required to establish which of the potential putative 

binding sites found in the 5'-flanking region of topo IIp are of biological relevance. Studies 

should also be performed to help elucidate the role that the 5'-flanking region of topo IIP 

plays in dmg resistant ce11 lines. 

Firstly, a series of deletion constructs lacking one or more elements in the 5'-flanking 

region would be constnicted. Elements affècting transcriptional activity might then be 

destroyed by site-directed mutagenesis in an atternpt to correlate alteration of transcriptional 

activity with destruction of specific transcription factor binding sites. Secondly, DNase 

footprint analysis would be used to identiq proteins associated with the 5'-flanking region of 

topo lIp. Thirdly, the normal topo IIP 5'-flanking region would be transfected into dmg 

resistant ce11 lines to provide specific insight into the role that transcriptional regulation plays 

in dmg resistance. Finally, the 5'-flanking region of topo [IP in resistant cell lines would be 

cloned and compared to the normal functioning topo np 5'-flanking region in an effort to 

identifi possible mutations. 

Previously, p53 proteins (Ines et al. 19961, phorbol esters (Zwelling et ai., 1 WO), 

retinoic acid (Tsao et al., 1994), and methylation (Tan el al., 1989) have k e n  shown to 

transcriptionally regulate topo na. Whether these previous observations are found solely in 

the a isofom or in both isoforms is not known at this time, but an investigation of the 

topo np 5'-flanking region is now possible to assess the involvement of these agents in 

transcriptional regdation. 
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