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ABSTRACT 

c-Myc deregulation has been shown to generate locus-specific chromosomal and 

extrachromosomal gene amplification, as well as k;uvotypic instabi lity. My studies 

focused on c-Myc-dependent amplification of a new c-Myc amplification target, the 

ribonucleotide reducfase R2 gene. Using a mouse Pre-B ceIl line we showed 

chromosomal and extrachromosomal amplification and rearrangement o f  the Rî gene 

locus within 72 hours of transient and inducible c-Myc dereylation. We fiirther showed 

that the initiation of c-Myc-dependent R2 instability occurs as early as  24 hours of 

transient c-Myc deregulation. 

Previous studies have demonsuated gene amplification using cell cycle inhibiting 

drugs, resulting in locus-specific gene amplification within 5-22 replication cycles. My 

study is novel in that it uses inducible system to study initiation of c-Myc-dependent 

Rt amplification. The results of this work suggest that the c-Myc-dependent initiation of 

amplification of RZ is replication-driven. This does not exclude subsequent gene 

amplification through other mechanisms. 

To study c-Myc-dependent extrachromosomal gene amplification, we developed 

two methods for the analysis of extrachromosomal DNA amplicons. These methods 

include fluorescent in situ hybridization to characterize the genes found in the total 

population of purified extrachromosomal DNA and the specific isolation of histone- 

bound extrachromosomal D N q  which is associated with active genes. 



AIMS OF THIS THESIS 

The aim of this study was to examine c-Myc-dependent g e n o d c  amplification of 

the ribomcleotide rechrctase R2 gene. This thesis work had the foIIowing aims: 

1. To  determine the effect of transient and constitutive c-Myc overexpression on the 

genomic (in)stability of  the r ibodeot ide  reductase RZ gene and to establish whether 

any observed c-Myc-dependent perturbations in Rî genomic stability resulted in altered 

R2 mRNA and protein expression in cultured Pre-B cells. 

2. To detennine whether the four non-canonical E-box motifs found flanking the 

Exon Vm region of the r ibodeot ide  reductase R2 gene bind c-Myc/Max heterodimers, 

and whether these E-box-containing DNA sequence motifs play a role in c-Myc- 

dependent R2 gene amplification in cultured Pre-B cells. 

3. After inducible c-Myc deregdation, we observed extrachromosomal and 

chromosomal gene amplification of the ribomrcleotide reàùctase RZ gene locus (See 

results of Ai m 1 ). To fùrther characterize the c-Myc-dependent extrachromosomal 

amplification of the R2 gene (and of  other genes), we have developed two experimental 

approaches. First, we used fluorescent in situ hybridization (FISH) to probe for the 

presence of the Rt and other genes in a total isolation population of  purifieci 

extrachromosomal DN A. Second, we developed a met hod to speci fical 1 y isolate 

extrachromosomal DNA that is bound by histone proteins, which are associateci with 

potentially active genes. 
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Chapter 1. INTRODUCTION 

1.1. The Focus of this Study 

The focus of this thesis work is the c-Mycdependent amplification of the 

ribonucleotide reductuse R2 gene in cdtured mouse lyrnphoid B cells. My hypothesis is 

that because the mouse R2 gene contains E-box motifs that are putative MycMax 

binding sites, it is a target of c-Myc dependent gene amplification. In this thesis work 1 

have examined the role of c-Myc deregulation in the genomic (in)stability of the 

ribonucleotide reductase R2 gene. I have aiso analyzed the mechanism by which c-Myc 

interacts and initiates the amplification of the R2 gene. 

This thesis work advances the way we are able to study genomic instability, but 

more importantly it ad& to the Iist of detrimental effects rnediatcd by c-Myc 

deregulation. Since one of the phenomena often encountered in the study of genomic 

instability is the generation of extrachromosomal DNA molecules, also known as double 

minutes @Ms) or extrachromosomal elements (EEs), it was to our advantage to develop 

a better method of detecting and probing them. During the course of this thesis work, a 

variation of the current fluorescent in situ hybridization (FISH) method was developed. 

FISH-EEs (fluorescent in situ hybridization of extrachromosomal elements) was 

developed as a method to aid in the detection of genes on extrachromosomai DNA 

molecules. In addition, we have developed a way to specifically enrich for histone-bound 

EEs that carry genes. 

The main emphasis of this thesis work was initiated to examine the c-Myc 

dependent genomic (in)stability of the ribonucleotide reductuse R2 gene locus. In this 

study we began with three questions: 



(9 

(i i) 

(i ii) 

Does deregulation of the pmtooncogene c-Myc in culturd B lymphocytes play a 

role in gcnomic (in)stability of the ribonucleotide reductase RZ gene locus? If so. 

what are the effects on R2 expression following its amplification? 

Does the c-Myc protein interact physically in any way with the R2 gene locus? If 

so, does c-Myc interaction with the R2 gene play a role in its amplification? 

Finally, what is the rnechanism of the c-Myc dependant arnplification of the R2 

gene locus? 1s the amplification of R2 a replication-driven or a segregation-driven 

phenornenon? 

In brief, the results of the experiments conducted answered the questions posed 

above. These results are summarized as follows: 

1 have demonstrated that the transient and constitutive deregulation of c-Myc 

results in the chromosomal and extrachromosomal amplification as well as rearrangement 

of the mouse nbonucleotide reductuse R2 gene locus. Unexpectedly, we found that 

amplification of the Rt gene locus does not result in a corresponding over-expression of 

the R2 mRNA and protein products. c-Myc target genes such as dihydrofolate reductase 

(Mai, 1994) and Cyclin LU (Mai et al., 1999) are over-expressed following their 

amplification. In contrast, my work shows for the first time that c-Mycdependent 

amplification is not necessarily followed by over-expression of the amplified gene 

product. T o  this end, this work also defined different classes of c-Myc arnplification 

target genes: Those that are over-expressed following amplification of a gene locus, and 

those that are not. 

Next, my thefis work answereâ a number of questions about the role of c-Myc in 

the amplification of the ribonucleotide reductuse R2 gene locus and about the rnechanism 



of the amplification process. 1 demonstrated chat the c-Myc protein does interact with 

each of a cluster of four noncanonical E-box motifs that are found flanking the Exon 

VEI region of the R2 gene in vitro. This interaction was shown to be specific, since anti- 

Myc antibodies, but not control antibodies were able to dismpt the interaction and 

cornplex formation in in vitro analyses. 1 confinned through a series of 2-dimensional gel 

electrophoresis and Southem analyses that the amplification of the R2 gene was a c-Myc 

dependent phenornenon that occurred specifically through a replication-driven 

mec hanism. These results are rerniniscent of the onionikin re-npl ication model initial1 y 

proposeci by Varshavsky (1981) and later by Mariani and Shimke (1984), as well as 

others. Moreover, each of the four E-box motifs identified in the region flanking Exon 

VIII of the R2 gene is part of an initiation zone for the initiation of RZ gene replication. 

Finally, my work demonstrated that transient c-Myc over-expression resulted in a higher 

metaphase index, but more importantly that c-Myc deregulation resulted in enhanced 

bromodeoxyuridine incorporation in band A of mouse chromosome 12 where the R2 gene 

res ides. 

The most important contribution of this thesis study to the rapidly expanding field 

of c-Myc is novel information showing that when deregulated, c-Myc is capable of a 

replication-driven amplification mechanism. Although. replication-driven gem 

amplification was described nearl y two decades earlier by Varshavsky (1 98 1 ) and 

Mariani and Schirnke ( 1 984). their descriptions involved dmg-dependen t amplification of 

the dihydrofolote reductase gene locus. This study demonstrates for the first timc the 

capacity of c-Myc protein to amplify the ribonucleotide reductnse R2 gene in a 



replication-driven mechanism. and as such this study adds to the understanding of c-Myc- 

dependent gene amplification and genomic instability. 

1.2 Tumor Initiation and Progression 

Ordered and regulated cellular proliferation is the rule in healthy cells, whereas, 

uncontrolled cellular proliferation is the hallmark of cancer. The changes that occur in 

cells, tuming them from normal to cancerous are not singular, nor do they necessarily 

foliow the same path in each case. The current model of cancer development is a multi- 

step theory, where most tumors are believed to arise following a series of alterations that 

alter the replation of a cell. The theory of multi-step carcinogenesis originated with 

Foulds (1 958). Farber and Cameron (1 980) proposed that the alterations can be simplified 

and broken down into th- phases narnely. initiation. promotion, and progression of 

cancer. These aiterations can be either lethal or they can be advantageous for ce11 growth. 

The alterations ihat confer a survival advantage arc selected for and will eventually allow 

for the selection of predominant population(s) with altered growth charactenstics. 

The classic model that describes the genetic bais for colorectai neoplasia was 

published by Fearon and Vogelstein (1990). Although it describes the genetic basis 

leading to colorectal carcinogenesis, it is applicable to tumongenesis and turnor 

progression in general. In summary their model stated that: 

(i) Colorectal tumors appear to arise following the mutational activation of 

oncogenes in conjunction with the mutational inactivation of tumor suppressor 

genes, where the latter predominate. 



(ii) 

(i i i) 

(iv) 

Mutations in at least four or five genes are required for the formation of a 

malignant tumor, although fewer changes are sufficicnt for the devclopment of a 

benign tumix. 

The genetic consequences are due more to the total number of the mutations than 

to the order in which they accumulate. 

In some cases mutations in tumor suppressor genes appear to exen phenotypic 

effects, even though they are present in the heterozygous state, suggesting that 

these genes may not be recessive at the cellular level. 

Overail, this model depicts a picture that shows a set of conditions that are required and 

must be met for the "successful" development of a cancer cell. 

The model described above requires that specific changes m u r  at the genetic 

level that will provide the cell with an advantage to an abundance of selective pressures. 

This Darwinian natural selection of cancer cells allows these cells to free themselves 

from the confines of controlled growth. Weinberg (1989) suggested that the Darwinian 

selection of cancer cells, which is the outcome of a multistep cancer development 

process. is a reasonable model. Each step in the progress toward a cancer ce11 represents a 

physiological bamier that must be crossed in order for the cell to progress toward the 

endpoint of malignancy. Bishop (1995) summarized this eloquently by suggesting that 

each tumor is the outcome of an individual experiment in cellular evolution. driven by 

genomic instability and guided by rigid selection for advantagews cellular properties. 

13. B Lymphocytes and Their Development 

Since this thesis focuses on mouse B lymphocytes in the context of genomic 

instability, it is prudent to begin with some discussion of B cell development. The 



development of B lymphocytes in vitro and in vivo has k e n  studied very thoroughly. In 

fact, more than a dozen stages of B ceIl development cpn be di~t iopished in the mouse 

and a similar number of stages is becoming discernable in human B cell development 

studies. Momver ,  the complex issues of proliferation, differentiation, and prograrnmed 

ceil death can now be investigated at more than one stage of the B cell development 

process. Human and munne Nmors arising from various stages of B ce11 development 

add to the understanding of the specific developmental stages of B cells that are 

susceptible to transformation. The c-Myc oncoprotein is clearly implicated in the normal 

control of B cell development and in the events that lead to neoplasia. 

The development of the B lymphocyte will be discussed briefly in this section 

with emphasis on the potential roles of the developmental and maturation processes upon 

the initiation of the preneoplastic and neoplastic conditions in the B ce11 and the role that 

the protooncogene c-Myc plays in these processes. This discussion is by no means 

exhaustive, but it serves to il lustrate the potential for deregulation of the c-myc gene locus 

and potentially other genes downstream of c-mye. 

13.1. B Lymphocyte Development 

The normal development of B lymphocytes requires that these cells proliferate 

and undergo differentiation at appropriate times in order to fil1 al1 of the compartments of 

the primary and secondary lymphoid organs. In addition. the development system is 

charged with the task of selecting for antigen-receptor expressing cells, in order that al1 

"anti-self" as well as other receptor-negative cells that arke from non-productive V(D)J 

remangemenu dunng development in the primary lymphoid orgnns do not appear in the 

secondary peripheral regions of the system. 



It was demonstrated that B cells are generated in waves. In the mouse, a first 

wave is initiated in the embryonic b l d  and placenta, followed by a second wave 

originating in the fetal liver (Melchers, 1979; Rolink et al., 1993). Throughout life, these 

celIs continue to be generated in the bone manow. The rate at which these cclls are 

generated daily is approximately 5 x 10'' in humans and 5 x 10' in the mouse. Only 2 to 

5% of the cells generated each day will reach matunty as surface-immunoglobulin 

positive (dg? cells that will be found in the peripheral b l d .  The remaining 95 to 98% 

are unsuitable for further development and die at the site of their gcneration. The key to 

the survival or death of these cells lies in the selection of functional sIg-bearing cells. 

This process begins with the rearrangement of the immunoglobulin gene loci. These 

rearrangernents are either successful or they fail. If rearrangernents fail to generate a 

functional cell, the cell dies. If the rearrangement is successful, a signal is given, often as 

a receptor or a successîülly assembleci molecule, which prompts the next step of the 

development process. The phases in B ceIl cytoplasmic and surface marker development 

and presentation are illustrated in Figure 1.3.1.1. The successes and failures of heavy and 

light chain rearrangement are illustrated in Figure 1.3.1.2. 

The oversimplified chronology and molecular signaling involved in B cell 

development are as outlined below. The pluripotent stem cell, which is the ancestor of al1 

of the different lineages of blood cells, gives rise to progenitor cells. These progenitor 

cells are developmentally committed to generate cells of the B lineage. Many early cells 

develop and function in close contact with an environment of stroma1 cells. Stromal cells 

are important since they provide the developing lyrnphoid ce11 with ce11 contacts and 

cytokines that regulate the proliferation and differcntiation of the B ccll lineage (Era et 
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al., 1994; Kincade et al., 1994). Interleukins such as IL-3 and IL-7 with a role in B ce11 

development have been idcntified in the mouse, and c-kit and flk-2 arc membrane-bound 

tyrosine kinases found on B lineage precursors, which interact with comsponding 

membrane-bound ligands found on stroma1 cells (Era et al., 1994; Ogawa et al., 199 1; 

Rolink el al., 1991a, RoIink et al., 199 1 b; Winkler et al., 1994). 

Stem Cell ProgeNtor B ReB 1 PreB ii ImmatiPeB Ma!ureB 

ReBRecepfor 1 IgM IgD 

G G 41-43 Va-%& VL-JL 
0 1 ~OMN* TdT TdT 

0 CD45 RAGl RAGl RAGl 
RAG2 RAG2 RAG2 

@ CD19 hrnitdON aumdOFF avnedON 
0 c-kit 

Hcavy Chain Rarrangement Li@t Chain Rcarrangemtnt 

Figure 13.1.1. B Lymphocyte Development 

Modified from Siwarski et al. (1997) in c-Mye in B-Ceiï Ncopüasia (Potter and 

Melchers, Eds.) in Mechanisms of B Cell Neoplasia 1997, Roche. (Not s h o w  is the 

plasma cell, a non-proliferating, end-differentiated B ce11 that form mature B cells.) 



Figure 1.3.1.2. Heavy and Light Chain Rearrangement and Allelic Exclusion: 

The Generation of Functional and Non-Functional Heavy and Light Chains. Modifieci 

from: Klein, J .  in Inutrunology, 199 1. Blackweli Scientific Publications. p. 1 OS. 

Transcription of the non-rearranged, germline heavy (H) chah gene locus and 

the V p r c ~  and Ar genes encoding the surrogate light (SL) chah (Melchers et al.. 1993), as 

well as the activation of the rearrangement machinery genes such as terminal 

deoxyribonucleotidyl transferarc (Tm, and the rearrangement-active genes RAGl and 

RAG2 (Mombaerts et al., 1992; Oettinger, et al., 1990; Schatz et al., 1989; Shinkai, et al., 

1992), are the earliest cvidence for the cornmitment of a ceIl to the B lineage of 

development (see Figure 1.3.1.1.). Thest events m u r  at the time when the cells are 



8220' (CD45+ in humans), but not yet CD l9+ (Hardy et al., 1994; Rolink et al., 1996). 

At this stage of the cells* maturation prooess, the first Ig rcarrangements (4i segments to 

JH) are aiready detectable. The role of TdT is N sequence insertion at the joints of the 

rearrangements. TdT is active during rearrangements that m u r  in the bone marrow, but 

does not function in the liver. For this reason, the heavy chains of the antibodies that are 

derived from the bone marrow are N regiondiverse, while those generated in the liver are 

not. This remangement continues while the cells are in the subsequent distinguishable B 

ceil population. In this stage, known as the PreBI stage. cells are B220* (CWn, CD19' 

and also express c-kit (CD4 173 and SL chains on their surface. Moreover, at this stage, 

practically al1 H chah alleles DHJH are rearranged (Melchers, 1995). 

At this point, a second round of chain rearrangement occurs on one of the heavy 

chains, where VH joins the DHJH sequence. Whenever this rearrangement takes place 

successfully, and the rearrangement is in frame, a pH chain can be made. This pH chah 

then combines with the SL chah forming a PreB receptor. This sequence of events has a 

number of consequences and leads to the generation of a new ceIl population. In a 

suitable environment such as in the bone marrow or in another B lymphocyte generating 

organ, cells expressing surface PreB receptors are induced to cycle and for this reason 

they are quite large duting this phase, during which they are called h B I I  cells. Cells that 

have not generated productive rearrangements and cannot form a PreB receptor do not 

proliferate and wili die. Conversely, cells expressing PreB receptors following productive 

p heavy chain rearrangement outgrow their cornpartment. These cells no longer express 

c-kit and have completely down-rcgulatcd thcir rcprnuigement machinery. This includes 

TdT, RAGI, and RAG2. They now express CD25 (the achain of the IL2 receptor) 



(Grawunder et al.. 1995). The down-regulation of the remangement machinery is likely 

to play a pivotal role in the prevention of potcntially s u c ~ ~ ~ f u l  VH to DHJH 

rearrangement within the other, as yet non-rearranged heavy chah locus. This is Iikely 

the mechanism by which dlelic exclusion is ensured, so that one B ce11 is able to generate 

only one heavy chain. 

Fotlowing the generation of a successfully VDJ-rearranged heavy chain, the 

expression of VH may still undergo gene replacements or conversions, known as editing. 

This editing process in VH expression is likely to occur in the transition between PreBI 

and PreBII during the B cells' development, when the VDJ remangement is completed 

and before the rearrangement machinery is down regulated. These large PreBII cells then 

undergo three to five cycles of replication and lose their PreB receptor expression. The 

loss of PreB receptor is followed by a reactivation of the RAGl and RAG2 genes and by 

the transcription of the non-remangeci Â. and K light chah loci. These cells fdl into a 

resting state where they become small and are referred to as small PreBïI cells. 

During the second phase of rearrangement, RAGI and RAG2 rearrangement- 

active genes are activated, but Tm is not. Consequently, al1 cells contain rearranged 

V~J~rearranged L gene chah loci, but no N insertions are made. At this point, half of the 

cells have successfully rearranged their light chains and express these chains in the 

cytoplasm, but not yet on the surface. The other half consists of cells which have either 

non-rearrangeâ or out-of-frame loci. It is important to note that the expression of RAGl 

and RAG2 enables shuffiing of light chain rearrangements which result in correct and 

productive light chains, or continucd reshuffling which might aïlow for the alteration of a 

non-productive light chain to a productive chain. This process. rcccptor L chain editing, 



might also remange a productive L chah,  giving rise to an auto-antigen-rcafting Ig 

receptor. Secondary L chah  rrarrangements may allow for the expression of two L 

chains whenever the rearrangement proces allows both chains to be used. It has been 

shown that only 1 to 3% of al1 mature peripheral B cells express two light chains. Also, 

less than 1% of al1 peripheral 8 cells have been shown to express two heavy chains. 

Together, this implies that for the most part, one B ce11 produces only one antibody by 

virtue of allelic exclusions. This is the basis for clonai evolution within the immune 

system, where a single antigen is selected from al1 of the lymphocytes that were 

generated, the single ce11 that has given rise to the abcorrect" receptor. 

1.3.2. Positive and Negative Selection of B Lymphocyte Clones 

As described in the previous section, the survival or  death of a given B ce11 clone 

depends on the functional rearrangement of the germline immunoglobulin loci (see 

Figure 1.3.1.2.). In the proper in vivo developmental environment of the b n e  marrow, 

the expression of an autoreactive immunoglobulin receptor on an immature B ce11 results 

in the arrest of differentiation and death of that ce11 (Chen et al., 1995a, 199%; Goodnow 

et al., 1995; Nemasee, 1991 ; Prak and Weigert, 1995). They can attempt to reanange 

their receptor specificity through secondary L4hain rearrangements (Young et al.. 1994). 

Through this method of differentiation arrest, the emerging B ce11 repertoire is purged of 

those cells which are autoreactive to antigens present in the marrow. A small percentage 

(2 to 3%) of the sIgM+ immature B cells that do not ncognize autoantigens are selected 

to become mature, resting antigen-sensitive sIgM/sIgDdouble-expressing B lymphocytes 

which are allowed to migrate to the peripheral system and cventually become longer- 

lived cells. 



13.3. C-MYC Expression D u ~ g  N o r d  B Lymphocyte Development 

It has k e n  clearly demonstrattd in mouse models, that rnyc genes play a cntical 

role in embryonic development. The myc family consists of c-mye, N-myc, L-myc, S-mye, 

B-myc. The best characterized of these is c-mye. The most closely related members of the 

rnyc family of proteins are L-Myc, N-Myc, and c-Myc. They share significant functional 

and structural homology. S-Myc shares only about 60% sequence homology and may 

play a role in transcriptional regulation of genes whose expression induce apoptosis in 

vitro and in vivo (Asai et al-, 1994). B-myc shares homology with exon 2 of eimyc and is 

expressed in multipIe tissue types, aithough its expression is highest in the brain, both at 

the ernbryonic and adult stages (Ingvarsson et al., 1988). It has been shown to inhibit 

neoplastic transformation and transcriptional activation by c-Myc (Resar et ai., 1993). 

L-myc, N-myc, and e-mye play crucial roles in mammalian development. Mice 

that are nullizygous for c-myc die in utero between 9.5 and 10 days (Davis et al., 1993). 

Before death, the embïyos are smaller and a number of the organs show defects in their 

development. The authors (Davies et al.. 1993). cite pathologie abnormalities in the hem,  

pericardium, neural tube and delay or  failure in tuming of the embryo. Mice that are 

nullizygous for N-Myc die in utero between 10.5 and 12.5 days of their gestation 

(Charron et al., 1992). Histological analysis of mutant embryos reveals lack of organ and 

tissue development; in particular, these embryos reveal a lack in development of the 

cranial and spinal ganglia mesonephros, lung, and gut (Stanton et al.. 1992; Sawai et al.. 

1993). These abnonnalities occur in spite of a compensatory up-ngulation of c-myc 

expression in the neurœpithelium (Stanton et al.. 1992). Unexpectedly, it was 

demonstrateci that although these embryos die prcmaturely. they survive to 



developmental stages that are well beyond the onset of normal c-myc and N-myc 

expression. The swvivaî of îhc mutant ernbryos is attnbuted to some rtdundancy in the 

functional properties of the myc family proteins in early, but not in later developmentai 

stages of embryogenesis. This redundancy allows them to survive through the early 

stages of embryogenesis in spite of their mutations (Charron e! al., 1992; Stanton et al., 

1992; Sawai et al., 1993). 

Interestingly, ce11 lines denved from c-Myc nul1 embryos are able to proliferate in 

vitro, though it is not understood why this happens (Davis et al., 1993). The notion that 

L-Myc or N-Myc are able to substitute for the absent c-Myc in these cells does not apply 

in these cells since experiments also indicate that they have no detetable N-Myc or L- 

Myc expression (Mateyak et al., 197). Cultured c-Myc-knockout ce11 lines continue to 

grow. but have a prolonged Gi and GI phase, though S phase is unaffected (Mateyak et 

al., 1997). It was demonstrated that c-myc-/- cells have a 12-fold lower activity of cyclin 

Dl/Cdk4 and Cdk6 complexes as well as a reduction in activity of cyclin WCdk2 and 

cyclin AICdk2 complexes. These cells also showed elevated expression of p2741 and 

decreased expression of Cdk7 (Mateyak et al., 1999). 

It is possible that GMyc or N-Myc may be able to substitute for c-Myc in other 

ce11 lines, however. For example, Coppola and Cole (1996) demonstrated that c-myc 

expression blocks dimethylsulphoxide- (DMSO) inducible cellular differentiation of the 

Murine Erythroleukemia (MEL) F4- 12B2 cell line. Later, Dmitrovsky et al. (1 986) 

demonstrated the same block of DMSO-inducible differentiation by c-Myc over- 

expression in Friend-virusderived MEL cell lines. B i m r  et al. (1989) showed that L- 

Myc was able to substitute for c-Myc in blocking DMSO-inducible diffcmntiation in the 



Friend virus-derived Murine Eqthroleukemia cell line, C19. Also, Birrer et al. (1988) 

showed that L-Myc cooperated with r u  to transform primary rat embryo fibroblasts. 

Bush et al. (1998) report that c-Myc nuIl cells show no deregulation of any putative 

transcriptional c-Myc target genes except for CAD and GADD45, and suggest that these 

two deregulated genes may contribute to the slow growth phenotype of c-Myc nul1 cells. 

In an in vivo study, mice were generated where their endogenous c-myc coding 

sequences were replaced by N-myc coding sequences (Malynn et al., 2000). These mice 

were able to survive into adulthood and reproduce. Moreover, when N-myc was 

expressed from the c-Myc locus. it was regulated in the same way as, and is functionally 

complimentary to c-Myc in the context of a number of cellular growth and differentiation 

processes. 

Deregulation of the c-myc gene as a result of genetic alterations often resuIts in 

consequences downstream. This type of deregulation is a prerequisite for certain B ceil 

neoplasms. The molecular basis for transformation and neoplasia following deregulation 

of c-myc are stiI1 not well understood. The basis for Myc-mediated transformations are 

slowly k i n g  unraveled by studies that reveal Myc target genes and events which are able 

to link deregulated expression of c-Myc with the transfomicd phenotype. 

Differentiation of B cells involves c-Myc and N-Myc. In general, the myc family 

of genes displays distinct tissue- and stage-specific expression (Zimmerman et al.. 1986). 

N-myc expression in mammals is primarily restricted to the developing embryo. more 

specifically during the onset of organogenesis (Stanton and Parada, 1992). N-Myc is 

expressed in a stage-specific manner in differentiating m o u e  B lymphoid cells. More 

importantly. c-Myc and N-Myc are differentially expresse. dunng the progression of the 



B lymphoid lineage. In B cells, N-Myc and c-Myc are expressed at the PreB ce11 stage of 

differentiation and the expression of both is drarnaticall y induced by interleukin-7 (IL-7) 

(Morrow et al., 1992; Malynn et al., 1995) secreted by the stromal cells. The presence of 

N-Myc during only the early stages of B cells differentiation suggests a specific function 

for N-Myc in the early stages of this developmental process. Although there is a 

significant degree of homology between L-Myc, N-Myc, and c-Myc, there is little 

overlap in their expression patterns (DePinho et ai., 1991). Despite their high sequence 

homology and rninor functional overlap, L-Myc, N-Myc and c-Myc are able to transform 

cells through common genetic pathways (Mukhe rjee et al., 1992). though their individual 

potential to transform cells differs (Hatton et al., 1996 and references therein). 

Up-regulation of the c-myc gene is seen only twice in the development of B 

lymphocytes from progenator cells in the bone mmow to Ig-secreting plasma cells in the 

peripheral blood. c-Myc levels are first increased to high levels in pro-, preBï, and large 

PreBII cells. During this stage c-Myc is maintained at high levels dunng the continued 

proliferation of B cells through severai ce11 cycles. c-Myc protein levels are increased the 

second time when rcsting, mature, antigen-sensitive sIgM*lsIgD* B cells are stimulated 

by antigen or polyclonal activation. At this stage, the up-regulation of c-mye precedes the 

entry of Go-resting cells into the ce11 cycle (Francis et al., 1997). Dunng the latter u p  

regulation, the up-regulation of c-Myc is not maintained. but falls to low and even 

undetectable levels in mature B cells. At the first stage of development, proliferating B 

cells maintain iheir level of differentiation so long as they are in contact with stimulating 

environment of stromal cells and the cytokine L 7 .  At the second stage of c-mye up- 



regulation, these cells mature to memory cells and Ig-secreting plasma cells ( x e  Figure 

1.3.1.1 and accompanying figure Icgcnd). 

The first down-replation of c-myc a i cun  during cell cycling where large. mature 

PreBïI cells become small, resting PreBII cells and s I g w  immature B cells (Winkler et 

al., 1994) and coincides with the rearrangements of VL to JL segments of the Ig L chah 

gene loci. The expression of TdT is alïeady down-regulated at this stage and may not be 

affected by the reduced expression of c-Myc, while the rearrangement active genes 

(RAGI and RAG2) may be influenced by the alteration in c-Myc expression at this 

developmental stage. Similarly, Taylor et al. (1997), showed that the expression of 

surrogate L chah  is dom-regulated at this transition and loss of expression of c-Myc 

expression. 

The reduction of c-Myc levels appears to play an important role in the 

differentiation of B cells. The PreBII ceil cornpartment is expanded and continuously 

proliferating in the bone marrow of mice where c-Myc expression is driven by heavy 

chain enhancer EpH as a transgene that is expressed eady in PreB ceIl development when 

the pH c h a h  is first expressed (Adams et al., 1985). This suggests that the deficiency in 

the down-regdation of c-Myc expression at the transition from large PreBII to immature 

B cells is able to disnipt this transition. 

Resting, mature B cells can be stimulated from inactivity to proliferation though 

Helper-T cell-independent and dependent pathways (Melchers, 1997). In resting, mature 

B cells, where the cells are activated from the Go state into the GI stage of the ceil cycle. 

the u p  and down-rtgulation of c-Myc occurs synchmnously. c-Myc is up-rcgulated 

within the first hours and down-regulated after 5 to 10 hours of stimulation in al1 cells 



(Kelly et al., 1984). These stimulated cells enter the first cell cycle asynchronously in 

spite of synchronous c-Myc activation. In this way a constant part of al1 of the cells enter 

the G-phase and the first mitosis from 12 to 24 hours following stimulation, continuing 

several cycles of 18 hours at low or undetectable c-Myc expression levels. The complex 

role of c-Myc in the entry of B lymphocytes into ceIl cycle, and the progression of these 

cells in their balance of proliferation, differentiation, and programrned cell death through 

succeeding cell cycles is being elucidated. 

1.3.4. The Role of c-Myc in Lymphomagenesis 

The process of lymphomagenesis requires the accumulation of several genetic 

iesions (Magrath, 1992), that are able to provide the lymphoma cell with a selective 

survival advantage over the normal lymphocytes that are CO-localized in the same 

secondary lymphoid tissue. The translocation of the c-mye locus into the immunoglobulin 

heavy chah enhancer region is a common occurrence observed in many B lymphoid 

neoplasias (Ohno et ai., 1979; Kiein and Klein, 1985; Cory, 1986) and results in the 

constitutive deregulation of the c-Myc protein where affected clones exhibit altered 

growth characteristics. 

Deregulation of c-Myc causes changes in proliferation and differentiation in cells 

however, singular DNA lesions appear as initiating and necessary factors, but are not in 

transforming events. Transgenic mice expressing a deregulated c-myc gene exclusively in 

the B lymphocytes are reported to exhibit polyclonal expansion of the preB ce11 

cornpartment, but without a dramatic increase in the total B cell population (Langdon et 

al., 1986). The appearance of B ceIl lymphomas does not occur until 3 to 4 months, 

despite eariy c-myc deregulation. Thcse PrcB cells do exhibit altered growth 



characteristics dunng the initial 3 to 4 months however, the majority of the cells are 

short-lived. This is Iikely due to c-Mycdependcnt apoptosis of the B cells. It is also 

likely that the deregulation of c-Myc results over time, in the genomic instability and 

deregulation of a number of Myc target genes. Over time, the accumulation of genomic 

lesions in a given ceIl cm result in the tnggering of an apoptotic pathway and ce11 death. 

The translocation of bcl-2 is also common to B cells neoplasias (Tsujimoto et al., 

1985) and is a significant event since its translocation plays a fundamental role in the 

tumorigen ic process. Mice expressing a deregulated bcl-2 gene carry an increased 

number of small, resting B cells in their secondary lymphoid organs due to a Bcl-2- 

dependent blockage of normal B ceIl turnover mediated by programmed cell death 

mechanisms (Cory, 1986; McDonnel, 1989). bcl-2 translocation is not in itself 

transfonning, since mice with bcl-2 translocations do not exhibit tumors until 15 months 

of age. It is noteworthy though, that 50 96 of these mice also carry c-myc translocations -- 

(McDonnell and Korsmeyer, 1991). The findings in mice are validated by hurnan studies 

that revealed the translocation of both bcl-2 and c-myc in human B ceIl neoplasias 

(Gauwerky et al., 1988). In summary, these data are supportive of a 'multi-hit*' 

mechanism for cellular transfomation, since mice overcxpressing either c-Myc or Bcl-2 

alone do not develop neoplasia for extended periods of time, even though DNA lesions 

and over-expression of boih proteins is detectable quite early. 

It is not yet understood why the translocation of c-myc and bcl-2 into the heavy 

chain locus of the immunoglobulin gene appear to be the most commonly translocated 

genes dunng the course of B ccll development and prolifcration. It is possible that there 

are numerous translocation targets. Translocation of c-myc andlor bcl-2 into other targets 



may be lethal or simply not offer a growth advantage, so these cells are selected against. 

Translocations into the immunoglobulin loci rnay offer a growth advantage and facilitate 

tumorigenesis. It is likely that these translocations are occumng dunng the V@)J 

rearrangement of the immunoglobulin loci. It is thought that during this process, sorne 

preB cells undergo illegitimate translocations, resulting in rearrangements within c-mye 

or bcl-2 and in the over-expression of either c-Myc andor Bcl-2. While it is agreed that 

these changes are not sufficient to transform the cells, these cells are considered to be in a 

preneoplastic state. It is possible that a combination of carcinogens and antigenic 

stimulation of cells aiready in a preneoplastic state may confer a growth advantage over 

other unaltered cells. This growth advantage coupled with additionaï lesions in Myc 

target genes may facilitate the transformation process and progression to a neoplastic 

state. In essence, c-mye deregulation aione is insufficient for the development of a tumor. 

Müller et al. ( 1996) demonstrated that the molecular machinery for interchromosomal 

rearrangements is found in the cells of al1 strains of mice, however, some mice are 

resistant to the subsequent developrnent of plasmacytomas. Moreover, it is possible for 

normai mice to generate a large number of lymphocytes that carry a recombined c-myc, 

yet they d o  not develop plasmacytomas (Müller et al., 1997). These data suggests that the 

recombination that leads to mye deregulation is not the only requirement for 

tumorigenesis or tumor progression. Other genetic perturbations must occur that will give 

rise to a clone with a selective growth advantage. In some strains, the cells are susceptible 

to those changes and develop a high incidence of tumors. Cells from other stains are 

resistant and do not develop tumors as frequently in spite of the recombination of c-myc 

with an immunoglobulin locus. 



1.4 C-MYC 

1.4.1 c-Myc Ikregulation 

c-Myc is of considerable interest, since the frequency of genetic alterations of the 

c-mye gene resulting in altered expression of the protein in could directly be involved in 

the estimated 70,000 cancer deaths in the United States each year (for review see Dang 

and Lee, 1995). These deaths represent roughly one seventh of the total of the annual 

cancer-related mortality in that country. Literature searches conducted for topics 

concerning c-Myc reveal span seved decades of work. More than 10,000 citations are 

made todate, yet there is still much that remains unclear about the c-Myc gene and its 

protein product. 

In human cancers, the c-Myc protein can be deregulated through translocation (as 

described earlier) by gene amplification, or by point mutation, The c-myc gene cm be 

translocated into the immunoglobulin loci (see Section 1.3.). giving rise to lymphoid 

malignancies (Cole, 1986; Marcu et al., 1992). Its expression can also be deregulated 

through amplification of the c-myc gene. a phenornenon found in lung (Little et al., 

19831, breast (Mariani-Constantini et al., 1988; Munzel et al., 1991). and colon 

carcinomas (Augenlicht, 1997). In addition to c-rnyc activation through dengulated 

expression, point mutations in the coding sequence have been found in the translocated c- 

myc alleles of Burkitt iymphoma patients. These mutations are clustered around two 

major phosphorylation sites in the transactivation domain of c-Myc (Bhatia et al., 1993, 

1994; Clark et al., 1994; Yano et al., 1993). One of these sites is subject to O-linked 

glycosylation (Chou et al., 19954 1995b; Gu et al., 1994; Hoang et al., 1995; Lüscher 

and Eisenman. 1992; Uscher et al., 1989; Lutterbach and Ham, 1994). Though there is 



no concrete evidenct, it is thought that these mutations abrogate negative regdation of 

the protein (Smith-Sorensen et al., 1996). Alternatively, these mutations may prolong the 

half-life of the mutant protein, since the affected regions are impIicated in the 

proteosome-mediated degradation of c-Myc (Flinn et al., 1998). 

1.4.2. A Brief History of c-Myc Oncoprotein 

The history of c-myc is one that started in the early part of the twentieth century 

(For review see, Potter and Marcu, 1997 in c-Myc in B Ce11 Neoplasia). It begins Ca. 1908 

with Wilhelm Ellerman and Olaf Bang, who demonstrated that erythroleukemias in 

chickens could be tmsmitted with ceIl free lysates. The ftrst avian tumor containing 

what was later identified as the v-myc gene was the Murray-Begg endothelioma, known 

as MH-2 (Begg, A.M., 1927; Graf, T. and Beug, H., 1978). In the end, the virus isolated 

from MH-2 was found to contain v-myc and v-rufil (Sutrave et al., 1984). In the mid 

1960's. the prototypic v-myc-producing MC29, a virus strain was isolated in Bulgaria and 

thought to be a myelocytoma (Bister et al., 1979; Mladenov et al., 1967; Vogt, 1979). 

Two additional myelocytomatosis viruses were isolated, the CM11 virus in 1964 and the 

OKlO virus in 1977. The four viruses MH-2, MC29, CMII, and OK10, were grouped on 

the basis of their ability to transform monocytes (Graf, T. and Beug, H., 1978). RNA 

fingerprinting studies of the MH-2, MC29, C'Mn, and OKlO transforming viruses 

revealed that they d i  contained a common element, the v-myc oncogene, associated with 

transformation (Bister et al., 1979; hiesberg, and Vogt, 1979). Myc was not found in any 

other transforming viruses, including the Rous Sarcoma Virus. 

Manolov and Manolova (1972) were the first to show evidence of chromosomal 

translocations on human chromosome 14 and described them as marker bands for 



Burkitt's lymphoma Hayward et al. (1981) were the first to demonstrate that Avian 

Leukemia Virus (ALV) induced lymphomas in the chicken and that ALV was 

consistently associateci with retroviral insertion into the 5' region of c-myc. They made 

fint associations of the c-myc gene with B ce11 neoplasia. These lymphomas were shown 

to forrn in the Bursa of Fabricius and to be of B ce11 origin. The association of the ce11 

type was based first on histological evidence of the preneoplastic lesions in the bursa 

(Cooper et al., 1968). The first paper by Hayward et al. (198 1) was followed by the 

identification of the c-myc protooncogene as the consistent target of the retroviral 

insertion (Neel et al., 198 1). With the discovery of the retroviral promoter insertion came 

the understanding of a new forrn of oncogenic mutagenesis and this generated a novel 

direction in cancer research (Payne et al. 1 98 1). 

An equally exciting discovery was made regarding B cell neoplasia, but in a non- 

virus-associated system. An increasing volume of evidence reveaied that the t(8;14) 
.- 

chromosomal translocation was a consistent feature of sporadic and endemic Burkitt 

Iymphomas in humans (Zech et al., 1976). In humans c-myc is located on chromosome 

8q24.12- 13 and the ïrnmunog1obulin Heavy chah locus (IgH) is located on chromosome 

l4q32.33 (NlBC Genbank, http://www .ncbi .nlm.nih.gov/Omirn/Homology/). Recentl y, 

Gerbitz et al. (1999) demonstrated deregdation of c-mye that resulted from t(8;22) 

translocation in Burkitt lymphoma as well. Ohno et al. (1979) analyzed a series of early 

transfer generation paraffin oil induced peritoneal plasmacytomas in rnice, and found that 

they al1 had either t(12; 15) or t(6;15). Based on the locations of the immunnglobulin (Ig) 

heavy chah on chromosome 12. the kappa light chain on chromosome 6, and c-myc on 

chromosomes 15, it suggested the possibility that one of the translocation partners was an 



immunoglobulin (Ohno, et al., 1979). A number of laboratories described Ig switch 

regions that were found to contain non-Ig DNA sequences. Sevetal important studies 

demonstrated that the non-lg DNA was c-mye. Dalla-Favera et al. (1982) showed that the 

non-Ig DNA on chromosome 8 at the t(8; 14) breakpoint was human c-myc gene locus. At 

the same time, Shen-Ong et al. (1982) studying the structure of the c-mye gene locus in 

mouse plasmacytoma, demonstrated that it was rearranged and recombined with the Ig 

heavy chah switch region on chromosome 12 in the t(12;lS). Then Harris et al. (1982) 

showed DNA sequences in piasmacytoma cells that are not found in normal B 

lymphocytes. These aberrant sequences did not originate from the heavy chah region. 

CH, and were referred to as non-irnmunoglobulin-associated rearranging DNA ( N W s ) ,  

were found to involve the switch regions of the Ca gene and chromosome 15. Harris et al. 

(1982) proposed the idea of reciprocal translocation, rcpT(12;lS) mode1 to explain their 

data 

Based on the studies of cellular localization of the v-myc gene (Ham et al.. I983), 

it was established that the c-Myc protein was found primarily in the nucleus. Land et al. 

(1983) had shown in their cellular transformation studies that oncogenes could be 

sepaiteci into two complementary groups, one located in the cytoplasm and the other in 

the nucleus. The pmtotypic nuclear oncogene was myc and in the cytoplasmic group was 

H-ras. Alone neither of these genes was able to transform rat embryo fibroblasts, but 

together they did succeed in immortalizing them. 

It was suspected for quite some time that Myc was a sequence specific DNA 

binding protein (Donner et al.. 1982; Persson and Leder. 1984). though its ability to bind 

DNA sequences specifically was also heavily debated (Kato et al., 1992). After structural 



c o m p ~ s o n  with other E-Box proteins. Myc was assigneci as one of the founding 

members of the dirnerizing helix-lwp helix family of transcription factor proteins (Munr 

et al., 1989). It was not until Blackwell et al. (1990) demonstrateci sequence specificity 

on synthetically synthesized oligonucleotides that a specific DNA binding activity was 

assigned to Myc. They showed that the CACGTG sequence was the canonical six base 

pair core for the Myc protein-binding motif. Blackwood and Eisenman (1991) revealed 

very soon after, that at physiological concentrations, Myc was only able to bind DNA in 

vivo as a heterodimeric complex consisting of Myc and Max, another helix-loop-helix 

transcription factor. 

Further experiments involving the c-myc oncogene were also conducted in animal 

models. c-mye transgenic mice were developed in 1984 using a normal mouse v-mye gene 

and driven by mouse marnmary tumor virus (MMTV) promotors (Stewart et al., 1984). 

These mice developed a high incidence of mammary adenocarcinornas as well as other 

tumors (Pattengale et al., 1986; Leder et al., 1986). A different type of c-myc transgenic 

mouse was developed in 1985 (Adams et al., 1985). It was constxucted using the c-myc 

gene driven by imunoglobulin enhancers that ensured the constitutive expression of the 

c-Myc protein in B lineage celis. These mice developed a high incidence of PreB and B 

ce11 lyrnphomas. It was shown that these mice developed a polyclonal expansion of the 

early B cell population and clonal B ceIl tumors that developed after several months. It is 

thought that these begin with the deregulated c-mye gene and are followed by additional 

stochastic oncogenic changes in the cells of this expanded population of early B cells. 

These changes accumulate, and in accordance with the multi-step mode1 for 

tumorigenesis and tumor progression, a number of genetic lesions are accrued that allow 



for the cell to escape growth control and cm initiate the formation a tumor. More changes 

may occur which cm allow for the development of a metastatic phenotype within these 

PreB and B ce11 cornpartment. 

1.4.3. The Role of c-Myc in the CeU 

c-Myc is a multifunctional oncoprotein (Uscher and Eisenmann, 1990; for review 

see Marcu et al., 1992). It is known to play pivotal roles in the ceIl cycle and in ce11 cycle 

progression (Heikkila et al., 1987; Kam et al., 1989), replication (Classon er al., 1987; 

Classon et al., 1990; Classon et al., 1993). and development (Paria et al., 1992; Lemaitre et 

al., 1996). Furthennote, it is involved in transformation (Eilers et aL, 1989; Thompson et 

al., 1989; Chisholm et al., 1992). neoplasia and Nmor progression (Cole, 1986; Spencer and 

Groudine, 1990). and apoposis (Evan et al.. 1992; Shi et al., 1992; for review. see Packham 

and Cleveland, 1995; Donzelli et al., 1999). hiring normal cellular proliferation, c-Myc 

protein expression is tigh'lly regulated (Cole, 1986; Heikkila et aL, 1987; Kam et al., 1989; 

Hanson et al-, 1994). c-Myc has been reported to be involved in the transcriptional 

regulation of specific cyclins, such as cyclim E, A, and DI (Jansen-Durr et al., 1993; Daksis 

et al., 1994; Philipp et al.. 1994), cyclin dependent kinases (cdks) (Steiner et al., 1995). and 

the phosphatase cdc25a (Galaktionov et ai., 1996). c-Myc activation has recently been 

shown to play a rok in ceIl cycle progression and proliferation through the sequestration of 

p27K** and p21 -' (Bouchard et al.. 1999: Perez-Roger et al.. 1999). in addition, c-Myc 

promotes DNA replication (Classon et al., 1987; Classon et al., 1990; Classon et al., 1993). 

Lewis et al. (1997) desfnbe the characterizaiion of rd.  a growth related gene that is 

stimulaied by expression of c-Myc. Later studies showed that rcl is involved in ceIl cycle 

rrgulaiion andor apoptosis control (Fang et al., 1999). Racently. Kyo et al. (2000) 



demonstrated c-Myc and SP lcooperate to the activate transcription of the human telornerase 

catalytic subunit (hTERT) and may play a d e  in attainment of cellular imrnonality. 

An increased half-life of c-Myc is associated with imrnortalization and 

transformation (Eilers et aL, 1989; Thompson et al., 1989; Chisholm et al., 1992). It has also 

been shown that elevated c-Myc levels disnipt proliferation control. A recent paper by Li 

and Dang (1999) suggest that deregulated c-Myc expression plays a role in genomic 

instability through c-Mycdependent induction of DNA re-replication by activating CDKZ 

in Gi-state cells that are usually low in CDK2 at that the G1 stage of the ceIl cycle. Iratini 

and Eisenman, (1999) recently described findings showing that constitutive expression of c- 

myc in Epmyc mice results in increased cell size and an elevated rate of protein synthesis in 

pretransformed B lymphocytes at al1 stages of B cell development. They hypothesize that 

these c-Myc dependent alterations may predispose cells to cancer by enhancing cell growth 

rates to levels required for unrestrained ce11 division. 

The deregulation of c-Myc is emerging as an important component in promoting or 

enhancing genornic instability. In was shown that c-Myc promotes gene amplification of the 

dihydrofolate reductase (DHFR) (Denis et al., 199 1 ; Mai, 1994a; Mai et al., 1996a) and 

cyclin 0 2  (Mai et al., 1999) genes. Mai et al. (1996b), were the first to describe c-Myc- 

induced karyotypic instability in Rat lA cells that over-express c-Myc. 

The deregulation of c-Myc (but not LMyc) expression, coupled with the loss of p53 

cooperates to promote genomic instability. However, c-myc deregulation can bypass 

wiidtype p53 function (Mai et al., 1996b) The restoration of pS3 function in these c-Myc 

over-expressors results in apoptosis, suggesting the restoration of the ability to induce the 

killing of cells that are geneticaily daraged and beyond repair (Yin et d,  1990). Chemova 



et al, (1998) describe coarnplification of carbamoyl-phosphate synthetase-aspartute 

trmcarhyol-dihdrmrotare (CAD) and N-myc in "non-permissive" REFIS2 cells 

exposed first to non-selective concentrations of N-(phosphonacyty1)-L-aspartate (PALA) 

followed by high selective concentrations of PALA. The study demonstrates two distinct 

events where initial low levels of PALA result in DNA darnage resulting in the 

coamplification of both N-myc and CAD. Subsequent i n c m  in N-Myc protein due to the 

amplification of N-myc allow for the ceIl to bypass p53-rnediate arrest and apoptosis 

following DNA damage. At the sarne time, the coarnplification of C'AD facilitates CAD 

protein over-expression and ailows for the ceIl to survive high, selective doses of P U .  

In in vivo studies, Fukasawa et al. (1997) showed that in p53-nullizygous (p53") 

mice, multiple centromeres and abnormaily forrned rnitotic spindles were found in an 

increased number of cells from several organs. c-Myc levels were also elevated in an 

increased population of these mouse cells. Moreover, these cells showed amplification and 

over-expression of two c-Myc target genes, DHFR and CAD, as had been shown earlier in 

in vitro studies of c-Myc dengulateà cells. Recently, Felsher and Bishop, (1999) described 

genomic instability and tumorigenicity in the same cells following transient c-Myc 

dereplation. 

It has been shown that c-MycMax heterodimers in cellular extracts bind to two 

adjacent E-box motifs 5' of the gene encoding DHFR (Mai and Jalava, 1994; Wells et al., 

1996). Binding was comlated with cellular proliferation and DNA synthesis. Inducible 

over-expression of c-Myc was followed by increased binding of c-MycMax 

heterodimers to the DHFR 5'-fianking E-box motifs and DHFR gene amplification (Mai, 

1994a; Mai et al., 1996a). The amplification of the DHFR gene leads to the enhanced 



expression of the DHFR protein (Lücke-Huhle et al., 1997). c-Myc was also shown to 

bind to four E-box motifs located in the 5' flanking region of both murine and human 

cyclin 0 2  genes (Mai, 1994b). 

1-4.4. c-Myc Targets and Neoplastic Transformation 

A gene whose expression is aitered by direct interaction with a particular protein 

is considered to be a target of that protein. By virtue of this definition, a direct Myc target 

gene can be defined as a gene whose expression has been altered by direct interaction of 

the c-Myc protein with the gene-regdatory ci.-acting elements, or with transactivating 

factors that bind these cis-elements. A transcriptional c-Myc target is a gene that is 

directly up- or down-regulated by c-Myc expression. There are a number of regdatable 

systems that are able to directly test the effect of c-Myc on a target gene. One system 

consists of a pJS plasmid harboring a dexarnethasone-inducible mouse marnmary Nmor 

virus long terminal repeat- (MMTV-LTR) dnven c-myc DNA (exons II and m) (Mai, 

1994a). Addition of 1 pM dexamethasone to the culture medium of cells containing this 

expression vector induces the increased transcription and translation of c-Myc. A 

different system, the Myc-Estrogen Receptor (Myc-ER) was initially developed by Eilen 

and Bishop (1989) to be activated by estrogen. A later version. the Myc-ERm 

(Littlewood et al., 1995) was designed to be refractory to estrogen. but activated by the 

antiestrogen, 4-hydroxytamoxifen. Both Myc-ER versions are able to test the effect of 

controlled c-Myc deregulation on the expression of a target gene. In either version of this 

system. the Myc-ER or Myc-ERTM constmcts are tethered to chaperone pmteins on the 

carboxyl terminus of the fusion protein in the absence of the estrogen or 4- 

hydroxytarnoxifen, respcctively. The addition of the estrogenic ligands results in the 



displacement of the chapcrone proteins and allows c-Myc to heterodimerize with its 

functional partner, Max. Once dimenzed, the heterodimers are able to translocate to the 

nucleus and activate target genes. Figure 1.4.4.1. illustrates the multiple links between c- 

Myc and its putative target genes as well as the cellular hinctions in which c-Myc plays a 

rote. One can envision that activation of a target gene by c-Myc occurs within several 

hours of the up-regulation of c-Myc. The immediate expression from a target gene 

following dereplation of c-Myc is understandable. 
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Figure 1.4.4.1. Links Between c-Myc and Putative Target Genes. 

Note the complexity of c-Myc interactions with its numerous targets, according to their 

functions. Various functions cooperate to promote ceIl growth. (Modifieci from Dang, 

1999; Wu et al., 1999; Fang et al.. 1999). (Note: This diagram does not reflect 

controversies over authentication of various target genes). 



Myc-dependent genomic or karyotypic instability is not visible as the irnrnediate result 

(i.e. with a few hours) of c-Myc deregdation. It is noteworthy that c-Myc dependent 

locus-specific instability is visible within 24 hours (this thesis), while karyotypic 

instability becomes apparent following roughly three passages. 

For the purpose of this study we focus on c-Myc targets defined as those whose 

gene copy number or general genomic stability and/or subsequent expression are altered 

deregulated following c-Myc deregulation. The genes that can thus far be classed as 

amplification targets of c-Myc include only DHFR (Mai, 1994a; 1996; Mai and Jdava, 

1994) and Cyclin 0 2  (Mai et ai., 1999). These genes both carry Myc/Max-binding E-box 

sequence motifs in their %flanking regions and are arnplified and over-expressed 

following transient c-Myc deregulation. The effect of c-Myc on gene copy number is 

observed by fluorescent in situ hybridization (FISH) and dispersed cell assays (DCAs) 

following several cycies of replication and illegitimate re-replication of the genome, 

usually only within 72 hours of deregulation. This work allowed us to define the 

initiation of c-Myc-dependent genomic instability of the ribonucleotide reductrrse R2 

gene within 72 hours. Two-dimensional gel electtophoresis and Southern analyses and 

bromodeox yuridine (BrdU) incorporation assays were able to demonstrate illegi timate re- 

replication leading to chromosomal amplification of the R2 gene within 24 hours of c- 

myc deregulation. 

indirect targets of c-Myc are those whose expression requires the new synthesis of 

proteins following activation of Myc and whose expression is directly related to c-Myc 

mediated phenotype such as cellular proli feration, transformation, or apoptosis. 

Examples of this include the c-M yc dependent genomic and/or karyotypic instability that 



leads to a pS3-mediated prograrnmed cell death in the absence of appropriate growth 

factors. 

It is not difficult to envision the broad spectrum of effects that might be elicited 

on several levels of celiular function by the deregulation of the c-myc gene. c-Myc 

deregulation, be it due to c-myc locus translocation, gene amplification, c-myc mutation, 

or lack of negative control of the protein, is detrimental to the cell. 

1.4.5. Regulation of c-myc Transcription and the c-Myc Protein 

The function of c-Myc is regulated in at least six ways, based on the present 

information: (i) transcription, (ii) rnRNA stability, (iii) pst-translational modification of 

the Myc proteins, (iv) Myc protein stability, (v) c-Myc binding to other proteins and (vi) 

rate of Myc/Max complex formation. These are described in more detail below. (For 

review see Potter and Marcu, 1997) 

1.4 3.1. Transcription of the c-myc Gene 

As many as 20 transcription factors have been documenteci to recognize control 

elements positioned within the promoter regions of the human and mouse c-mye genes. 

Some of these include TBP, YY1, TF-II and are described in more detail beiow. c-myc 

was the first cellular gene that was shown to be regulated by transcriptional elongation 

(Bently and Groudine, 1986; Eick and Bomkarnm, 1986; Nepveu and Marcu, 1986), 

representing stalled RNA polymerase II initiation complexes which are proximally 

paused on the major c-mye P2 translation start site (Stmbl and Eick, 1992; Kmmm et al., 

1992, 1995; Wolf et al., 1995). Proximal pausing is regulated by positive and negative 

inducers of transcription. For exarnple, c-mye in humans and mice is positively regulated 

by direct interaction with FBP, Spl,  YY-1, and NFKB and negatively regulated by 



interaction with CTCF and ZFS (For review see Potter and Marcu, 1997 and references 

therein). This allows for more flexible regdation of c-myc transcription. 

There is reason to believe that distant dominant control elements also play a role 

in the regulation of c-myc transcription. Transcriptional initiation is govemed by a 

number of cis-acting elements that have been identified within the 5'-flanking region. 

These promoter-proximal control elements have been shown to c o m t  initiation and 

expression of c-myc in transfection assays (Nishikura. 1986; Hay et al., 1987; Lipp et al., 

1987) however, they are not sufficient for c-myc expression after stable transfection 

(Polack et al., 1991) or in uansgenic mice (Lavenu et al.. 1994). Reconstructed c-myc 

genes that carry al1 three exons and varying mounts of the 3'- and 5'- sequences are 

regulated differently in both cell culture (Mautner et al., 1996) and in c-myc transgenic 

mouse models (Lavenu et al., 1994). Maunter et al. (1995) identified two enhancer 

elements downstream of the human c-myc gene. Lavenu et al. (1994) suggested that 

additional regulatory elements found upstream as far as 3500 bp from the Pl promoter 

and downstream as far as 1500 bp from the polyadenylation sites are required for the 

proper initiation of transcription. 

The c-myc gene is also subject to transcriptional autosuppression d i a t e d  in 

vivo. directly or indirectly by Myc/Max heterodimer binding. This function overlaps 

stmcturally with Myc domains that are required for cellular transformation (Penn et al., 

1990). The members of the Myc family of proteins are also known to reciprocally repress 

one another, which is strongly suggestive of a conserveci control mechanism (DePinho et 

al., 199 1). Such a mechanism may allow for a threshold level where the overexpression 

of Myc is concemed and may be critical fur the control of nomai physiological growth. 



It was demonstrated that many t r a n s f o d  cell lines have lost autocontrol of their 

endogenous Myc, while other i m m o d  fell lines maintain thcir Myc autorcgulation b o p  

and retain contact inhibition during their growth (Penn et al., 1990; Facchini, et al., 

1997). 

1.4.5.2. c-myc mRNA Stability 

The second mechanism controlling c-Myc expression is the stability of its 

messenger RNA. This question has been studied quite intensively following the initia1 

report by Dani et al. (1 984) that c-rnyc mRNA normally exhibited a very short half-life. 

Yeilding et al. (1996) have shown that the (in)stability of the c-myc transcript is regulated 

in two areas, one in the 3'-untranslated region (3'-UTR), and the other in exon 3. c-mye 

mRNA half-life is extended from its normal 30 minutes to several hours by mutations in 

either region (Yeilding et al., 1996.) 

1.4 J.3. Post Translational Modification of the c-Myc Protein 

The third mechanism regulating c-myc expression in cells is pst-translational 

modification of the c-Myc protein. Modifications include phosphory lation (LAischer er al., 

1989, 1992; Bousset et al., 1994) and transport of the c-Myc protein from the cytoplasm 

to the nucleus, though modifications such as phosphorylation and are not considered a 

major regdatory mechanism. 

1.4.5.4. Binding of e-Myc to Other Proteins and Transcription Factors 

The c-Myc protein intetacts with a number of proteins as is shown by Figure. 

1.4.5.4.1. Many of the interactions with the c-Myc protein occur on domains other than 

the helix-loop-helix/leucine zipper domain. which are bound by Max. These proteins 

include TFII-1. W1 (transcription rcgulators), myoD, Retinoblasioma, cyclin Dl  (also 



known as Bcl-l), Blimgl ,  (for Lymphocyte-induced maturation erotein), an inducer of 

terminal differentiation in B lymphocytes) (Lin et al., 1997), and Miz-1 WC-interacting 

zinc-finger potein) (Schneider et al., 1997), whose fûnction is not yet understood. c-Myc - 

ais0 binds to a growing list of other transcription factors. In addition to TF-11-1 and W 1 

(mentioned above) it binds TFII-F and TBP (TATA Binding Protein). A number of these 

bind Myc, resulting in repression of c-myc transcription (Roy er al., 1993; Lee et al., 

1996; Li et al., 1994) or repression of differentiation (La Rocca et al., 1994). The c-Myc 

protein has been shown to repress transcription through motifs located in the 143 amino 

acid amino terminal transactivating domain, especially in the highly conserveci rnyc BOX 

1 (Sakamuro et al., 1996) and rnyc BOX II (Li et al., 1994) regions. Mai and Martensson 

(1995) showed that c-Myc/Max heterodimers interact with the transcription initiator 

sequences of TdT and A5 resulting in repression of their transcriptional activities. 
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Figure. 1.4.5.4.1. The c-Myc Protein and its Binding Domains. 

Modified from Potter and Marcu (1997) in c-Mye in B CeII Neoplnsia Curr. Top. 

Microbiol. Immwiol. 224: 1 - 17. Potter and Melchers (Eds.) and Classon et al. (1  993). 

1.4.5.5. c-Myc Protein Stability 

One of the most important factors regulating c-Myc function is the stability of the 

protein product An essential feature of c-Myc function is its scarcity in the cell. Studies 

of cycling fibroblasts by Waters et al. (1991) gave estimates of  only 3000 to 6000 Myc 

protein molecules per cell. Hann and Eisenrnan (1984) describe a Myc half-life of only 

20 to 30 minutes. 



1.4 J.6. Heterodimerization of c-Myc with Max 

Heteroâirnerization of Max with the c-Myc protein is an important regdatory 

feature. The Myc/Max heterodimer is known to play a significant role in a number of 

celiular functions (see section 1.4.3.) such as cellular proliferation, differentiation, 

apoptosis, and transformation. The E-box motif which is bound by Myc/Max is found on 

a number of genes such as outlined in (Mai et al., 1999; Kuschak et al., 1999a) and 

perhaps LDH-A (Lee and Dang, 1997). The formation of heterodirners with Max governs 

the binding to and regulation of a number of genes and their expression. 

It was shown by Eisenman et al. (1991). that Myc/Max heterodimers recognize 

the CACGTG sequence with high affinity. Non-canonical E-box motifs are also bound by 

MycMax heterodimers (Sommer et al., 1999). Max/Max homodimers are also able to 

bind, but with a lesser affinity. Studies involving the activation of a reporter gene linked 

to a four-fold repeat of CACGTG sequence showed that transfection of exogenous Myc 

resulted in the activation of the reporter gene, exogenous Max resulted in repression of 

tanscription (Kretzner et al., 1992). It was concluded that even though Myc is unable to 

function without Max and only functions through Max, excessive levels of the Max 

protein lead to the formation of Max/Max homodimers. These are associated with 

repression of transcription. Ayer et al. (1993) showed that Max associates with a protein 

called Mad (for Max Associated Dimer), and Zervos et al. (1993) showed Max 

interaction with yet another protein, Mxi. Mad has a basic region that is similar to that 

found in Myc, but its helix-hop-helix and leucine zipper region are quite different. For 

this reason, Mad is not considered a part of the Myc or Max families. Both Mad and Mxi 

are similar, showing roughly 50% arnino acid sequence homology in the HLH-zip and C- 



terminal tail. Experiments measuring interaction of MydMax with the CACGTG 

sequence showeû that this heterodimer interacts with high specificity, while Mad, like 

Myc, does not form homodimers or bind DNA on its own. 

Clearly, the network of proteins that interact with the c-Myc protein is 

complicated. For example, the function of c-Myc is regulated by interactions with Max, 

as has been mentioned above. Max interaction is in tum regulated by a 'tsecondary" 

network of proteins from the Mad family of proteins. These include Mnt (Hurlin et al., 

I997), Madl, Mad2 (Mxi-l), Mad3, and Mad4 (Hurlin et al., 1994). Regdation of mad 

interactions are in turn govemed by another complex of proteins such as the N-COR and 

SMRT/mSin3 proteins which interact with histone deacetylase (HDAC) protein to 

suppress transcription (Ayer et al., 1995; Laherty et al., 1997; Heinzel et al., 1997; Wong 

and Privalsky, 1998). The interaction Mad protein with Max is further governcd by Mlx 

(Billin et al., 1999). As can be envisioned, the regulatory umbrella of proteins that play a 

role in c-Myc function is large and it is still expanding. 

1.5 Ribonucleotide Reductase 

1.51. The Ribonucleotide Reductase Enzyme 

Ribonucleotide diphosphate reductase (EC 1.17.4.1) is a unique and highly 

regulated enzyme. From biological, stmctural, and regulatory perspectives, it is one of the 

most complex enzymes in the ceIl (Wright, 1989 and references therein). It catalyzes the 

first unique steps leading to DNA synthesis (Thelander and Reichard, 1979; Reichard 

1988). It is present in al1 dividing cells and provides the ce11 with a baianced suppl y of the 

four deoxyribonucleotides required for DNA synthesis (Thelander and Reichard, 1979). 



Cha~ter 1. Introduction 

Ribonucleotide reductase is solel y responsi ble for the conversion of ribonucleosides to 

deoxyribonucleosides (Wright, 1989). 

Enzyme activity is correlated strongly with the rate of DNA synthesis and shows 

maximum activity in the S phase of the cell cycle. It resembles other enzymes such as 

thymidine kinase (Linlefield, 1996). thymidine synthetase (Conrad. 1971), and DNA 

polymerase (Fry and Loeb, 1986) in this respect, since these enzymes are also most active 

during DNA synthesis. 

1 S.2. S tnicture of the Ri bonucleotide Reductase Enzyme 

The mammalian ribonucleotide reductase protein is composed of two non- 

identical subunits, proteins R1 and R2 (Figure 1.5.2.1). Both subunits have been purified 

to homogeneity and the corresponding cDNAs have k e n  cloned from mouse cells and 

sequenced (Caras et al., 1985: Thelander and Berg, 1986). The R1 protein has a 

molecular weight of 2 x 84 kDa and contains binding sites for nucleoside triphosphate 

allosteric regulators and ribonucleotide disphosphate substrates (Thelander et al., 1980). 

ImmunocytochemicaI studies have demonstrated that R1 protein is only present in 

actively dividing ceIl lines and it is absent in terminalty differentiated cells that no longer 

synthesize DNA (Engstrom and Rozell. 1988). The R2 protein has a molecular weight of 

2 x 45 D a  and contains a stoichiometric amount of iron in a unique non-heme iron 

centre that generates and stabilizes a tyrosyl free radical essential for activity (Thelander 

et al., 1985). Engstrom and Rozell ( 1 988), demonstrate exctusive cytoplasmic 

localization of the R2 subunit. 



Fig.lS.Z.1 A mode1 for Ribonucleotide Diphosphate Reducîase Structure 

(Modified from Wright, 1989.) 

The RI protein has a half-life of roughly 20 hours in proliferating cells. 

Measurements in ce11 extracts as well as whole cells show that the levels of RI are nearly 

constant throughout the cell cycle (Engstfim et al., 1985: Mann et al., 1988). In contrast, 

the R2 protein, has a half-life of only 3 hours under the sarne conditions. Electron 

paramagnetic resonance measurements of the levels of active R2 in the cell during the 

ce11 cycle have shown that it is expressed only in the S phase of the cell cycle (Eriksson et 

al., t 984; Engstrom et al., 1985). HoIoenzyme activity is controlled during ce11 cycle by 

R2 levels in the cell, which are in turn regulated by de novo synthesis and breakdown of 

this subunit (Eriksson et al., 1984). It has been demonstrated that both subunits of the 

ribonucleotide reductase enzyme are localized in the cytoplasm of the ceIl (Engstrom et 

al., 1984; Engstr6m and Rozell, 1988). 
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153 Reacüons and Regulntioa of the Ribonuckotide Reductase Enzyme 

DNA synthesis requircs an unintemptcd and balanced supply of the four 

deoxyribonuclwside triphosphates that originate directly from the reduction of the 2'- 

carbon atom located on the ribose moiety of ribonucleosides. The oxidation-reduction 

reaction whereby ribonucleosides are reduced to deoxyribonucleosides is show in Figure 

1.5.3.1. Two srnall proteins, thioredoxin, through the thioredoxin reductase system and 

glutaredoxin, via glutathione and glutathione reductase, are able to function as hydrogen 

carriers in these reactions. 

Figure 1.53.1 The Reduction of Ribonucieosides to Deoxyribonucleosides 

(Modified from Wright, 1989). 

Ln mammalian cells the reduction of ribonucleosides to deoxyribonucleosides 

occurs at the diphosphatc level in the presence of ribonucleotide reductase. There is but 

one exception, dTTP, which arises from the reduction of eithcr UDP or CDP, by the 



introduction of a methyl group at the monophosphate level. Enzyme substrate specificity 

and activity are regulated in a complex manner by nucleoside triphosphate effectors 

(Figure 1.5.3.2). A brief and sirnplified outline of ribonucleotide reductase regulation is 

describeci as follows: The reductions of CDP to dCDP and UDP to dUDP occur in the 

presence of an ATP-activated ribonucleotide ductase enzyme. Reduction of GDP to 

dGDP requires dTïP  to be present, while the reduction of ADP to dADP requires dGTP. 

The reduction of ail four ribonucleotide substrates is inhibited in the presence of dATP. 

Based on these allostenc properties of ribonucleotide reductase, deoxyribonucleotide 

diphosphate formation begins with the reduction of CDP and UDP to dCDP and dUDP, 

through an ATP activated miction. This reaction proceeds to reduction of GDP by a 

dTP-regulated activity. ADP reduction is the final step, activated by dGTP. 

Accumulation of dATP, as is the case during slowing down or complete absence of DNA 

synthesis, results in the tuming off of the enzyme, since dATP is a potent inhibitor of al1 

ribonucleotide reductase reductions. Moreover, dïTP is a good inhibitor of pyrimidine 

reduction and dGTP functions as a negative feedback inhibitor of GDP reduction as well 

as inhibiting the reduction of pyrimidines. 



Figure 1.53.2 The Allosteric Regulation of Ribonudeotide Diphosphate Reductase. 

(Modifiecl from Wright, 1989. The thick black bars indicate inhibitory effects; 

nucleotides shown in the arrows act as positive effectors). 

1.5.4. Characterization of Mammdian Ribonucleotide Reduc-e Genes 

The genes encoâing the R1 and R2 proteins are located on different chromosomes 

in both human and murine cells. The R I  gene is found on chromosome 1 1 in humans and 

on chromosome 7 in mice (Brissenden et al., 1988). In humans, the active R2 gene is 

located on chromosome 2 and in mouse it is found on chromosome 12. In addition to the 

active R2 gene, three RZ pseudogenes are found in both mouse and human genomes 

(Yang-Feng et al.. 1987; Brissenden et al., 1988). The balance of this section will focus 

on the R2 gene and protein. 

Recently, Tanaka et al. (2000) reported the discovery of p53R2, a ribonucleotide 

reductase-relatcd gene in human cells that fùnctions as a p53-dependent ce11 cycle 



checkpoint for DNA damage. The p 5 3 E  gene shares 80% homology with human R2. 

?ne up-regdation of p53 (following W irradiation or treatment with the antineuplastic 

agent adriamycin) is followed by the subsequent elevation of p53R2. and a coriesponding 

reduction in R2 levels. Little is known about this gene or its product at this time, though 

it is suggested that is likely to play a role in cell survival and tumor suppression after 

DNA damage. 

Digestion of mouse genomic DNA with HindIII gives rise to four different sites 

for R2-related sequences and to three fragments of 21, 13, 4.2 kb (Yang-Feng et al., 

1987). RZ related sequences are present on the mouse chromosomes 4, 7, 12, and 13 

Mouse cells overproducing the R2 protein show at least 5-fold amplification of the 

chromosome 12-specific 13 kb Hindm fragment of the Rt gene, which is the active R2 

gene (Thelander and Thelander, 1989). 

Use of this 13 kb DNA fragment from the parental mouse cell has led to the 

cloning and characterization of the functional mouse Rî gene (Thelander and Thelander, 

1989). The 5770 bp transcnbed R2 sequence contains ten exons stparated by nine introns 

that Vary in length from 95-917 bp. Following the general rules (Mount, 1982), al1 introns 

begin with the sequence GT and end with AG. The active tyrosyl free radical is encoded 

in exon 5. A TATAAA homology region can be found at position -29 to -24, and a 

CCAAT sequence at -79 to -75. Two putative Spl sites in different orientations are 

located upstream of the transcription start site. The 501 bp 5'- flanking region of the gene 

is G+C nch containing 65% G+C. 



1 3  S. Studies on Perturbation of Ribonucleotide Redudase Function 

As describeci previously, ribonucleotide diphosphate reductase plays a pivotai role 

in the provision of a balanceci supply of prrcursors that are used for DNA synthesis and 

repair. The enzyme catalyzes the nduction of ribonucleosides to deoxyribonucleosides. 

As such, it is of central importance in ce11 proliferation. Furthermore, changes in 

regulation of ribonucleotide reductase have been observed in a number of malignancies 

and higher tevels of this enzyme have been found in cultured malignant cells than in 

nonmalignant cells (Weber, 1983, Wright et al., 1989). Furthermore, positive correlation 

has been established between increased ribonucleotide reductase activity and increased 

tumor growth rate in rnice (Weber, 1983). Studies in human tissues have further 

demonstrated that R2 mRNA and protein levels are higher in mdignant than in non- 

mdignant cells (Saeki et al., 1995; Jensen et al., 1994). For these reasons ribonucleotide 

reductase has been the target for development of anti-neoplastic dmgs (Wright, 1989; 

Wright et al., 1989; Wright et al., 1990) and the subject of many regulatory studies. 

Much effort has been focused on unraveling the complex hinctions and regulation 

of the ribonucleotide reductase enzyme. A nurnber of the studies involved treatment of 

cultured mouse cells with a number of different DNA synthesis-inhibiting dmgs and 

tumor promotors. This was done with the hope of understanding how ribonucleotide 

reductase is affected by those agents and to elucidate the effects of alterations in one or 

both of the ribonucleotide reductase subunits on these cells and perhaps their tumorigenic 

and metastatic potential. In the middle to late 1980's, a number of studies showed that 

then was a signifiant increase in the levels of RZ mRNA in cells that are dnig resistant 

and over-express the R2 protein. In contrast, only the most highly resistant cells over- 



express the R 1 component (McClarty et al.. 1987a; Choy et al.. 1988; Cocking et al., 

1987; Wright et al., 1987a). From a regulatory perspective. it is interesting to note that 

while R1 has a single mRNA transcript, rnarnmalian cells contain two distinct R2 mRNA 

species (Wright et al., 1987a). further emphasizing the differences which exist between 

R1 and R2 regulation. Inmeases in the levels of R2 protein have k n  frequently 

associated with amplification of the RS gene, while RI amplification appears to be a more 

uncommon phenomenon found in hydroxyurea-resistant cells (McClarty et al., 1987b). In 

fact, increases in R1 protein expression c m  occur without RI  gene amplification 

(McClarty et al., 1987b; Choy et al., 1988). Hydroxyurea is a potent R2 inhibiting drug 

(Wright, 1989). Hydroxyurea (Akerblom et al.. 198 1) and other DNA synthesis- 

inhibiting drugs (for review see Wright, 1989). target the non-heme iron tyrosyl free 

radical. Both human and rodent cells have been selected for hydroxyurea resistance and 

have been shown to overproduce the R2 protein as a consequence of R2 gene 

amplification (Thelander and Berg, 1986). Other studies have reported that increases in 

R2 expression levels following hydroxyurea treatment are due to increases in R 1 and RZ 

mRNA stability (Amara et al., 1995a). R2 protein overproduction has also been shown to 

occur in mouse fibroblasts as a consequence of treatment with phorbol esters such as the 

potent tumor promotor 12-O-tetradecanoyl- 13-acetate (TPA). It has been reported that 

treatment of cells with TPA increases the level of R2 protein (Choy et al., 1989) and that 

this increase also occurs through an alteration in the pst-transcriptional stability of RZ 

mRNA (Amata et al., 1994). Interestingly enough, similar studies of the R1 protein 

component i n d i c e  that its lcvels are also elcvarcd (Choy et al., 1989). through an 

increase in R I  mRNA stability following TPA trcatment (Chen et al., 1993). Treatrnent 



of cells with transforming growth factor-B 1 (TGF-$1) has also been reported to affect the 

expression of the R2 protein. Studiw by Amara et al. (J995b) concludcd that the 

treatment of B ALB/c 3T3 cells with TGF-p 1, which results in the induction of expression 

from the RZ gene (Hurta et al., 1991, Wright et al., 1993), is due to pst-translational 

stabilization of its rnRNA message. 

Thus, studies by Amara et al. ( 1994, 1 %Sa, b) describeci the alterations in R 1 and 

R2 expression that resulted from alterations in RI or Rî mRNA stability. These 

perturbations in mRNA stability were mediated by a mechanism involving specific 

binding proteins that interact with protein-binding regdatory regions located in the 3'- 

untranslated regions (3'-UTR), of the RI  and R2 rnRNAs. These interactions were 

reported to alter the RI  and R2 rnFtNA half-lives. This body of data gave rise to another 

group of studies. A series of experiments were conducted using gene transfections into 

cultured mouse cells in order to study the effects of a number of transfected genes or 

combinations of CO-transfected genes on ribonucleotide reductase, and how alterations in 

the enzyme or its components were involved in malignancy. Fan et al. (19%a) prformed 

experiments where only the 3'-UTRs of the RI or R2 mRNAs were transfected into 

BALB/c ndnu mouse fibroblasts. The authors reported that these transfections result in 

significant suppressive effects on the tumorigenic and metastatic properties of the cells. 

Subsequent studies by Fan et al. (1996b) using a retroviral expression vector for 

the RZ component were used to investigate the in viiro and in vivo malignancy properties 

of the cells infected with this R2-carrying vector in four lines of H-ras-transformai 

mouse 1 0 m  fibroblasts. The cells showed increascd colony transformation in soft agar 

after infection with an R2canying virus vector. In vivo experiments were also conducted. 
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Expression of c-Myc-epitope-tagged R2 in benign BALBlc 3T3 and NM 3T3 mouse 

fibrobl asts ex hibited reduced subcutaneous tumor latenc y and i n c d  tumor growth 

rates in syngeneic mice and elevated metastatic potentiai in lung metastasis assays. This 

study ied to the conclusion that the R2 protein can participate in other critical functions of 

the cell. 

Ribonucleotide reductase was also shown to interact with members of the 

Mitogen Activated Protein (MM) Kinase Pathway (Fan et al. l996b). MAP Kinases are - 

important intermediates in signal transduction pathways that are initiated by a variety of 

ce11 surface receptor molecules (for review see Davis, 1993). The MAP Kinase (MAPK) 

pathway is important since it functions as a link in the transduction pathway between the 

cytoplasm and the nucleus. MAPKs are ThreonindTyrosine Kinases. MAP Kinase 

isoforms function to regulate a number of proteins. arnong them other protein kinases, 

nuclear proteins such as c-Myc, c-Jun, c-Fos and others, as well as ce11 surface molecules 

such as FGF-R and cPLA2. The R2 protein cooperates with ras in mechanism of 

malignant progression, mostly thorough a Ras pathway invclving the Raf-1 protein and 

mitogen-activating protein kinase4 activity, suggestive of a mechanism for the reported 

RaslIU synergism. This idea is supportai by data describing activation of Rac-1, which 

operates in parallel with Raf-1 in Ras activated pathways, and also cooperates with R2 in 

cellular transformation. This led the authors to conclude chat in addition to R2 

functioning as a cntical component of ribonucleoside reduction, it cm also participate in 

other important cellular f'unctions. Moreover, the authors suggest that deregulated R2 is a 

"novel tumor progresser deierminant" that cooperates in oncogene-mcdiatcd mechanisrns 

that are able to control malignant potential (Fan et al., 1996b). 
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In gene transfer studies of the RI component, Fan et al. (1997) demonsime a 

decreased anchorage dependence and malignant potential in cultured 1û'W cells Chat 

over-express the R1 component. Ectopic expression of R1 in highly metastatic and 

tumorigenic cells was shown to have signifiant effeçts in in vivo experiments as well. 

S tudies with the RMP-6 ce11 line, a mouse 10T!4 fibroblast line CO-transformeci with myc, 

ras, and mutant p53, led to Iung metastases following tail vein injection in mice. 

Transfection of the RMP-6 cells with the RI gene resulted in a >85% reduction in the 

tumorigenicity and metastatic potential when mice were injected in the tail vein with 

these RPM-6 cells. From these data the authors concluded that the R1 and R2 

components of ribonuclwtide reductase are both unique malignancy determinam that 

play opposing roles in the regulation of the whole enzyme and that there is a novel 

control which govems a balance in the levels of RI and R2 expression. Furthemore, the 

authors suggest that alterations in this delicate balance, either by over-expression of R2 or 

reduced expression of R 1, can significantly modify cellular transformation, 

tumorigenicity, and metastatic potential. 

1.6. DNA Replication 

1.6.1. Basic Concepts in DNA Replication 

Genornic DNA replication is a critical process shaped by strong evolutionary 

pressure. Rapid replication affords a viral or cellular genome an immediate advantage 

over its cornpetitors, provided chat a high degree of accuracy is not sacrificed (Spradling. 

1939). A central issue in the understanding of cellular proliferation is the understanding 

of the processes that govern and facilitate the replication of cellular DNA (for review see 



DePamphilis, 1997). Momver, unraveling the functions and regulation of DNA 

replication initiation sites and the p e i n s  involved in the regulation and function of 

these repl ication si tes is central to understanding of replicative process. The replicative 

process is complex and thecefore, understanding how these multiple sites of replication 

initiation ensure controlled and faithhil replication of the entire genome within the 

duration of the S phase is central to understanding replication. 

Escherichia coli DNA replicate their DNA bidirectionally initiating the process 

from a single origin on their circula chromosome. The replication is then inactivated by 

methylation of the DNA. Amaldi et al. (1973) demonstrated in bacteria and yeast, that 

origins are defined sequence elements and that loci serving as initiation sites during one 

ce11 cycle were often reutilized in the next ceIl cycle. In Yeast, these sequences are 

known as Autonomously Beplicating Sequences (ARSs) and are essential for replication 

in yeast. The are comprised of base pair sequences that are either an exact match of very 

close to the core consensus sequeoce ~'-(*/T)~AT(*/~)TTT(~/~)-~~ (Diffley and 

Stillman, 1990). In S. cerevisiae, control over these initiation events occurs at the Qrigin 

Recognition Cornplex (ORC) that consists of a complex of six binding proteins. This - 

complex is essential to the initiation process (Bell ar.d Stillman, 1992; Bell et al., 1993; 

Foss et al., 1993; Micklem et al., 1993; Loo et al., 1995). 

The faithful duplication of the marnmalian genome is physically and temporally 

ordered (Michaelson et al., 1997). Replication of the significantly larger rnammalian 

genome is initiated from multiple origins and at fixed intervals of time throughout the S 

phase of the ce11 cycle (Michaelson et al., 1997). 
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1.6.1.1. Ervly DNA Replication Studies 

Some of the important carly findings conccming DNA replication were made as a 

result of the Fiber Audiographic Technique developed by Huberman and Riggs in 1968. 

Using this technique, Huberman and Riggs and others demonstrated a number of features 

of the replication process (Reviewed in Hamlin, 1992). Replication forks travel at 

approximately 2 kb (Carroll et al., 199 1) to 3 kb (Huberman and Riggs, 1968) per minute 

and there are multiple growing points dong each chromosome. It was also demonstrated 

in most (but not all) cases, that replication forks travel bidirectionally from the origins of 

replication. Initiation sites are spaced approximately 100 kb apart, ranging from 10 to 330 

kb apart, and there are roughly 20,000 to 50,000 replication origins in the mammalian 

genome. Clusters of 5 to 10 of these origins fire simultaneously, suggesting that they are 

coordinately activated. Later, Hand (1975). described coordinated bidirectional fork in 

mouse L cells. By inhibition of protein synthesis. Hand showed that he could provoke an 

increase in the finng of unidirectional origins. These results suggested that the 

coordinated movement from bidirectiond origins occurs only when there are enough 

proteins (Le. tm-activating factors) to ensure that both template strands initiate 

replication synchronously. 

1.6.1.2. Initiation of DNA Replication 

The study of DNA of replication is actually the study of initiation zones and 

origins of replication. Initiation zones are central to DNA replication. Understanding the 

function and regulation of origins is centrai to understanding the overall process of DNA 

replication. Origins dictate when and when replication occurs and they prescribe which 



origins of replication fire and when they fire. This is a pivotai feature of the replication 

process. 

The process of DNA replication is highly cornplex. A somatic ce11 containing 

roughly 6 x lo9 bp of DNA most initiate DNA replication at 5,000 to 50.000 different 

sites and completed within the duration of a typical S phase, or within roughly 8 hours. In 

the cells of organisms that are able to replicate their genomes very rapidly, the number of 

initiation sites may be as much as 50-fold higher. This is tme in the early embryos of 

frogs, flies, and sea urchins, which can replicate their genomes in 10 to 40 minutes. Early 

Drosophila melunoguster embryo cells have about 100 times more DNA than Exoli and 

replicate their genome in 3 to 4 minutes. This is because replication originates 

synchronously from many origins that are spaced roughly 8 kb apart (Blumenthal et al., 

1973). The process of DNA replication is non-stochastic. if the process of DNA 

replication relied on a strictly stochastic process of initiation, as much as 10 to 15% of the 

genome would fail to be replicated during the course of each ce11 division (Coverley and 

Laskey , 1 994). 

Not al1 genomes have the same nguirements for initiating replication. The 

replication of chromosomes is restricted to a single phase of the ceIl cycle (S phase) and 

initiation at each of seversl thousand replication initiation origins is also restricted to 

once per S phase (Blumenthal et al., 1974). It is possible for multiple initiation events to 

occur in the ceIl dunng the processes of gene amplification (discussed below) as is found 

in tumors and transforrned ce11 lines, but rarely in normal animal cells dunng the course 

of development (Tlsty. 1990). Every genome analyzed thus far was found to contain at 

l e s t  one replication origin pcr chromosome (Komberg and Baker. 1992). and the 
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genomes of eukaryotes contain about one origin of replication for every 10 to 330 kb 

(Hand, 1 978). 

A number of factors govern the initiation of DNA replication. Initiation depends 

on sequence context. however it also depends on tissue and ce11 spccific factors. When 

repiication does occur, the origins are activated in a temporal order that is determineci by 

their context in, and their proximity to other sequences (Simon and Cedar, 1996; 

Friedman et al., 1996). The role a gene plays in a given ceil also plays a role in the timing 

of its replication within the S phase. For exarnple, Goidman et al. (1984) report that 

"housekeeping" genes replicate during the first half of the S phase dunng the ce11 cycle 

and tissue specific genes are replicated early in those cells in which the genes are 

potentially expressed. Moreover, changes in the timing of replication of a given tissue- 

specific gene are reflective of a commitment of that gene to transcriptional competence or 

to quiescence during ontogeny. For instance. the p-globin gene locus is early replicating 

in murine erythroleukemia (MEL) cell, while it is late replicating in other types of cells 

such as lymphocytes (Epner et al., 1988; Hatton et al.. 1988). Recent work by Ermakova 

et al. (1999) describes a single replication event in the non-B ce11 MEL line that is 

achieved by a single replication fork during the replication of the IgH locus. This 

replication event proceeds chronologicaily 3' to 5' fiom early (Michaelson et al., 1997) 

to late mrown et al.. 1987) replicating S phase domains. In contrast, in both mature B 

and Pre-B cells, sequences immediately 3' of the IgH locus. the entire IgH coding region 

as well as al1 of the expressed VH regions are al1 replicated in earl y S phase (Brown et al., 

1987; Michaelson et al., 1997). This ability of spcific squences to direct the initiation 



of replication is critical since it provides a means through which to prevent interference 

between replication and transcription. 

The replication of DNA has been shown to be asynchronous and genetically 

imprinted. Genomic imprinting is an inherited epigenetic phenornenon that results in 

parental-origin-specific gene expression in somatic 41s. Kitsberg et al. (1993) described 

materna1 and paternal imprinting of endogenous genes in the mouse. It has been 

demonstrated also, that the loss or relaxation of this feature has been associated with 

several adult and pediatric neoplasms. For exarnple, the loss of imprinting at the IGF2 

and H l 9  genes has been associated with head and neck tumors (El-Naggar et al., 1998) 

and with Beckwith-Wiedemann syndrome (Squire et al., 2000). 

The initiation of DNA replication involves three sequential steps (reviewed in 

DeParnphilis. 1997). (i) One or more proteins bind to a specific, cis-acting sequence often 

referred to as the genetic origin or replicator. The protein(s) that bind(s) hem idare 

referred to as origin recognition proteins. (ii) DNA unwinding begins at sites where DNA 

is most easily unwound, and this is where DNA replication actually begins. These 

sequences are also known as DNA unwinding Elements or DUES DUES can be found 

throughout the genome as frequently as 1 per 3,000 bp, but they do not function as 

ongins on their own. They function in the Company of the sequences that are able to bind 

the ongin recognition proteins. (iii) DNA replication is initiated on one or both templates. 

The first Okazaki fragment initiated on each template strand is continuously extended by 

DNA Polymerase 6 and its accessory proteins to h o m e  the long. leading nascent 

(leading) DNA strands on the fomard a m  of each of the replication forks. This results in 

bidirectional DNA replication. 
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1.6.13. Structural Features and Licensing of DNA Replication 

Beyond the actud initiation of DNA replication itsclf, rcsides an array of 

regulatory mechanisms. Much of the conml exerted over the initiation of DNA 

replication is maintaineci by actual structural or topographie features found on the DNA 

itself. The simple double helical structure proposed by Watson and Crick in 1953 has 

now emerged as a sûucnire that includes more than the canonical p-form DNA. It is now 

known to contain a variety of structures. Alternate structures within DNA can influence 

the interaction of the DNA with proteins, the consequence of which is the stimulation or 

repression of processes that are governed by these binding proteins. These processes 

include transcription, DNA repair, recombination and replication. 

One of the common structural features collectively important in the initiation of 

DNA replication is Inverted Repeats. Inverted Repeats (LRs) are found mostly in the 

DNA replication control regions and replications origins of prokaryotic and eukaryotic 

DNA. They are functionally important for initiation of DNA replication in plasmids, 

bacteria, eukaryotic vimses and marnmaiian cells. IRs can form cruciform structures that 

may play a role in mammalian DNA replication. Cruciform extrusions have been show 

to effectively relax DNA structure (White and Bauer, 1987). These structures may 

indirectly influence the onset of replication by their effocts on the levels of superhelicity 

of the DNA and binding of specific protein factors. Supercoiling is known to affect the 

binding of specific protein factors for transcription, ncombination. and replication 

(Cozzarelli and Wang, 1990). Crucifonns may influence chromatin architecture and 

nucleosome binding, which in turn interfere with binding of initiation factors to 

promotors (Workrnan et al., 1991) and origins of replication (Cheng and Kelly, 1989; 
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Simpson, 1990). Histones andor nucleosomes bind poorly to IRs (Weintraub, 1983) and 

stem-loop (Nickol and Martin, 1983) or cruciforni stmcnircs (Nobile et d., 1986; 

Battistoni et al., 1988; Kotani and Kmiec, 1994; van Holde and Zlatanova, 1994). 

Replication can be initiated at any site that is easily unwound. The reopening of 

the chromatin over a broad DNA region may induce strong torsional stress in this area 

due to unrestrained supercoiling. This might in turn lead to the melting of several areas of 

low helical stability, provoking the initiation of Qrigins of Bidirectional &plication 

(OBRs). Some complex origins may show initiation of replication over several kilobases 

in addition to initiation at a predorninant site of initiation. Extrusion of cnicifonns in the 

regions of these origins of replication may be a method by wtiich the torsional stress of 

opening of chromatin is relieved. The cmcifonn may aboh the stress and suppress the 

opening of "false" DNA sites and restrict or favor the opening and firing of the "correct" 

OBRs. Cruciforms may also play a role in transcription and replication by themselves 

king components of a nucleosome-protein complex. 

There are also a number of more complex regulatory components and molecular 

interactions that govern the initiation of DNA replication. The replication of DNA is a 

fundamental step in the ceIl cycle, and as such, it must be coordinated with cytokinesis in 

order to ensure the correct ploidy in both daughter cells (for review see Kearsy and 

Labib, 1998). Initiation of DNA replication must be restricted to once per ce11 cycle, in 

order to prevent the illegitimate re-replication of parts of the genome. It appears as 

though the function of the ORC is to permit the loading of other replication factors onto 

the origin DNA. In S. cerevisiae, Cdc6 plays a key d e  in triggering the initiation 

process, and bas b e n  shown to be specificdly associatcd with DNA origins at the GI 



phase of the a l 1  cycle. Cdc6 appears to be a central player in the limiting of DNA 

 plif fat ion CO once pcr ceIl cycle (Tanaka et al.. 1997). Another family of replication 

proteins consists of the six ~ini&romosome maintenance proteins (MCMs). In S. 

cerevisiae, replication-regulating proteins equivalent to the MCMs are encoded by the 

ORCI-6 genes (Chevalier and Blow, 1996). MCMs 2-7 are a related family of DNA 

replication regulating proteins that function in the initiation step of DNA replication. 

They are bound to the chromatin around the ongins of replication dunng GI, but are 

subsequently displaced during the S phase of the ce11 cycle and remain unbound until the 

end of the mitotic process. This periodic association with the origins is thought to ensure 

that the replication origins are only able to fire once during the S phase. MCMlO 

(Merchant et al., 1997) is essential for the continuation of initiation by interacting with 

MCMs 2-7 and releasing ongin-bound factors (Homesley et al., 2000). The binding of 

MCM proteins to chromatin requires other initiation proteins such as Cdc6 and the 

overall regulation of ongin firing seems to be orchestrated by the protein kinases 

CdkZkdc2 and Cdc7-Dbf4. Cdc7 and Dbf4 form a protein complex that is required for 

the initiation process. The kinase activity of Cdc7 is periodic in the ce11 cycle, peaking at 

the GI+S phase transition (Chevalier and Blow, 1996). The reinitiation of replication 

appears to be blocked by a cis-regdatory mechanism. whereby the elongation of the 

replication forks away from the origins is thought to disrupt the MCM protein complex 

that is essential for the initiation prwess. 

The involvement of MCM proteins in replication is complex. They were first 

implicated as possible regulators of the replicative process by the observation that the S. 

Cerevisiue Cdc46 (MCMS) pmtein accumulates in the nucleus during 0,. but disappcars 



rapidly from the nucleus upon the onset of the S phase (Hennesy et al, 1990). Similm 

observations were made by Yan et al. (1993) regardhg MCMZ MCM3, and C M 7  

(MCM7) @alton et al, 1995). leading to the speculation about a possible 'licensing 

factor' that governs the initiation of DNA replication. The notion of sucli a licensing 

factor had emerged from studies of Xenopus egg exttacts demonstrating that 

permiabilization of the nuclear envelope is required in order for the G2 phase chromatin 

to regain cornpetence for another round of replication (Blow and Laskey, 1988). It was 

thought that a pre-replicative step (i.e. Iicensing) rnakes the chromatin competent for the 

initiation of DNA replication. This would involve the binding of licensing factors to the 

chromatin at the end of mitosis, thus allowing a single initiation event at the replication 

origins in the subsequent interphase, after which the licensing factor is inactivated. It was 

proposed that the Iicensing factor is unable to traverse the nuclear membrane, so that the 

licensing of DNA for replication can occur only after the nuclear membrane is broken 

down during mitosis. In this way, replication is restricted to a single round per cell cycle. 

Subsequent studies of MCMs in eukaryotic cells showed that they do not follow the 

behavior initidly predicted for them. It was demonstrated that these proteins remain in 

the nucleus during interphase and are probably able to cross the nuclear membrane during 

interphase. Despite their not following predicted behavior, MCMs do show a ceIl cycle 

change in chromatin binding, which likely refiects their involvement in a licensing-type 

regulation of DNA replication. 

A specific ana of study focusing on mitotic Cdks and their role in prevention of 

re-replication in S. cereviciae is of importance in understanding genomic instability and 

specifically gene amplification. (Gene amplification is disçussed in Section 1.6.2.) In the 



yeast S. Pombe, mutations in cdc2 or deletion of cdcl3 (a major cyclin parnier of Cdc2 

for entry into mitosis), lead to rc-replidon of DNA without an intervening mitosis 

(Brock et al., 1W 1 ; Hayles et al., 1994). When Ruml, an inhibitor of Cdc2 is over- 

expressed, the cells are unable to enter M phase and undergo multiple rounds of DNA 

replication (Moreno and Nurse, 1994). Another study showed that the over-expression of 

Rum t results in the accumulation of Cdcl8, rescuing the cells from cdcl8 mutant 

lethality (Jallepalli and Kelly, 1996). It was also demonstrated that the over-expression of 

cdc 18 itself causes re-replication of DNA, possibly by leading to unscheduled assembly 

of competent re-replication complexes (Nishitani and Nurse, 1995; Muzi-Falconi et al., 

1996). Nishitani et al. (2000) have shown recently that in the fission yeast, Cdtl is a 

requirement for replication licensing. Cdt 1 cooperates with Cdc 18 to promote DNA 

replication. Both Cdtl and Cdcl8 are required for loading of MCM protein Cdc21 ont0 

chromatin at the end of mitosis, which is also necessary for the initiation of DNA 

replication. XCDT1, a relative of Cdt 1 in the fission yeast, is q u i &  for the assembly of 

pre-replicative complexes in Xenoprcs laevis (Maiorano et al., 2000). It is required for the 

loading of MCM2-7 replication licensing proteins onto pre-replicative chromatin and as 

such is an essentid component in the system that regulates origin firing during S phase. 

Clearly, the initiation of DNA replication is highly rcgulated and disruption of 

this system is precipitous to illegitimate DNA replication and amplification in the S. 

Pombe genome. It is not unlikely that illegitimate re-replication in higher organisms 

occurs in a similar fashion. 



1.6.2. Genomic Instability 

Genomic instability is a broad terrn encornpassing a number of genetic lesions 

that often confer a growth advantage to the cells acquiring them. On a global scale, 

genomic instability can be manifested as duplication or deletions of whole chromosomes. 

Qn a smaller scale, genomic instability can take the form of changes at the level of single 

genes. These changes include rearrangements, translocations, amplifications, deletions, 

inversions. and point mutations. Specific chromosomal alterations provide molecular 

signatures for certain cancers (Wahl, 1989). 

DNA lesions that are able to generate genomic instability can occur for a number 

of reasons. For exarnple, DNA darnage can occur as a result of exposure to ultraviolet or 

y-irradiation, transient hypoxia, or to dmgs such as alkylating agents, cross-linking 

agents, and intercalating agents. DNA damage can also occur following the over- 

expression of oncoproteins such as c-Myc, where target genes may be ampiified and 

over-expressed following i ts  deregulation. Altematively, previously acquired lesions in 

the genome may be passed to the daughter cells due to the disruption of the normal 

functioning of tumor suppressor gene products such as p53 or the pRb Retinoblastoma 

protein. When the function of gene products such as pr3 or pRb is lost, errors in the 

genome are not repaireci or the ce11 is not killed off before replication occurs. 

Genomic instability is considered to be a major driving force of multistep 

carcinogenesis. It can affect the genome in a number of ways and is able to alter the 

function of different classes of genes. In recent years, it has been shown that genomic 

instability plays a crucial role in the initiation and progression of a variety of different 

cancers and that most cancers rnay be genetically unstable. Four classes of genes are 



presently identifieci that are able to contribute to tumor progression by constitutive 

activation, mutation, or deletion. In ordcr of discovery, these onmgenes, tumor 

suppressor genes, DNA repair genes, and genes that influence prograrnmed ce11 death by 

apoptosis. There are four major classes of genomic instability. These are (i) subtle 

changes in gene sequence, such as mutations, (ii) aiterations in chromosome number, (iii) 

chromosomai translocations, and (iv) gene amplifications (for review see Lengauer et al., 

1998). Subtle sequence changes involve detetions, insertions, or base-substitutions of a 

few nucleotides. Alteration in chromosome number is an alteration that involves the gain 

or loss of entire chromosomes. These types of changes are found in neady ail of the 

major types of tumors. Chromosome translocations involve the juxtaposition of different 

chromosomes or of noncontiguous segments of a single chromosome. Translocations 

lead to the fusion of two different genes, conferring tumorigenic properties by virtue of 

the hsed transcnpt. Gene amplifications are at the molecular level, multiple copies of a 

gene. These appear as homogeneousiy staining regions (HSRs) or extrachromosomal 

elements (EEs). These ampli fied gene sequences or amplicons, ofien contain growth- 

promoting gene(s) and are roughl y 0.5 to 10 megabases in size. For exarnple, there is a 

Chinese Hamster Ovary fibroblast ceIl line (CH0400) that harbours 1000 copies of the 

DHFR gene (Anachkova and Hamlin. 1989). All of the types of lesions described above 

occur commonly in specific types of tumors and are almost never seen in nomal cells 

(Tlsty, 1990; Wright 1990; Prody. 1989). The focus of this study is gene amplification. 

1.6.2.1 Gene AmpliTication 

Gene amplification is one of the most common phenomena found in biology and 

it has been shown to occur in virtually ail types of organisms (Schimke. 1984b; Stark and 
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Wahl 1985: Anderson and Roth, 1977). Single genes are sufficient for the slow 

accumulation of large arnounts of RNAs and proteins. In contrast however, when 

expression must be more rapid, multiple copies of genes are found in normal cells (Stark 

and Wahl, 1984). For example, in Dlosophila, eggshell development occurs over a very 

Iimited time frame. The genes encoding proteins involved in eggshell formation are 

found in two clusters and are expressed early (stages 12 and 14) in the ovarian follicle 

cell. One is one the X chromosome and the other on chromosome IIi. These single copy 

chorion genes in the X and chromosome ïiI clusters are arnplified as much as 15- and 60- 

fold, respectively. This occurs in order to achieve the high rates of protein synthesis 

required in order to accumulate a sufficient amount of chorion proteins during the limited 

time available for the formation of the eggshell. This ailows for faster gene expression 

than can be produced from a single gene copy. By contrast, no such amplification occurs 

in the chorion genes of the silk moths during oogenesis since multiple copies of this gene 

are found in the germ line of these moths (Jones and Kafatos, 1980). Multiple genes are 

usually camied in the gem line DNA in most organisms, but in a few cases specific genes 

or even sets of genes are arnplified in certain ce11 types. Amplification can be transient or 

it can be permanent, as is the case in terminaily differentiated cells. The loss of p53 in 

mice results in genornic instability, characteristically associated with gene amplifkation 

and alterations in chromosome ploidy (Fukasawa et al., 1997). The mice had cells in 

various organs at 2-6 weeks that showed aneuploidy, frequent gene amplification and 

apoptosis. This study also demonstrated that cells derived from p53 nullizygous mice 

showed amplification and over-expression of c-mye, DHFR. and CAD. 



Gene amplification is regarded as one feaîure of genomic instability. though it is 

ais0 known to occur as a part of normal development in insects. amphibia, and lower 

organisms as mentioned above (Santelli et al., 1991; Delikadis and Kafatos, 1989; Stark 

and Wahl, 1984). Quantitative rneasurernents indicate that the rate of amplification is 

higher in cancer cells than in normal cells (Tlsty et al., 1989). Other studies indicate that 

gene amplification has not been observed in normal diploid mammalian cells (Lücke- 

Huhle, 1989; Wright et al., 1990; Tlsty, 1990). Prody et al. (1989) describe amplification 

of the CHE gene coding for butyrylcholinesterase (EltChoEase) in a farrner exposed to 

high levels of organophosphate insecticides, to which al1 members of his family have 

long k e n  exposed. N'hile he cames a 100-fold of the CHE gene, there is no evidence of 

a cancerous or precancerous phenotype. 

There are however, non-developmental or "illegitimate" amplifications. The 

probability of an illegitimate round or  replication occumng is very low, though it is not 

zero. It has been estimated to be as low as 10" (Beverley et al., 1984). The idea that 

illegitimate replication and amplification functions as a mechanism by which malignant 

phenotypes are generated was initially formally proposed by Varshavsky (1981) who 

suggested that these events occur as a result of "replicon misfiring" triggered by a 

"firone". He suggested then, that these misfirings of the origins might generate 

exuachromosomal copies of cellular genes that result in the duplication or amplification 

of cellular genes. Mariani and Schirnke (1984) suggested that the initial amplification 

event results following re-replication of a variable, but large portion of the genome. This 

re-replication event is followed by a selection process that might include recombination 

events, or loss of non-selected DNA and results in what eventually appeprs as a 



diffe~ntial gene amplification. Hill and Schimke (1985) went on to prove that treatment 

of cells with hyâroxyurea results in the generatïon of a broad spacmim of chromosomal 

aberrations shown to consist of increased frequency of sister chromatid exchange, 

polyploidization, breakage-fusion-breakage chromosomes. extrachromosomal DNA, and 

gapped fragrnented chromosomes. The amplification events are selected for and 

sometirnes prove advantageous, since amplification is a means by which a ce11 can 

overcome growth control, be it in a cellular environment, or following chemotherapy 

(Schimke et al., 1984a), and gain an advantage over other cells. The molecular 

consequences and biological implications of oveneplication and DIVA recombination in 

higher eukaryotes are described by Schimke et al. (1986). In short, these aberrations are 

thought to play a role in the generation and progression of cancer and it is thought that 

they have consequences in its treatment (see below). Furthermore, chromosomal 

aberrations play a role in the aging of the ceIl and therefore, the organism as a whole. 

Finally, chromosomal aberrations play a role in rapid speciation evolution. 

The clinical devance of gene amplification is discussed by Schimke (1986). 

Chemotherapeutic intervention as a method to kill cancer cells has its own negative 

consequences. It was shown that even transient growth arrest (as short as 6 hours) 

mediated by antitumor agent results in nonspecific gene amplification of a large portion 

of the cells (Mariani and Schimke, 1984). This amplification involves the re-replication 

of early replicating genes that have already fired and begun to replicate (Varshavsky, 

1981). The re-replication of the early genes is likely followed by selection for cells that 

carry resistance to the chemotherapeutic agent in use. These include classic examples 

such as the amplification of the early replicating gene DHFR that occurs following 



ueatment with methotrexate (MTX), a drug that targets and inhibits the function of the 

DHFR protein as a folate malog, and pnvents the synthesis of thymidylate synthesis 

(Nogrady, 1988). Other cornpetitive enzyme inhibitors such as hydroxyurea, aphidocolin, 

carcinogens such as N-acetoxy N-acetylaminofluorine, as well as ultraviolet radiation are 

also able to arnplify DHFR (Schimke, 1986 and references therein). 

Amplification of oncogenes is reported to occur in a subset of late-stage cancers 

of a number of organisms. Amplification of genes involved in metabolic processes or in 

the metabolizing or deactivation of antineoplastic agents exemplifies the advantage of a 

gene amplification process which is able to confer drug resistance during the course of a 

c hemotherapeutic regimen (Brodeur and Hogart y, 1 998). 

Gene amplification is a significant factor in human cancers since it has been 

clearly associated with tumor progression (Brodeur and Hogarty 1998). The amplification 

of genes that occurs in these cancers can also play an important role as a prognostic 

indicator. This is demonstrated by mye, myb, and Ha-rus proto-oncogenes (Yokota et al., 

1986) as well as by others. 

1.6.2.2. Gene Amplification in Cultureci Celis 

Gene amplification has been frequently describeci in cultured cells and in tumors 

that have been treated with dmgs (Stark 1993; Schirnke et al., 1978). The amplification 

of genes has also been demonstrated following constitutive growth factor expression in 

cultured ceils (Huang and Wright, 1994; Huang. et al., 1994. Huang et al., 1995). or after 

DNA damage Wsty et al., 1989; Lücke-Huhle et al., 1989, 1990; Yaikinoglu et al., 

1990; Lavi 198 1). Overcxpression of the oncogene c-myc is also known to be associated 
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with gene amplification (Mai et al.., 1996, 1999; Mai, 1994a. Denis et al., 199 1). Johnston 

et al. (1983) have even reportcd spontananis gene amplification of the DHFR gene locus. 

One of the main approaches used to leam about gene amplification is the study of 

early events that occur in the profess. Although not al1 gene amplification events result in 

the creation of a tumor cell, these early events in the gene amplification process can bc 

critical steps in tumorigenesis and their study may give clues to the paih(s) that cells take 

in their evolution from normal cells to tumors. For exarnple, Rath et al. (1984) showed 

that a high degree of DHFR gene amplification could be achieved by extrernely low 

rnethotrexate step-selection protocols. A study by Guilotto et al. (1987) demonstrated that 

dual selection with N-(phosphonacyty1)-L-aspartate (PALA) for CAD, and with MTX to 

select for DHFR amplification, resulted in selection frequencies 200 times greater than 

were predicted from individual dmg selection frequencies. Similar results were obtained 

by Rice et al, (1987) during CO-selection for adriarnycin (doxorubicin) and methotrexate 

resistant cells. Guilotto et al. (1987) also demonstrated that dually selected clones were 

also likely to have a higher frequency for the amplification of a third gene. These results 

raised the question of a possible "amplification-prone" phenotype, which in Nm lead to a 

deeper question: Has the "amplification-prone" phenotype been selected for by prolonged 

dmg selection process, or do cells subjected to dmg selection have an amplification 

phenotype during a prolonged growth recovery? This has not yet been resolved. Of 

interest is the fact that arnplificator phenotypes have ken  generated by exposure of cells 

to X-rays (Uicke-Huhle and Herrlich. 1987) and carcinogens (Kleinberger. 1988). where 

gene amplification nsults in the non-treated paxtner of a somatic ceIl fusion product. In 

contrast however. Tlsty et al. (1992) who investigated the genetic control of gene 



amplification in hybrids of tumorigenic cells and normal diploid cells showeâ that the 

ability to amplify an endogenous gene was a ~ c e s s i v e  genetic &ait. and control of gene 

amplification potential segregated independently of tumorigenicity and immortality. 

1.6.23. Gene Amplifkation Mecbanisms 

More recent studies in mammdian gene amplification have given rise to a number 

of ideas and potential mechanisms which may begin to explain some of the phenomena 

observed in mammaiian tumors and in cultured cells (for review see Stark et al., 1989). A 

basic premise is that it is likely that several mechanisms could function in different 

situations. It is also possible that a single basic mechanisrn might give rise to a variety of 

initial clones, which might in turn give rise to different final clones, depending on the 

stability of the different amplified structures generated in the p r i m q  event. It is 

reasonable to assume that like tower animals that use different mechanisms, marnmalian 

cells are also capable of alternative mechanisms for the generation of amplified genes. It 

seems likely that mechanistically different primary amplification events occur at different 

loci within the same cells, at the same loci in different cells, or during different steps of 

the amplification process. A single mechanism may dominate eventually. 

Gene amplification has been shown to occur in stages or phases. Chromosomd 

amplification steps that occur in the early stages of amplification process are rarely 

amplified any further. It appears that there is preferential, subsequent re-amplification of 

a sub-region of the early-arnplified area of the chromosome. This is coupled with a loss 

of some of the CO-arnplified DNA sequences. Thus the overall increase in gene copy 

number is small in the initial stages of the process, but cm be substantial as the 

subsequent amplification process continues (Sai to et al., 1 989). 



Some of the most commonly proposed ideas regarding gene amplification, 

namely replication-driven and segrcgation-dnven amplification mechanisms (reviewed 

by Stark et al., 1989) are described below. The replication-driven models are described 

first. The onionskin model was experimentally validated in studies of developmentally 

controlled amplification of chorion genes in Drosophila follicular cells (reviewed by 

Kafatos et al., 1985). Schimke et al. (1986) suggest that the onionskin amplification 

model is flexible enough to account for nearly al1 of the molecular products observed, 

including the generation of extrachromosomal DNA. Passinanti et al. ( 1987) described 

the extrachromosomal double rolling circle model, which was initial1 y proposed in order 

to explain the amplification of the 2 pm yeast plasmid. The chromosomal spiral model 

was developed by Hyrien et al. (1988). in order to explain the inverted properties of an 

inverted joint in the AMP deaminase system. In this system an inverted duplication can 

be generated if the replication switches strands and proceeds around the fork as it 

progresses through the region enriched in palandromic squences, as proposed initially by 

Nalbantoglu and Meuth, (1986). This model accounts quite well for cases where the 

amplified array is located at the original chromosomal locus of the selected gene and is 

organized as a tandem array of inverted units. 

The sister chromutid exchange model, which is a segregation-driven mechanism, 

was suggested following the analysis of the CAD gene amplification in Syrian hamster 

cells. in this study, Giulotto, et al. (1986) demonstrated that many first-step mutants, with 

only three to six extra copies of the CAD gene, were found to have amplified as much as 

10,000 kb of DNA dong with each copy of the gene. The largesse of the amplicon could 

be predicted by the oniomkin modtl, but only if unschedulcd replication were to occur 



over a region that contained about 1 0 0  origins. Alternatively, the model could work if 

very large episomes of extrachromosomd DNA were involved. The study revealed that 

only three novel joints were found in a set of 33 independent mutants. and each joint was 

present in a single copy. The double rolling circle. the spiral* and the episome models 

(above) predict that novel joints will be created and amplified as much as the gene in a 

single step. Since no amplified joints have been found, these modets may not apply in 

this case. Unequal chromatid exchange has already been shown by Endow and Atwood, 

(1988) to cause the amplification of rRNA in Drosophia, and rnay explain 

intrachromosomal amplification of very large regions of DNA. This model explicitly 

predicts the presence of single-copy joints in mutants that were recovered after only two 

or three successive recombination events. In its most basic form, the model is able to 

predict head-to-tail joining of amplified domains. Thus, one can expect an unusually long 

chromosome in which each extra copy of the seloctecl gene is separated from the rest by a 

long expanse of coamplified DNA. The other homologue should be normal, containing 

only a single copy of the single gene. Therefore, to generate more that one extra copy of 

the arnplified gene per cell, more than a single unequal sister chromatid exchange would 

need to occur in different ceIl generations. The first event. generating an extra copy of the 

gene may allow the ce11 to survive the selection process, giving rise to a s!ow-growing 

colony. A second event occumng in one ce11 of this coluny might give this ce11 a p a t e r  

growth advantage. Both events are considered to be part of the operationally defined first 

step of selection. 

Another segregation-driven mechanism. the deletion-plus-episome model, 

requires that episomes contain functionat replicating origins. There are two different 



mechanisms that are able to generate circular molecules that contain origins: re- 

replication (Schimkc et al.. 1986) and recombination across a replication loop (Passananti 

et al., 1987; Carroll et al., 1988; Wahl, 1989). The first step of recombination is deletion 

accompanying episome formation. though the evidence for such a deletion step is 

difficult to obtain. in most cuitured and tumor cell, the chromosomes are often 

hyperdiploid and thus, deletion in one chromosome c m  be concealed by the presence of 

additional copies of the locus in the homologous chromosomes. Carroll et al. (1988) 

showed that by using cells containing transfected genes initially present in only one 

chromosome and in cells with only a single copy of the DHFR gene, it was possible to 

assess whether these deletions occurred. When episome-containing cells from transfected 

ce11 lines were passageci without dmg selection, clones were detected that were 

cornpletely devoid of the transfected DNA sequences. Karyotypic and molecular analyses 

of these cells failed to show chromosome loss thus, deletion coincident with the 

formation of episomes is favoured. Therefore, amplification of both transfected and 

endogenous genes can be mediated by deletion. 

It has ken  proposed that deletions equivalent in size to the episomes detected 

thus far may arise by recombination across the bases of the looped replication domains 

that are believed to exist in marnmalian cells (Vogelstein et al., 1980). Moreover, circular 

molecules that contain origins of replication may well be one product of this kind of 

recombination. The generation of episomes chat are associateci with the formation of 

inverted novel joints have also been found (Ruiz and Wahl, 1988). Since episomes are 

acentromeric, amplification can arise simply from unequal segregation during mitosis. 

Only one or two recombination events are required for coordinate deletion and episome 



formation. accounting for extrachromosomal amplification. This mode1 may also be 

relevant to chromosomal amplification. Double minutes can be dcnved from episomes 

and reintegration of DNA sequences that were initially extrachromosomal could lead to 

the formation of an extended chromosomal region (ECR) as has been demonstrated by 

Carroll et al. (1988). 

1.6.2.4. The Initiation and Chronology of Gene AmpliCication 

It is assumed that normal cells rarely amplify their DNA. It has been estimated to 

occur at a frequency of 1 0 ~  (Beverley et al.. 1984). It follows therefore, that cells that are 

able to arnplify their DNA at a higher frequency must somehow be stimulated, possibly 

by some "firone", as described by Varshavksy (1981). As described briefly above, it has 

been shown that amplification can be induced by a number of agents or treatments that 

are able to interfere with DNA synthesis or to damage the DNA. Examples of these are 

hydroxyurea, aphidicolin, carcinogens, hypoxia, ultraviolet and ionizing radiation (for 

reviews see Stark and Wahl, 1984, Schimke, 1988, Stark, 1993). It is likely that such 

stresses are able to initiate the induction of gene expression (Kleinberger et al., 1988), 

and that some of these induced gene expression products are able to act in a dominant 

manner to stimulate gene amplification (Lücke-Huhle, 1988). Of interest is the fact that 

protein synthesis is necessary in order for amplification to be induced (Sherwood et al., 

1988). Though, later experiments do not readily support this idea (Painter et al., 1987), 

Schimke et al. (1984a, 1986, 1988) suggest that cells may respond to relief from 

inhibition of DNA synthesis by reinitiating synthesis in a single cell. Varshavsky (1981) 

describes an early or "illegitimate" firing of origins that can occur in the GI phase of the 

ce11 cycle after growth arrest. The "illegitimate" firing is then followed b y "legi timate" 



 plic cation dong the same area of the genome during the normal S phase, giving rise to a 

second replication of the same locus, o n e  "illegitimately", and a second time 

"Iegitimately". It is possible that the assays conducted lacked the necessary sensitivity 

and that a small fraction of cells do restart in S phase in response to the stress. Schimke et 

al. (1988) later proposeci that the relationship between S and M phases may be perturbed 

in the stresseci cells so that mitosis occurs in what may be refereed to as a second S phase. 

The molecular chronology of gene amplification is of interest, since it is helpful in 

understanding the mechanism(s) of gene amplification (for review see Wahl, 1989; Stark, 

1993). Double minute (DM) and expanded or homogeneous staining regions (HSRs) are 

the predominant sites of gene amplification in mammalian cells. DMs are paired, acentric 

ex trachromosomal chromatin bodies which are known to replicate autonomousl y. 

Segregation of DMs is a random event and consequently in the absence of selective 

pressure, they are lost from the ce11 population over time. Conversely, HSRs are found on 

chromosomes and are thus linked to a centromere. Their segregation assures distribution 

of the amplified gene(s) to the daughter cells during mitosis. For this reason, HSRs are 

not lost during the course of ce11 divisions even in the absence of selective pressures. 

However, small HSRs may be lost in the absence of further selection pressure. (Mai et 

al., 1996b) 

Several interesting questions were posed regarding the two species of amplifiecl 

DNA. For example, is either one of these species the preûominant carrier of amplified 

genes in vivo? Are these two species of arnplified genes produced by a single mechanism, 

or are they the products of two mutually exclusive pathways? 1s it possible that one of 

these structures is the precursor of the other? (For instance, do DMs integrate to generate 
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HSRs, or are DMs a breakdown product of HSRs? On the other hand, might they exist in 

equilibrium, where HSRs and DMs can coexist in Ihe same ceil or population of cells?). 

It was once thought that in a given cell, it is customary to observe either DMs or HSRs, 

but never both containing the same amplified sequences. This belief was considered to be 

indicative of a selective outgrowth of ceils containing oniy a single form of an arnplified 

gene. Currently it is known that botb HSR and DM DNA can coexist in the same cell. 

There are a number of possible explanations for this phenornenon. First, DM formation 

may be more highly selected for in vivo than is HSR formation. since cells containing 

DMs may have a growth advantage in vivo and predominate even though DM and HSR 

forms of amplifieci DNA may both be carrïed in the cells of a population. Second, it 

might be that formation of DMs represents an earlier event in gene amplification than 

HSR formation, and may occasionally integrate into the chromosomes to form HSRs, as 

suggested previously by others (Biedler, 1982; Lin et al., 1985; Trent et al., 1986). The 

third suggested possibility is that the initial step in arnplification is the generation of 

HSRs, which continually break down, giving rise to DMs (see Wahl, 1989 for 

references). 

A multi-step mode1 for the chronology of gene arnplification (Wahl. 1989), 

suggested the progression from episomes to seleetion of amplifieci sequences, to 

integration of episomal or DM sequences, then to a change in cytogenetic manifestation 

of arnplified DNA from DMs to HSRs. Wahl (1989) stated that it was not clear why 

episomes enlarge to form DMs. However, he suggested that it is reasonable to assume 

that the enlargement of episomes to DM size confers a growth advantage, enabling a 

greater probability of transmission of the amplified DNA to daughter cells during mitosis. 



1.6.2.5. Roperties of Amplified Genes 

A large body of informaîion descnbing gene amplification following h g  

selection has been assembled through the study of cultured cells. The studies have been 

instrumental in elucidating properties and characteristics of amplified genes and have 

also provoked some thoughts about possible mechanisms. 

Amplified genes have been studied in cultured cells as a means of investigating 

drug resistance. While not reiated directly to oncogene-mediated amplification, results of 

these studies suggest that dl of these genes seem to share at least three characteristic 

properties (for review see Schimke, 1988). First, gene amplification often occurs in a 

step-wise fashion dunng the course of drug treatment, resulting in high degrees of 

amplification. Second, some clones are able to survive toxic concentrations of h g ,  

although only a few actually become resistant to the selective conditions. These resistant 

clones are capable of forming resistant colonies. The genes which are able confer drug 

resistance are found to be amplified and reside on one or two chromosornes in 

cytologically enlargeci regions known as Homogenous Staining Regions CfISRs) or 

Abnormal Banding Regions (ABRs). Third, amplified DNA structures can change. Cells 

that are maintained under constant drug selection conditions often change the structure of 

their amplified DNA. These changes, which are often a consequence of altered amplified 

gene stability, can give nse to extrachromosomal DNA circles. Some arnplified DNA 

becomes integrated into the chromosomal component of the genome, whereas the less 

stable phenotype carries much of its amplified DNA in the form of extrachromosomal 

DNA (Gaubatz, 1990; Varshavsky, 198 1 ). Extmchromosomal DNA such as is found in 

the form of double minutes, is less common in normal cells, but is often found in 



malignant tumors (Varshavsky, 198 1 and references therein). These double minutes can 

be created during in vitro culture conditions b y  incubation with dnigs (Kaufman et al., 

1979) or  in vivo as a result of chemotherapy (Bertino et al., 1963). Double minutes are 

often found in certain drug-resistant cells and disappear gradually upon introduction into 

in vitro culture conditions, but reappear following implantation of the cells into a 

susceptible animal (Varshavsky, 198 1 and references therein). The structural features and 

putative role(s) of extrachromosomal DNA in gene amplification and genomic instability 

in general, will be discussed in more detail in section 1.6.2.7. 

1.6.2.6. The Stmctures of Amplifid Genes 

The study of the mammalian gene amplification mechanism begins with the 

analysis of amplified gene structure. Understanding the structure of amplified genes may 

allow for the elucidation of the mechanism of their amplification. 

Early experiments performed to study the structure of arnplified genes involveci 

chromosome walking and restriction fragment analyses. These studies revealed that 

amplifieci DNA is essentially a linear representation of the normal DNA sequence 

(Federspiel et al., 1984; Giulotto et al., 1986, Van der BIiek et al., 1986). The length of 

these amplified sequences can be highly variable. For instance, in Chinese hamster ovary 

cells that carry as many as 1 0  DHFR genes, it was estimated that the approximate 

length of amplified sequences was 250 kilobase pairs in three di fferent methotrexate- 

resistan t variants, each variant having been obtained from different laboratories (Looney 

and Hamlin, 1987). Orientation of amplified sequences was shown to Vary. Studies of 

DHFR in Chinese hamster ovary cells W n e y  and Harnlin, 1987). CAD in Syrian 

hamster cells, c-myc in human tumor ctl l  line (Ford and Fried, 1986), and a DHFR 
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plasmid construct transfected into Chinese hamster ovary cells (Wahl, 1989). each 

reveded some DNA sequences w ith head-to-head type amplification. These head-to-head 

structures were found in both HSRs and in minute chromosome foms of amplification, 

though not in al1 studies. This variation indicates chat different structures of amplification 

can be generated by a variety of mechanisms and that details may v q  between different 

amplification events, be it in different ce11 isolates, or sequentially within the same cells. 

One important consequence of DHFR gene amplification in cultured cells is the 

rearrangement of the DHFR gene locus. Fderspiel et al. (1984) used a chromosome 

walking technique and described numerous rearrangements of the DHFR gene locus that 

result from amplification of that gene. They found that amplification-specific DNA 

rearrangements or junctions are unique to each ce11 line. Moreover, within a given ceIl 

1 ine, mu1 ti ple ampli fication-spi fic DNA sequence rearrangements. The y demonstrated 

that the degree of amplification of the sequences flanking the DHFR gene shows 

quantitative variation both arnong and within a given number of ce11 lines. Finally, their 

work showed that both the anangement of the amplified sequences as well as the 

magnitude of the gene amplification may Vary with prolonged culture, even under 

selective maintenance conditions. They conclude their study by stating that there is no 

evidence for a static repetitive unit of amplification, rather there is a dynamic and 

complex arrangement of these amplified sequences that is always changing. 

1.6.2.7. Extrachrornosomai DNA 

The eukaryotic genome was once regarded as an unchanging set of genes where 

every ce11 in a metazoan organism possessed the same DNA sequences, in the sarne 

amounts, al1 of which nsided in al1 of the same places. The eukaryotic genome was 



regardecl as static and unable to respond to changes in its environment. Where changes 

did occur in the genome, it was believed that they did so on the slow evolutionary time 

scale- From a large number of studies on a considerable range of topics, came the 

conclusion that the genomes of higher organisms were indeed much more flexible than 

previously imagined. Studies in DNA mutation and repair, replication, amplification, and 

other phenornena in higher organisms, changed these views. Not only were there 

differences arnong DNA sequences, they differed also in their structures and 

compartmentalization. For example, DNA in the nuclear cornpartment was found in 

arrayed in long linear duplexes, in addition to other smaller covalently closed circular 

DNA sequences, known as extrachromosomal DNA (Hotu and Bassel, 1965; Radloff et 

al, 1967) (for review, see Gaubatz, 1990). 

Extrachromosomal DNA appears to be ubiquitous since al1 primary and 

immortalized as well as transformed eukaryotic cells that have been studied have been 

shown to carry them (Gaubatz, 1990). These include mouse embryo (Yarnagishi et al.. 

1983a), mouse tissues (Tsuda et al., 1983; Flores et al., 1988; Gaubatz and Flores, I990), 

mouse thymocytes (Yarnagishi et al., 1983a), mouse lymphocytes (Tsuda et. al., 1983), 

human tissues (Caiabretta et al.. 1982), cultured human fibroblasts (Smith and Vinograd, 

1972; Riabowol et al., 1985). These extrachromosomal DNA molecules have also been 

found in cultured mammalian cell lines including those originating in mouse (Smith and 

Vinograd, 1972; Kunisada et al.. 1983; Sunnerhagen et al., 1986) and man (Radloff et al., 

1967; Smith and Vinograd, 1972). 

Extrachromosomal DNA is found in tumor cells. Extrachromosomal DNA has 

been shown to contribute to the phenotype of the cells that carry them. Functionally, EEs 



are amplicons chat express the rnRNA of the amplified gene(s) on the amplicon and in 

this way they arc able to affect the phenotype of the ceIl. For example, VanDevanter et 

al. (1990) showed that of six of eight neuroblastoma tumors (three primary Nmors as 

well as three metastatic lesions), amplification of the protooncogene NYCN was carried 

on extrachromosomal DNA. The extrachromosomal DNA circles were different sizes 

among different patients. Unfortunately, there was no evaluation of the functional 

capacity of these arnplicons to express MYCN mRNA or protein. More recently, the 

question of extrachromosornai DNA function was assessed. It was recently shown in a 

translocation-negative DCPC mouse plasmacytoma, that extrachromosomal DNA 

amplicons carry gene sequences that correspond to c-mydgH-translocated DNA found in 

translocation-positive plasmacytomas. Moreover, these arnplicons transcribe mRNA and 

contribute to the tumorigenic potential of the cell, as does the corresponding translocation 

in mouse plasmacytoma (Wiener et al., 1999). 

The physical characteristics of extrachromosomal DNA (extrachromosomal 

elements, EEs) are variable and depend on the ceIl or tissue of origin. Furthemore, the 

generation of EEs is determined by growth conditions and physiological parameters. 

Within a single a l 1  type, the sizes of these circular molecules can range from smaller 

than 500 bp to as large as 8 5 , O  or more bp (Yamagishi et al., 1983a). Much data has 

been assembled regarding characteristics and sizes of EEs from cultured mammalian cells 

(for review see Gaubatz et al., 1990). From these data two general conclusions have been 

drawn: First, al1 cells have a heterogenous population of circles and the size distribution 

is usually p a t e r  in cells in vivo and in primary cells (Yamagishi et al., 1982; Yamagishi 

et al., 1983b; Kunisada, et al., 1983; Riabowol et al., 1985). Second, a number of 



sequence families have been identifiai in extrachromosomal DNA as well as variations in 

the number of EEs pcr ull. The number can range frorn as few as 100 EEs pcr cc11 in 

human fibroblasts (Kunisada et al., 1985) to as many as several thousand pcr ce11 in 

cultured monkey kidney cells. For instance DeLap et al. (1978) showed that confluent 

monolayers of the BSC-1 line of African green monkey kidney cells contained about 

i000 EE molecules per ce11 and that most of these were smaller than 1 kb in size. The 

sizes ranged from 0.05 to 1.7 p. Furthemore, these EEs could be resolved by gel 

electrophoresis into abundant size classes of 0.3, 0.8, 1.2, and 1.5 kb, indicating 

periodicity of 300-500 bp in circle formation, roughly the length of DNA found coiled 

around and between two or th= nucleosornes. Most interesting is the fact that further 

analysis of cloned EEs showed that ail of the characterizcd extrachromosomal DNA 

sequences were homologous to chromosomal, but not mitochonârial BSC-1 DNA 

(Bertelsen et al., 1982; Krolewski and Rush, 1984; Kdewski et al., 1984). In agreement 

with these studies, anaiyses of cloned HeLa ceIl EEs by Kunisada and Yamagishi (1984) 

showed that al1 clones that were investigated shared homologies with chromosomal DNA 

sequences. These studies as well as others (Smith and Vinograd, 1972; Stanfield and 

Helsinki, 1984; Jones and Potter, l98Sa) lead to the proposal that di mammalian EEs are 

derived from preexisting chmmosomal DNA (For revicw see Gaubatz, 1990). The 

homology of extrachromosomal sequences with chromosomal DNA is an important 

feature since extrachromosomal DNA carries many sequences that are thought to 

contribute to the gene amplification process. The homology to chromosomal sequences 

may be explainecl by a study by Carroll et al. (1988) who demonstrated that 

extrachromosomal DNA molecules could be gcncrated tlirough deletion of cocresponding 



chromosomal sequences. Initially. episomes arc roughly 250 kb in size and they gradually 

enlarge until they arc the size of double minutes. More over. once generakd, they are 

able to integrate into chromosomes. A recent study by Singer et al. (2000) demonstrated 

that in methotrexate-resistant cells, HSRs and DHFR sequence-beoting DMs are both 

initiated through chromosome breaks. Of further interest in this study is the finding that 

in al1 but one of the cell lines tested, the ceils suffered a partial or complete loss of the 

paren ta1 DHFR-bearing chromosomes. 

Extrachromosomal DNA molecules arc autonomously replicating DNA circles. It 

has been shown that altering gene position within the genome can dramatically alter 

replication timing. In that sense, the generation of extrachromosomal DNA molecules 

during gene amplification is considered an extreme case of gene repositioning. Carroll et 

al. (1 99 1) demonstrated that once generated, extrachromosomal DNA may be able to 

replicate and it is of interest to note that the mechanisms which are responsible for 

ensuring that DNA replicates only once per cycle are functional in maintaining the same 

control over extrachromosomal DNA and its replication. Whether this phenornenon is 

true for al1 cells has not been shown. 

The replication of genes on extrachromosomal DNA differs from replication on 

chromosomally positioned genes. For example. while genes such as chromosomally 

positioned DHFR from a variety of mouse. human. and hamster cells lines appears to 

replicate during a discreet time interval within the fint half of S phase (D'Andrea et al., 

1983; Hatton et al.. 1988; Kellems et al., 1982). extrachromosomally positioned DHFR 

in the mouse 3T6R50 ce11 line replicate throughout the S phase (Tlsty and Adams.. 1990). 

Later work by Carroll et al. (1991) dwcribed the replication of extrachromosomal 



amplicons ihat harbour either CAD or the denosine deminase (ADA) gene in mouse 

cells. nie study shows that within experimntal emr, the CAD- and ADA-karing 

extrachromosomal amplicons replicated within a narrow window of the S phase that 

corresponded to the time of the replication of the comsponding chromosomaily 

positioned genes. This suggests that the replication timing of extrachromosomal DNA 

can be preserved in some experimenial systems, possibly by cis-acting timing control 

elements located on the amplicons, even though the genes in question are no longer 

physically associated with their parent chromosome. 

in interesting contribution regarding the temporal location of double minutes in 

the nuclei synchronized Colo320DM at different times in the cell cycle was made by Itoh 

and Shimizu (1998). The DMs in ctlls were shown to be preferentially located at the 

nuclear periphery during the Gi phase of the ce11 cycle until the onset of Gi/S boundary, 

where upon, the DMs relocated promptly to the intenor of the nucleus once DNA 

replication started. Moreover, simultaneous detection of DMs at the sites of DNA 

replication indicaied that the inward relocation of the DMs was initiated immediateiy 

prior to DNA replication. 

The DNA replication process is a dynarnic proccss that occurs in microscopically 

visible complexes at discrete replication foci found in the nucleus. The replication foci 

are comprised of DNA and replication machinery. Studies by Leonhardt et al. ( 2 0 )  

indicate that replication occurs at sites that are stably anchored in the nucleus and that 

these sites assemble and disassemble in a gradua1 and coordinated, though asynchronous 

pattern throughout the S phase of the ce11 cycle. 
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Chapter 2. METHODS AND MATERIALS 

This chapter is divided into four sections. These sections are: (2.1) Bacterid 

Protocols; (2.2) Marnmalian Ce11 Culture Protocols; (2.3) Molecular Protocols; and (2.4) 

Supplies, which Iists al1 of the chemicals, reagents, and disposable supplies used in this 

thesis work. 

2.1 Bacterial Protocols 

Bacteria were used to amplify plasmids from which cDNAs were prepared for 

Northern, Southern (1- and 2-dimensional), FISH, and FISH-EEs procedures. The 

cDNAs prepared include murine c-myc exon II (kindly provided by Dr. Konrad Huppi, 

NIH), glutatitione peroxidase (GSHPX) (Chambers et ai-. 1986). glyceraldehyde-3- 

phosphate dehydroge~se  (GAPDH) (kindl y provided by Dr. A iping Young). and 

ribonucleotide reductase R2 (R2) (Thelander and Berg, 1986). Al1 cDNAs were cloned 

into plasmids expressing $-lactamase enzyme and confemng resistance to ampicillin. 

Plasrnid DNA carrying most of the cDNA sequences for this thesis work were prepared 

and arnplified following transfection into either HB 101 E-coli bacteria provided in the 

Invitrogen TIA cloning kit. IGF2 (Kitsberg et al., 1993) was isolated from D H S a  The 

isolation of cDNA fragments from the isolated plasmids is describeci in Section 2.3.16. 

DHSa E.coli bacteria carrying pGEX Myc (Clone 92) and pGEX Max (Clone 

1 24) (Blackwood and Eisenman, 199 1) isopropyl-B-thiogalactoside- (IPTG) inducible 

expression vcctors were also grown to generate c-Myc- and Max-GST fusion proteins 

respectively, for use in gel shift experiments. The bacterial transformation, growth and 



induction of the bacterial culture and GST fusion protein extraction procedures are 

described in Section 2.1 .S. 

2.1.1 Large S d e  Alkaline Procedure for Plasmid DNA Isolation from E. coli. 

(Sarnbrook et al., 1989; Modified by Kunz, B.A., Rmachandran, K., and 

Armstrong, J., 1994.) 

The plasmid-bearing E.coli were grown in 20 mL LB+Amp ovemight in a 37°C 

shaking incubator. Two 500 mL volumes of LB in two 2 L flasks were inocuiated next 

day with 2 mL of the overnight culture. Bacterial cultures were incubated at 37°C for 16 

to 18 hours in a shaking incubator. Following overnight growth, the 500 mL cultures 

were centrifuged at 3,500 rpm/ 15 minutes/ 4°C in two 500 mL centrifige bottles. The 

supernatant was discarded and the bacterial pellets were resuspended in 18 mL of 

Solution 1 (50 rnM glucose 25, mM Tris, pH 8.0, 10 rnM Na2EDTA, pH 8.0). 2 mL of 

lysozyme (10 rngmL') dissolved in 10 mM Tris-CI (pH 8.0) was added to the 

resuspended bacteria. The suspension was mixed thoroughly and incubated on ice for 10 

minutes. Following this incubation, 40 mL freshly prepared Solution 11 (200 mM NaOH, 

1 % (w/v) SDS) was added, mixed by inverting several times, and incubated on ice for 10 

minutes. 20 rnL ice-cold filter-sterile Solution ïIï (23 mL glacial acetic acid, 57 rnL dd 

H20, 120 rnL 5 M potassium acetate) was added. The suspension was inverted and 

shaken several times to produce fiocculant white precipitate and then incubated on ice for 

10 minutes. Following incubation the suspension was centrifugeü at 4,000 rpm for 25 

minutes at 4°C. The centrifige rotor was allowed to stop without using the electric break 

in order to minimize disruption of the delicatc pellet. The supernatant was carefully 



m s f e r r e d  and filtered through 5 layers of sterile cheesecloth and into fresh 250 mL 

centrifuge bonles. Isopropanol (0.6 volumes) was added to cach volume of filtered 

supematant and the mixture was incubated at room temperature for 10 minutes. 

Following the incubation, the solution was centrifuged at 5,000 rpm for 15 minutes at 

room temperature. The supematant and isopropanol were decanted and aspirated off as 

much as possible. 50 mL 70% ethanol (at room temperature) was added to the DNA 

pellet and swirled gently to wash the pellet. The ethano1 was carefully decanted off as 

much as possible and the remainder of the ethanol was evaporated off by air drying at 

room temperature. The nucleic acid pellet was dissolved in 3 mL TE buffer (10 mM Tris, 

1 mM EDTA, pH 8.0). 500 of the DNA solution was delivered to six 1.5 mL 

microfuge tubes. 500 p L  of -20°C 5 M LiCl were added to each niicrofùge tube in order 

to precipitate high molecular weight RNA. The suspension was rnixed well and 

centrifuged at 10,000 rpm for 10 minutes at 4°C. Following centrifugation, the 

supernatant was transferred to fresh microfuge tubes and equal an volume of isopropanol 

was added to each sample, rnixed well and allowed to stand at r w m  temperature for 5 

minutes. The suspension was centrifuged at 10,000 rpm for 10 minutes at room 

temperature d e r  which the supematant was careîùlly decanted away. The pellet was 

washed with 70% ethanol at room temperature and the excess ethanol was aspirated off. 

The pellet was allowed to air dry. Al1 pellets were dissolved in a total of 500 pL of TE 

buffer (pH 8.0), pooled into one microfuge tube and digested for 30 minutes at 37°C with 

4 pL (10 mgmL") RNAse. 500 pL 1.6 M NaCl containing 13% polyethylene glycol 

(PEG 8000) was added to the solution, mixed well and centrifbged at 12,000 rpm for 5 

minutes at 4°C. The supernatant was again aspiratecl off and the DNA pellet was 



dissolved in 570 pL TE buffer (pH 8.0). The DNA solution was extracted once with 570 

p L  phenol, once with 530 pL 1: S phenoVchloroform, and once with 490 chloroform. 

After chloroform extraction, 225 pL of the aqueous layer were transferred to each of two 

new microfuge tubes. 56 pL 10 M ammonium acetate were added to each tube and mixed 

well. 2 volumes (562 pL) of 100% ethanol at room temperature was added to the 

extracted DNA solution and allowed to stand for 10 minutes at room temperanire. The 

suspension was centrifuged for 5 minutes at 4°C and 12,000 rpm. After centrifugation, 

the supernatant was aspirated off and 500 pi, of 70% ethanol (-20°C) were added to each 

of the tubes. The tubes were inverted several times and then centrifuged at 12,000 rpm 

for 2 minutes at 4°C. Each of the pellets was resuspended in 250 pL lx TE buHer and 

combined. 

Solutions: 

LB (Luria Broth) (Sarnbrook et al. 1 989). 

Bacto tryptone (10 g), Bacto yeast extract (10 g), and sodium chloride (5 g) were 

dissolved in 900 rnL dd HzO. The solution was titrated to pH 7.5 and volume was 

adjusted to 1 L with distilled and deionized (dd) H20. The medium was autoclave& 

Ampicillin (100 pgmL1) was added (when required) after autoclaving and cwling of the 

medium to 45°C. The medium was designated LB+Amp (Sarnbrwk et al., 1989). 

Preparation of Li3 Agar Plates 

Agar dishes were prepared by addition of 1.5 g Bacto agar per litre of LB 

prepared as described above. The medium was autoclaved as described, and allowed to 

cool to 50°C. When the medium h d  cooled to SO°C, ampicillin ( 1 0  WL") was added 

if required and plates were pourcd (Sarnbrook et al., 1989). 



2.1.2 Rapid Alkaline Procedure for Piasmid DNA Isoiation from E. coli 

(Modified from Morelle, 1989 by Kunz, B.A.. Ramachanchm. K. and Armstrong. 

J., 1994.) 

Bacteria were grown ovemight in 5 mL LB+Amp medium in a 37°C shaking 

incubator. The cells were pelleted by centrifugation at 3,000 rpm for 10 minutes at rcom 

temperature. The pelleted cells were resuspended in 1 mL of GTE (50 m M  glucose, 25 

mM Tris, pH 8.0, 10 mM Na2EDTA, pH 8.0) buffer and transferred into a 1.5 rnL 

microfuge tube. The bacterial cells were again pelleted by centrifugation, as described 

above, and resuspended in 190 pi., GTE buffet. The ce11 suspension was mixed gently 

and then transferred to ice. 400 pL of freshly prepareù lysis solution (200 rnM 

NaOH/l.O% SDS) was delivered dropwise to the suspension and incubated on ice for 10 

minutes. After the incubation, 300 pL of neutralizing solution were added drop-wise to 

the lysed bactena and incubated on ice for 10 minutes. Following this incubation, the 

precipitate was pelleted by centrifugation for 30 minutes at 13,000 rpm and at 4°C for 30 

minutes. The supernatant was decanted into a fresh microfuge tube. The centrifugation 

was repeated twice more, but the time of centrifugation was reduced to 20 minutes. 

Following the third centrifugation and decanting of the supernatant, 500 pL isopropanoi 

were added and the contents were mixed by inversion. The solution was incubated at 

room temperature for 10 minutes. The nucleic acid was isolated by 2 minutes of 

centrihtgation at 13,000 rpm and at rwrn temperature. The nucleic acid pellet was then 

washed with 70% ice-cold ethanol and allowed to air dry briefly. The pellet was 

dissolved in 50 pL TE buffer. treated with 2 pL RNAsc A (10 mgrnL1) for 30 minutes at 

37"C, and stored 4°C. 



Solutions: 

LB (Luria Broth) 

See 2.1. I LB (Luria Broth) (Sarnbrmk et al. 1 989). 

6.1 7 M Ammonium Acetate 

Ammonium acetate (142.7 g) was dissolved in 30 mL dd H20 and 60 mL glacial 

acetic acid. The solution was heated to dissolve the ammonium acetate. The volume was 

adjusted to 300 rnL with glacial acetic acid. 

2.1.3 Preparation of Competent Bacteria 

DH5a E.coli bacteria were inoculated into LB as an overnight culture. Next 

moming, one mL of this culture was inoculated into 50 rnL of LB and incubated until an 

optical density (OD) of ODssonm = 0.75 or ODs- = 0.5-0.6 was attained. At this density, 

bacteria were incubated on ice for 25 minutes. The bacteria were centrifugeci at 4OC and 

at 4,000 rpm for 5 minutes. The supernatant was decanted off and the bacteria were 

resuspend in 12.5 rnL 50 mM CaCI2 and incubated in this solution for one hour at 24°C. 

The bacteria were centrifugecl at 4OC at and 4,000 rpm for 5 minutes. The pellet was 

resuspend in 600 pL of 50 mM CaC12, 1.4 mL 87% glycerol. and 3 mL dd Hfl.  The 

competent bacteria were aliquoted into 125 pL volumes and stored at -75°C. 

2.1.4 Transformation of Competent Bacteria 

2.1.4.1 Transformation of Competent Bacteria Without Use of a Kit. 

DNA (0.5-1 .O pg) was dissolved in 10 CU, TE buffer and then m i x d  with 40 pL 

TE buffer on ice. 20p.L IOx TCM Buffer (100 rnM Tris. pH 8.0, 1rnM Na2EDTA, 100 



mM CaC12, 100 rnM MgCI2. pH = 7.5) was added to the DNA solution. Competent 

bactena were thawed on ice and 125 pi, was delivercd to the DNA solution. The bacteria 

and DNA were incubated on ice for 20 minutes. After the incubation, the bacteria were 

heat-shocked at 41°C for 2 minutes and then allowed to cool to room temperature for 10 

minutes. LI3 (800 pi,, without ampicillin) was added and the suspension was allowed to 

incubate for 60 minutes (or longer to maximum of 4 hours) at room temperature. The 

bacteria were plated ont0 selective plates (prepared with 100 pgm~" ampicillin) and 

selected as describeci above. 

2.1.4.2 Transformation of Competent Bactena Using an Invitrogen Kit 

B acterial transformation procedures were performed using an Invi trogen TA 

cloninga Kit (Version 2.0). The kit included Invitrogen TA cloningB OneShotTM 

competent HB 101 bacterial cells and al1 required solutions and medium. Transformation 

was perforrned according to supplier's instruction. Briefly: Vials of SOC medium and 0.5 

M B-mercaptoerhanol (vial TA1 1) were thawed to room temperature. hvitrogen TA 

cloninga OneShotm comptent HBlOl bacterial cells were thawed on ice. One via1 of 

cells was thawed for each transformation. 2 pL of 0.5 M g-mercaptoethanol was added to 

each vial of cornpetent cells and mixed by gentle tapping. 1.0 pL of plasmid was added to 

the cells and mixed by gentle tapping and incubated on ice for 30 minutes. The mixture 

was then incubated for precisel y 30 seconds in a 42OC water bath and then placed on ice 

for 2 minutes. 450 pL of prewarmed SOC medium was dded to the competent 

transformed cells. The bacterial suspension was mixed by tapping or inverting the 

microfuge tube. The cells werc platcd out ont0 two LB+Amp agar dishes and allowed to 

grow ovemight at 37OC. One dish was plated with 100 pL of the transformed bacteria and 



another was plat4 with 25 pL, of bactena. The plates were allowed to grow overnight 

and single colonies wcre amplifieci on LB+Amp agar plates. 

Solutions: 

SOC medium. 0.5 M $-mercaptoethanol. 50 pL OneShotTM competent HBlOl 

bacterial cells. 1.0 pL of plasmid of choice (1 .O pg&'). 

SOC medium consists of 2% (w/v) Bacto tryptone. 5% (wlv) Bacto yeast extract, 

8.5 mM NaCl, 20 rnM glucose. 2.5 mM KCI. 10 rnM MgC12. 

2.1.5 Freezing of Bacterid Stocks 

Bacterial colonies were picked and streaked out on a LB+Arnp dish. After 

ovemight growth at 37OC, the bacteria were collecteci and dispersed in a sterile solution 

of 50% glycerol'. These suspensions were frozen at -7S°C. 

*The 50 % glycerol solution was prepared by mixing pure glycerol with dd HzO in 

1: 1 proportions. The 50% glycerol was delivered to 1.5 mL screw-capped microfige 

tubes, sealed with screw caps and autoclaveci. These can be stored indefinitely. 

2.1.6 Generation of c-Myc- and Max- GST Fusion Proteins from Bacteria 

GST-Myc and GST-Max fusion proteins were kindly provided by Dr. Beth 

Biackwood (Blackwood and Eisenman, 1991). The constnicts were transformed into 

DHSa bactena and were selected with ampicillin ( 100 pgm~"). 

Protocols: 

2.1.6.1 Inoculation of Bacteria 

A MO mL LB containing 100 pgmL-' ampicillin was inoculated with bacterial 

stock culture of choice @GEX Myc C92 or @EX Max C 124). and grown overnight in a 



shaker at 37OC. Next moming, 450 mL of LB+Amp culture medium was inaiulated w1t.h 

the 50 mL of ovemi@ bacterial culmre and allowed to grow in a shaker at 37°C to an 

O.D. = 0.6 (at k 600 "3. 1.0 M iTPG was delivered to the bacterial culture, giving a 

final ITPG concentration of 1 mM. 

2.1.6.2 IsoIation of Fusion Proteins 

The 500 mL of bacteriai culture was sampled first prior to addition of lTPG to 

serve as a source of control protein. For this sample, 100 mL of the culture were removed 

and processed as describeci below. The remaining 400 rnL were allowed to incubate at 

37°C and 100 rnL volumes were removed at the time of WPG addition and at each 1 hour 

interval following the addition of ITPG. The samples removed at 0. 1, 2, 3, and 4 hours 

afier the addition of provideci bacteria that were incubated in the presence of ïïPG for 

different lengths of time. This allowed for the titration of the best induction point and for 

the selection of the best protein isolate. The details are as follows: 

Prior to the addition of iTW, 1 0 0  mL of bacteria (to be used as a source of 

control E. colil was removed from the 500 mL of growing bacterial culture of which 10 

pL counted on a hemocytometer. An appropriate volume containing IO' bacteria was 

removed form the 100 ml, of bactena and delivered to a 1.5 mL microfuge tube and 

pelleted. The supernatant was pipetted away and 20 pi, of 2x protein sample buffer (1 

mL 0.5 M Tris pH 6.8, 2 rnL 10% SDS, 6.2 mg Dithiothreitol 0, 500 pL 98% 

glycerol, 175 pL 10% (w/v) Bromophenol Blue [final concentration of 0.5961) was added 

and the pellet was resuspended and denatureci. This suspension was stored at -20°C until 

needed. The rest of the 100 rnL was pelleted, and resuspended in 50 pL of Band Shift 

Buffer (10 rnM N-2-Hydroxyethylpiperizine-N*-2-Ethane sulphonic acid (HEPES) pH 7.9, 



60 rnM KCl, 1m.M Na2EDTA, 4% (wlv) Ficoll, 1rnM DIT, ImM AEBSF). The 

remaining 400 mL of the bacterial culture was allowcd to grow for one hour. The 

rernoval of 100 mL of bacteria, the counting and pelleting of 106 bacteria and their 

resuspension on protein sample buffer was repeated every hour, as was the pelleting and 

resuspension in Band Shift Buffer of the remainder of the 100 mL of the hourly sample. 

2.1.6.3 Determining Optimal Generation of Fusion Proteins 

The sarnples of 10' bacteria in sample buffer sarnples were removed from storage 

at -20°C and boiled for 15 minutes. The bacterial samples and a molecular weight marker 

were loaded ont0 a 10% SDS-PAGE gel and run at 80 V in SDS-PAGE electrophoresis 

running buffer (100 rnM Trizma base, 100 mM glycine, 2 8  SDS.). The gel was stopped 

once the 220 kDa molecular weight marker had mn into resolving gel. The gel was 

stained for at least 2 hours in Commassie Brilliant Blue staining solution (35% ethanol, 

10% acetic acid, 0.25% (wlv) Bromophenol Brilliant Blue R) for a minimum of 1 hour 

and then destained with destaining solution (35% ethanol, 10% acetic acid). The gel was 

then soaked for one hour in 20% methanol, 10% glycerol and then dried at 80°C under 

vacuum. A successful induction of GST Fusion protein synthesis was indicated by the 

appearance of a pronounced band only folIowing rrPG induction. The bands of interest 

were 36 and 40 kDa, indicating the ïïPG-induced expression of the GST-Myc and GST- 

Max fusion proteins, respectively. The band of interest is most abundant in the optimally 

induced time point. This fraction, which represented the best time-point of the ITPG 

induction, was used for further experimentation. The protein was isolated from the 

pelleted, 100 d sample(s) whtrein the optimal induction had been reached. The bacteria 

were lysed and the protein isolatcd by th= cycles of frccze/thaw in ethanoVdry ice and a 



37OC bath, respectively. Aftcr each cycle of f ~ z i n g  and thawing, the suspension was 

vigorousl y vortexed for 5 minutes beforc rcfreezing in the dry icelcthanol. 

Solutions: 

L.f3 (Luria Broth) (Sambrwk et al., 1989) (See 2.1. i ) 

Isopropyl P D  Thiogaiactopyranoside (IPTG) 

A 5 g via1 of IPTG (F.W. 238.5 gmol-') was dissolved in 20.9 mL dd HzO to give 

a final concentration of 1.0 M. The 1 M ITPG was filter-sterilized through a 0.2 pm 

syringe filter, aiiquoted into 1 mL volumes and stored at -20°C. 

1.0 M Diîhiothreitol (Dm) Stock Solution 

15.42 mg DIT (F.W. = 154.2 grnol-') was dissolved into 100 pL of sterile dd 

H20 ami stored at -20°C. 

AEBSF Stock Solution ( ~ e f a b l o c ~ ~ ~ )  

23.95 mg of AEBSF (F.W. = 239.5 gmol") was dissolved into 1 rnL of sterile dd 

H 2 0  and stored in 100 pL aliquots at -20°C. 



2.2 Mamrinlinn Ceil Culture 

2.2.1 cell Cuitlue Media 

2.2.1.1 Preparauon of B Ce11 Medium for B Cu~tureâ Lyrnphoid Cells 

The medium for B cell culture was comprised of 500 mL RPMI 1640 + L- 

glutamine, 50 rnL Fetal Bovine Serum, 5 rnL MEM sodium pymvate ( lOx) ,  5 mL G 

glutamine (200 mM), 5 mL penicillin (5.000 units rnC1)/ Streptomycin (5,000 pgm.LgmL1), 

and 500 pL $-mercaptoethanol (5.5 x 10" M). Medium to be used for growing 

MOPC460D was also supplimented with Interleukin-6 (IL-6). Al1 culture ingredients 

except for IL-6, were purchased from Canadian Life Technologies. IL6 was generated 

from IL-6-secreting hybridoma cells. 

2.2.1.2. Growth Amst and Synchronization Media 

Selectaminem RPMI 1 0  medium (Canadian Life Technologies) was prepared 

according to the manufacturer's instructions. For the purposes of these experiments, 

isoleucine was withheld during the preparation in order to prepare a medium that would 

facilitate arrest of the cells at the Gi phase of the ceIl cycle. Al1 ingredients except for 

isoleucine were added and the volume was adjusted to 1 L with sterile dd N20. 

Measurement of the medium showed that it was at approximately pH 7.5 to 8.0 and did 

not require adjustment. 

Release of cells from GI arrest and synchronization at the GI/S boarder was 

induced by transfer of these cells into whole culture medium containing 400 pikl of the 

plant amino acid Lmimosine (Dijkewel et al., 1991). 



Preparation of LMimosine 

The F.W. of LMimosine is 198.2 pal-'. A 1 g vid containing 5.045 m o l e s  of 

mimosine was deilvered into 400 mL PBS. The suspension was acidifieci with 

concentrated HCI to aid in dissolving the mimosine. Once dissolved, the solution was 

titrated to pH 7.4. The volume of the mimosine solution was adjusted to 504.5 mL with 

dd Hn. The final concentration of the mimosine was 10 rnM. The solution was filter 

sterilized and stored at 4°C. The 10 m M  L-Mimosine solution was stable for several 

months at 4°C in Our hands. 

2.2.2 B CeU Growth Conditions 

Al1 cells were grown in darkness at 37OC, in a humidified ce11 culture incubator 

containing an atmosphere of 5% (v/v) CO2. 

2.2.2.1 Normal Growth Conditions -- 

WEHI23 1 and MOPC460D cells were seeded at a density of 5 x 1 6  c e l l s d * '  in B 

ce11 medium, prepared as described in 2.2.1. The latter were supplemented with IL-6. 

ABM Pre-B cells were seeded at a density of 1 6  cellsmL-' in B ce11 medium. Pre-B cells 

that were to be treated with 4hydroxytamoxifen in order to activate Myc-ERTM were 

treated with the dmg 24 hours afier seeding, unless otherwise described. A number of 4- 

hydroxytarnoxifen preparations (i.e. 100 8 E, 1: 1 E:Z, minimum 70% 2, or minimum 

98% Z isomer) were used, depending on availability and efficacy, which was tested 

before use. The dosage of every frtshly prepared via1 of 4-HT was titrated to determine 

the optimal dosage for the activation of the Myc-ERm construct. The cells were activated 

with 0.5 to 1.0 pL of the 10 mgmL,-' 4-hydroxytamoxifen (4-HT) preparation per 10 m .  



of culture medium. Control cells received the comsponding volume of 100% ethanol per 

10 rnL of culture medium (See Section 2.3.17. for preparation and titration of 4- 

hydroxytamoxifen). 

2.2.2.2 Growth Arrest and Synchronization of Pre-B Cells 

Growth arrest of the Pre-B cells at the GI stage of the ce11 cycle was accomplished 

by transferring of the cells from normal whole ce11 medium (See 2.2.1.1) to a medium 

lacking isoleucine (Cooper and Wharton, 1985)* (See 2.2.1 .S.). The cells were incubated 

in a humidifid incubator at 37°C in 5% CO2 (v/v) for 45 hours. The cells were further 

synchronized close to the GI/S barder by transfer of the cells into normal whole ce11 

medium containing 400 pM mirnosine (See 2.2.1.2.) for 12 hours. Following this 

procedure, cells were transferred to normal medium and used for experiments as 

descri bed below. 

*Cooper J.L. and Wharteon, W. ( f 985). J. Cell. Physiol. 1 24:433-438. 

2,2.3 Freezing of Cultured M a m d a n  Cells 

Cultured cells were pelleted, washed twice in sterile icecold PBS, and 

resuspended in fetal calf serum at a concentration of roughly 10' cellsml-'. Volumes of 

900 pi, were delivered to labeled cryovials. LOO pi, of cell culture grade 

dimethylsulphoxide (DMSO) was delivered to each of the cryovials of cells in serum. 

The vials were capped and inverted to mix the suspension, and frozen at -80°C for a 

minimum of 12 hours and a maximum of 24 hours after which they were transferred to 

1 iquid ni trogen storage. 



23 Molecular Protocois 

23.1 Detection of Bmmodeoxyuridine (BrdU) Incorporation 

BrdU incorporation is used as a measure of DNA replication and repair. 

Modified from: Leonhardt, H., Page, A.W., Weier, H.U., Bestor, T.H. (1992). Cell71: 

865-873. 

Al1 solutions were prepareà in PBS with 1.5 mM MgC12 and 1 mM CaCI2. This 

solution will be referred to as PBS? 

Al1 solutions were prepared and used at room temperature. 

Formaldehyde was deionized before use. 

Solution: 

Phosphate Buffered Saline (PBS): 

A 10x stock was prepared by dissolving 80 g of sodium chloride, 2 g of potassium 

chloride, 14.4 g of sodium phospate (dibasic) and 2.4 g of potassium phosphate -- 

(monobasic) in 800 mL of dd &O. The solution was titrated to pH 7.4 and volume was 

topped up to 1 L. The solution was then sterilized by autoclaving. 

2.3.1 .1 Immunohistochemical Staining for BrdU Incorporation 

Cells were fixed on slides in 3.7% formaldehyde for 10 minutes, rinsed twice in 

PBS' and then perrneabilized with 0.2% Triton X - 1 0  in dd H20 for 12 minutes. The 

slides were washed twice more in PBS? The fixed cells were incubated in 2% 

formaldehyde in PBS' for 10 minutes at room temperature and then incubated in PBS' + 

50 mM glycine for 10 minutes, The slides were then incubated in a solution of freshly 

prepared 4N HCI + 0.1% Triton X-100 in dd H f l  for 10 minutes. The slides were 

washed in PBS' + 50 mM glycine and then blocked in 5% lamb serum dilutcd in PBS' for 



5 minutes. The primary anti-BrdU (Becton Dickenson) antibody was diluted 1 5  in 5% 

blocking buffer (5% (vlv) fetal lamb semm in PBS') and 25 @ was delivered to cach of 

the slides and incubated for 45 minutes under coverslips. The slides were washed three 

times in PBS' and then again blocked in 5% lamb serum for 5 minutes. The secondary 

antibody, a Texas Red-conjugated anti-mouse IgG antibody was diluted 1:400 in 5% 

lamb semm and 25 pL was added to each of the slides and incubated under coverslips 

and in darkness for 30 minutes. After this incubation, the slides were washed three times 

in PBS? The slides were then counterstained with 25 pL of 4'6' diamidino-2- 

phenyiindole (DAPI) (1 pgmLCrgmL1 in PBS, no MgCl*, no CaC12) and incubated in darkness 

for 5 minutes and then mounted in antibleach (Mai et al., 1994, see Section 2.3.14), 

covered with a coverslip, and analyzed immediately afier staining was completed. 

2.3.1 -2 Preparation of 50 niM Bromodeoxyuridine in PBS 

BrdU was dissolved at 15.33 m m - '  in sterile PBS and aliquoted into 100 pL 

volumes and stored at -7S°C. 

2.3.1.3 Incubation of Culturcd Cells with Bromodeoxyuridine Solution 

Cultured cells were incubated in the pnsence of 10 pM BrdU for 10 minutes prior 

to preparation of cytospins. 1 pL of 50 mM BrdU stock solution was delivered per mL of 

culture. 

2.3.1.4 Preparation of Bromodeoxyuridine-Labeled Metaphase Chromosomes 

Cells were synchronized as described in Section 2.2.2.2 and activated as described 

in Section 2.3.18. The cells were pulsed with 10 pM BrdU for 30 minutes after which 

they were washed and delivered into normal medium. After an additional 24 hour 



incubation under normal cell culture conditions, cells were harvested and metaphase 

chromosomes were prcpared as described in Section 2.3.15.3. 

23.2 Isolation of Genomic DNA fmm Cultured Cells 

2.3.2.1 Isolation of Genomic DNA without the use of an isolation kit. 

Protocol: 

B cells were lysed in a polypropylene conical tube by resuspending 10' cells in 

200 pL of PBS. 5 mL DNA lysis buffer (10 rnM Tris HCl, pH 8.0, 150 rnM NaCI, IO 

mM Na2EDTA, 0.2% SDS) was then added to the ce11 suspension and mixed. Proteinase 

K f 100 pgmLgmL') was added to the lysed ce11 suspension and then mixed and incubated 

overnight at 37OC. The nucleic acids were extracted with an equal volume of 

pheno1:chloroform (1 : 1 vlv). The nucleic acids were extracted again with an q u a 1  volume 

of chloroform and then precipitated overnight in 300 mM ammonium acetate (pH 4.8) -- 

and 2.5 volumes 95% ethanol (-20°C). The suspension was centrifuged at 10,000 rpm, at 

4°C for 30 minutes, and the supernatant decantcd off. The nucleic acid pellet was washed 

with 70% ethanol and allowed to air dry for 5 minutes. The pellet was dissolved in l x  TE 

buffer. The absorbance ( A  = 260 nm) of the DNA in TE buffer was measured and the 

concentration was calculated using the following formula. 

NOTE: [DNA] (pgmL1) = (50 pgm~-')(vol .i/vol .f)(~bsz& 

2.3.2.2 Isolation of Genomic DNA from Cul turd Cclls Using a Kit 

[Protocol#3 of Invitrogen Easy-DNAfM Kit] 

2.3 -2.2.1 DNA Isolation and Precipitation 



Cultured B cells nurnbering from IC? to 1 O' were rcsuspended in 2ûû pL of PBS 

and lysed with 350 pL Solution A* (* means that the solution was supplied by 

Invitmgen). This mixture was vortexed until evenly dispersed and then incubated at 65°C 

for 10 minutes. 150 pL of Solution B* was added to the suspension and vortexed 

vigorously until the suspension moved freely in the tube and the sample was uniformly 

viscous. 500 pL chloroform was added to the suspension and then vortexed until 

viscosity decreased and the mixture was homogenous. The mixture was centrifuged at 

13,000 rpm at 4°C for 20 minutes and the upper aqueous phase was removed and 

delivered into a fresh microfuge tube. 1 mL of -20°C 100% ethanol was added to the 

nucleic acid solution and vortexed to mix. The mixture was incubated on ice for 30 

minutes and then centrifuged at 13,000 rpm at 4°C for 20 minutes. The ethanol was 

removed from the pellet using a Pasteur pipette. 500 pL of - 20°C 80% ethanol was 

- 
added to the tubes and the tubes were slowly inverteci several times. The tubes were 

centrifuged at 13,000 rpm at 4°C for 5 minutes to repellet the nucleic acid pellet. The 

ethano1 was rcmoved from the nucleic acid pellet using a Pasteur pipette and tfie pellet 

was resuspended in 100 pL TE buffer* (10 mM Trizma base, 1 mM Na2EDTA, pH 8.0). 

2 pi. of 2 rngm~" RNAse* (to final concentration to 40 pgmL") was added to the 

nucleic acid solution and incubated at 37OC for 30 minutes. After RNAse treatment. the 

DNA solution was stored at 4°C. 

23.3 Southern Blotting of Genomic DNA 

2.3.3.1 One-Dimensional Southcm Blotting 



Approximately 10 pg of genomic DNA were digested with the restriction 

endonuclease of choice. The DNA was digested ovemight at 37OC according to the 

siipplier's instructions. The digested DNA was mixed in 6x DNA loading buffer (0.25% 

bromophenol blue, 0.25% xylene-cyanol, 15% ficoll) and loaded ont0 a 0.8 % agarose 

gel prepared with 0.5 m a - '  ethidium bromide. The DNA was elecrophoresed 

ovemight at 35 V. Following electrophoresis, the gel was washed twice for 30 minutes in 

denaturation solution (1.5 M NaCl, 0.5 M NaOH) and then twice for 30 minutes in 

neutralization solution (1 M ammonium acetate, 20 mM NaOH). The DNA was 

transfened ont0 Hybond XL nitrocelluolose membrane overnight in neutralization 

solution. Following transfer of the DNA the membrane was removed from the gel and 

crosslinked by baking at 80°C for 2 hours. 

The membrane was prehybridized at 42°C for 4 hours in 8 rnL prehybridization 

solution. The random primer-labeled cDNA probe (Section 2.3.3.2) was denatured in an 

equal volume of deionized fomaldyhyde and added to the (pre)hybridization solution 

and allowed to incubate ovemight. The membrane was then washed once for 15 minutes 

in DNA Membrane Wash Solution 1 (6.6~ SCP/l% N-lauroyl sarcosine) at 6S°C and 

then for 90 minutes in DNA Membrane Wash Solution 2 (1 .0~  SCP/l% N-lauroyl 

sarcosine) at 65°C. If required, the membrane was washed once again in Membrane 

Wash Solution 3 (0.2~ SCP/l% N-lauroyl sarcosine) at 65°C for 30 minutes. The 

membrane was sealed in plastic and exposed to autoradiographic film overnight at -7S°C. 

The probed membranes were stripped by pouring a boiling solution of 0.1% SDS 

in water ont0 the blot. The membrane was allowed to soak in the 0.1 % SDS solution until 

the solution cooled to room temperatun. if the blot was still radioactive this step was 



repeated. The membrane was checkcd for residual radioactivity by ovemight exposure on 

autoradiographic film. If the membrane gave d n g s  of >l  count per second, it was 

stripped again. If this did not reduce the signal, the membrane was allowed to decay for 

an appropnate time until the signal was reduced. 

Solutions: 

5Ox Denhardt 's Solution 

50x Denhardt's solution consists of 1 % (wlv) Ficoll 400, 1% (w/v) BSA Pentax 

Fraction V, and 1 % (wlv) Pol yvin y lpyrrol idon. 

20x Sodium Chloride/Phosphate (SCP) Solution 

20x SCP solution consists of 2 M NaCl, 60 m M  Na2HP04, and 20 mM 

Na2EDTA, pH 6.2. 

PrehybridizatiodHybndilation Solution -- 

The (pre)hybridization solution consists of 166.5 mL 20x SCP, 10 rnL 20% N- 

lauroyl sarcosine, 200 pgrnL1 NaOHdenatured hemng sperm DNA (see Section 2.3.4.), 

40 mL SOx Denhardt's Solution, 250 mL formamide, and 10% (w/v) dextran sulfate. 

2.3 -3 -2 Two-Dimensional NeutrailNeutra1 Southern Blotting 

Approximately 100 pg of genomic DNA were digested overnight with Hindm at 

37°C. The digestion volume was reduced from roughly 1.2 rnL to 40 CLL, by 

rotoevaporation. 20 pL 6X DNA loading buffer was added to the samples and mixed by 

gentle pipetting. The digested DNA sarnples were loaded and mn ovemight ai 20 V at 

room temperature in a 0.4% agarose gel that containcd no ethidium bmnide. After the 

DNA was run in the f int  dimension, the gel was stained in a solution of 0.5 mgmL" 



=thidium bromide in order to visualize the DNA. The DNA-containing lanes were cut out 

and cast into a second gel. nie digested DNA from the first dimension was rotated 90°, 

so that the large moiecular weight fragments were on the left side of the tray and the 

small molecular weight fragments were on the right of the tray. The remainder of the hot 

1.0% agarose was poured into the casting tray to cover the DNA in the gel and to form a 

smooth and uniform gel. The gel was run at 4°C in 0.5 x TBE (at 4°C) for 4 hours at 200- 

225V (0.5 x TBE consists of 45 mh4 Trisma-borate, 1 mM Na2EDTA). 

Transfer of DNA ont0 membrane, hybridization, washing and stripping of the 

membranes were perfonned as described in 2.3.3.1. 

Labeling of R2 cDNA with r 3 2 1 ~  a - d m  is performed as described in Section 

2-3-16.). Random primed labeling of RZ oligonucleotides (RS-2, R2-3, R24, and R2-5) 

with 13*]p a-d(3TP is perfomed as described for cDNA fragments, however, they were 

purified using a Bio-Rad Spin 6 column (Bio-Rad) as described by the manufacturer. 

Once purifieû, the probes were used for hybridization of 2D Southem blots. 

Hybridizations with the R2 oligonucleotides were pcrforrned as follows: Membranes 

were prehybridized for 4 hours in a (pre)hybridization solution (5x Denhardt's solution, 

5x SSC, 0.2% SDS) at 42°C. They were hybridized overnight at 42°C in 8 mL of the 

same fresh solution. Following hybridization, the membranes were washed according to 

conditions established for each oligonucleotide using test hybridization of DNA slot 

blots. Membranes probed with each of the four oligonucleotide probes were washed once 

for 15 minutes at 42OC with Wash Solution 1 (2x SSC, 0.1% SDS) and once for 15 

minutes at 42°C with Wash Solution 2 (lx SSC. 0.1% SDS). The membranes were sealcd 

in piastic bags and exposed to autoradiographic film for 14 days at -7S°C. Because the 



oligonucleotide probes were very short (i.e. 20 bp), the incorporation of '32'~-dCP gave 

onIy weak signds and so membranes probcd with the oligonuclwti&s required much 

longer exposure time in order to visualize the signai on radiographie film. 

2.3.4 Preparation of Denatured Herring Sperm DNA 

Herring sperm DNA (HS-DNA) (1 g) was dissolved in 1 0 0  m .  of 0.4M NaOH by 

gentle agitation ovemight at room temperature. The solution was boiled on a hot plate for 

30 minutes to shear the DNA and then neutralized by titxation with glacial acetic acid to a 

pH of 5.0. The sample was then centrifugai in order to remove debris. Two voiumes of 

100% ethanol were added to the sample to precipitate the DNA. The suspension was 

refrigerated at -20°C for 1 hour after which the DNA was collected by cenuihigaiion at 

3,200 rpm for 30 minutes at 4°C. The DNA pellet was rinsed with 70% ethanol and 

allowed to air dry. Excess rnoisture from the tube was removed using Kleenex and the 

pellet was dissolved in 50 mL 1 x TE buffer overnight at 4'C. The concentration of the 

hemng sperm DNA was deterrnined by measurement of its abscrbance at = 26û nm. 

The DNA was then diluted to a concentration of 10 mgmL1 in 1 x TE buffer and stored 

at -20°C in 1 .O and 10.0 rnL aliquots. A sample of the freshly prepared hemng spem 

DNA was mn out against a previously prepared sarnple of hemng sperm DNA in order to 

compare quality of denaturation. This was done on a 0.8% agarose gel containing 0.5 

mgrnL1 ethidium brornide. 



2.35 Dispersed h y  

Cultureci B cells were washed once witb RPMI 1640 medium/lO% fetal calf 

semm (FCS), and counteà on a hemocytometer. Cell density was adjusted to 106 cells 

rn~- '  with RPMI 1640 medium/lO% FCS and the cell suspension was kept on ice. 

Each of five 10 mL tubes containing 5 mL of PBS and 10' cells was rnixed and 

poured into one of the manifolds. The cells were trapped on the membrane discs. 

The cells on the filters were lysed using an erythrocyte lysis buffer (150 rnM 

M&CI, 7.5 m M  KHC03, 0.1 mM Na2EDTA). Each filter disc was denatured 3 times, 1 

minute each time, on 3MM paper wetted with denaturation solution (0.5 M NaOH, 1.5 M 

NaCl), and then neutralized 3 times, 1 minute each time, on 3MM paper wetted with 

neutralization solution (0.5 M Trizma, 1.5 M NaCl, and 1.5 rnM Na2EDTA, pH 74). 

Following neutralization, 200 pL of RN= A (100 pgn~'') was delivered ont0 each 

filter and was allowed to incubate in a humid, 37°C chamber for 60 minutes. 200 pL of 

20 pgrnL' Proteinase K was then delivered ont0 each filter and allowed to incubate in a 

humid 37°C chamber for 60 minutes. DNA was crosslinked to the nitrocellulose 

membranes by baking for 2 hours at 80°C. The discs were stored at 4°C. 

For hybridization experiments, the discs were prehybridized with 20 mL of DCA 

(5x Denhardt's Solution (see Section 2.3.3.1), Sx SSC, 0.5% SDS) for 1-4 hours at 65°C. 

They were then hybridized with 10-20 mL of dispersed ce11 assay hybridization solution 

containing the random primer generated probe at 65°C. 

The discs were washed once for I 5 minutes at 65 OC in DNA Wash Solution I (2x 

SSC, 0.1 % SDS). This was followed by a second 15 minute wash at 65°C in DNA Wash 



Solution 2 ( l x  SSC, 0.1 % SDS). The discs were exposed to autoradiographic film 

ovemight. 

23.6 DNA SIot Blots 

DNA slot blots were used in order to establish hybridization and wash conditions 

and temperatures for 2D Southem blots probed with R2 oligonuclwtides. Multiple test 

strips were prepared, each containing a negative control ( 100 ng mouse c-rnyc cDNA), a 

positive control (100 ng R2 cDNA), and three concentrations (5 pg, 2 pg, and 1 pg) of 

Pre-B genomic DNA. One slot contaîned no DNA. Each sarnple was delivered ont0 the 

Nybond N+ membrane using a Schleicher and Schuell MinifoldII slot blot apparatus after 

denaturation in an qua1 volume of saturated Na1 (3.75 gmL1) at 90°C. The total volume 

of DNAlNaI solution delivered was 50 pL. After delivery of the DNA to the membrane, 

the membrane was baked at 80°C for two hours. 

23.7 Hirt Extract For Isoiation of Extrachromosomnl Elements 

Hirt, B. (1967) J. Mol. Biol. 26: 365-369. 

Solutions: 

106 cells were lysed pet mL of Hirt Extract buffer (10 mM Na2EDTA, 0.6% SDS). 

The sarnples were allowed to stand for 10-20 minutes at room temperature. 5 M NaCl 

was added to the suspension to give a final concentration of 1 M NaCl. The sarnples were 

inverted ten times to mix and stored for a minimum of 8 hours at 4OC. Following 

incubation at 4OC, the sarnples were centrifugeci at 4 OC at 17,000 rpm for 50 minutes 

&king a Beckrnan JA-IO rotor, 17.000 rpm is qua1 to 35,000 x g). Following 



centrifugation, the supematant containing the extrachromosomal DNA and RNA was 

collected. 

23.8 Isolation of Poly (A)+ mRNA 

Cultured B cells were harvested and washed twice with ice-cold PBS. 4 mL of STE 

(100 mM NaCl, 20 mM Trizma pH 7.4, 10 rnM Na2EDTA) + 0.5% SDS was added for 

every 2-5 x 106 cells. The lysed ceils were pulled and pushed through a syringe with a 

G2 1 needle at ieast five times. Proteinase K (120 pL 10 mgmL1) was then added to the 

lysed cells and incubated at 37°C for 1 hour followed by the addition of 410 @ of 5 M 

NaCl. to give a final concenation of 0.5% NaCl. Oligo (dT) cellulose (50 mgml-') was 

added to the suspension and it was allowed to incubate on a rotating wheel or a rotating 

platform ovemight at room temperature. 

Following ovemight incubation, the oligo(dT) was pelleted b y centrifugation for 5 .- 

minutes at 320 rpm. The supernatant was discarded and the pellet was washed by 

resuspending in 10 rnL of High Salt Buffer (HSB) (30 mM NaCl, 10 m M  Trizma pH 7.4, 

5 mM Na2EDTA) + 0.5% SDS. The oligo (dT) w u  repclleted by cenuihigation at 3200 

rpm for 5 minutes and the supernatant was discarded. This washing procedure was 

repeated two mon times. The mRNA was then eluted from the beads by resupending the 

oligo (dT) pellet in 1 mL of sterile H2010. 1% SDS. The oligo (dT) beads were pelleted by 

centrifugation (3200 rpm. 5 minutes) and the mRNA-containing supematant was 

collected. This elution method was repcated two more times with the supematant king 

collected each time and poolcd with the other pmvious elutions. The mRNA 

concentration was determincd by measuring 300 pL of the sample in water at k26û nm. 



3 of tRNA (10 mgm~-'), 81 pL of 10.0 M ammonium acetate (giving a final 

concentration of 300 mM ammonium etaie), and 7.0 mL, of -20°C 95% ethanol were 

added to the mRNA and the solution was mixed well by inversion and stored at -20°C. 

2.3.8.1 Preparation and Regeneration of Oligo (dT) Cellulose 

The preparation of oligo (dT)-coupled cellulose beads involves sequential washes 

in different buffers in order to prime or regenerate the beads for binding. Pnor to initial 

use, the beads were ptirned as follows: The beads were washed once with HSB (30 rnM 

NaCl, IO mh4 Trizma pH 7.4.5 m M  NatEDTA) + 0.1% SDS, then three times with HSB 

(no SDS). The beads were resuspended for use in HSB (no SDS) at a final concentration 

of 50 rngmL1. Following use of the oligo (d-i), the beads must be regenerated prior to 

reuse. The beads were first washed twice in 100 m M  NaOH, 5rnM Na2EDTA. The beads 

were then washed five times with H20/0. 1 % SDS and then twice in HSB/O. 1% SDS. The 

regenerated beads were then resuspended in HSB (no SDS) to a final concentration of 50 

m g r d  and stored at 4OC. 

2.3.9 Northen BIot Analysis of Poly (A)+ mRNA 

Poly (A+) mRNA was electrophoresed in a 1 .O% agarose (without ethidium 

bromide) containing 2.2 M fonnaidehyde. The appropriate volume of mRNA quivalent 

to 1 pg was centrifuged for 30 minutes at 4°C at 13,000 rpm. The supernatant was 

pipetted away and the rnRNA pellet was dissolvexi in RNA loading buffer (50% 

deionized formamide, 1 0% 1 Ox MOPS/Na2EDTA buffer. 6% deionized fomaldehyde, 

13.3% glycerol, 0.5% bromophenol blue). The rnRNA solution was heatcd for 5 minutes 

at 6S°C and then loadcd ont0 the gel and run ovcmight at 20V. The gel was washed for 



10 minutes in 10x SSC ( l x  SSC = 0.15 M NaCl, 0.015 M sodium citrate) and then 

blotteü ovemight ont0 Hybond N+ iritroccllolose membrane in 20x SSC. After blotting. 

the mRNA was crosslinked to the membrane by baking for 2 hours at 80°C. 

The membrane was prehybridized for at least 4 hours at 65°C in 10 rnL of 

Northem Blot hybridization solution (7% SDS, 0.5 M phosphate buffer, 1 mM 

Na2EDTA) and then hybridized in 5 mL of Northem Blot hybridization solution with a 

formamide-denatured random primed cDNA probe. Following overnight hybridization, 

the membrane was washed for 15 minutes at 6S°C in 40 mM phosphate buffer. 1 m M  

Na2EDTA, 5.0% SDS. The membrane was then washed from one to three times for 15 

minutes at 65°C in 40 rnM phosphate buffer, 1 rnM Na2EDTA, 1.0% SDS. Once washed, 

the membranes were sealad into plastic bags and exposed to autoradiographic film 

ovemight at -7S°C. If reprobing of the membranes was required. the membranes were 

stripped by pouring boiling water containing 0.1% SDS over them and allowing the .- 

solution to cool to room temperature. The membranes were then rinsed in 2x SSC and 

checked b y ovemight exposure to autoradiographic film. 

Solutions: 

1 M Phosphate Buffer pH 7.4 

1 M phosphate buffer was prepared by dissolving 70g anhydrous Na2HP04 and 4 

mL 85% phosphoric acid. The solution was titrated to pH 7.4. 

IOx MOPS*/NnEDTA Buter MOPS = (3-(N-morpho1ino)propansulfonic acid 

10x MOPS*/Na2EDTA Buffer consists of 200 mM MOPS, 50 mM sodium 

acetate, 10 m M  Na2EDTA. 



23.10 Rcjmratioa of Fiitem snd Filtration of [ 3 2 ~ ] a - d ~ ~ - l i k ~  Probes 

Filter columns for radiolabeled cDNA fragments were prepared using Sigma G50 

DNA Grade Sephadex beads. A small wad of glas wool was placed into a 1 mL syrette 

using fine forceps and packed into the tip of the syrette using the plunger from the 

syrette. A vacuum aspirator hose was attached to the tip end of the syrette. Sephadex 

swelled in lx TE buffer was added to the syrette with a 1 mL pipettor until there was 1 

FIL of Sephadex beads in the syrette. The excess TE was removed by vacuum aspiration. 

The cap from a conical 15 mL screwcapped tube was removed and an "x" was cut 

through the centre of the top of the cap. The syrette tip was pushed through the cut in the 

cap of the conical tube and the cap was screwed ont0 the tube. The column was 

centrifuged for 5 minutes on the highest speed of a clinicd centrifuge to pack the bans 

and to remove any remaining liquid from the beads for it would have collected in the 

conical tube that the syrette it attachecl to. This excess liquid was disposed of from the 

conical tube. The labeled probe was delivered to the top of the coIumn in a total of 100- 

150 pL of dd H20 and the column was centrifuged for 5 minutes at the highest speed. 

The eluate containing the radiolabelled probe was collected. 

Alternatively, Bio-Rad Spin 6 columns were used according to manufacturer's 

instructions. 

Following purification, 1 pL of the eluate was removed and andyzed by 

scintillation in a Beckman Scintillation counter set to rneasure Cherenkov [ 3 2 1 ~  radiation. 

The signal was routinely in the range of 0.5 -1 x106 cpm per lw. The prok was 

denatured with an q u a i  volume of deionized formamide or by boiling in water and added 

to the prehybridization solution. 



22.11 mp-(ion ot Wh& Cdl Rotdan Extracts for Western Blot Andysis 

WEHI23 I and MOPC460D cells were passaged 24 hours prior to the extraction of 

their protein. Pre-B cells were seeded and allowed to grow for 24 hours. They were 

treated with either 100 nM 4hydroxytamoxifen or the equivalent volume of 100% 

ethanol. From this point, cells were harvested for protein either at 1, 3, 6, and 9 hours 

after treatment, o r  O, 6, 9, 12, 24, 48, and 72 hours after treatment. Whole ce11 extracts 

were prepared by washing the ceIls three times in 10 mL of ice-cotd PBS, and 

centrifuging for 5 minutes at 3,000 rpm, at 4OC. The cell pellet was resuspended in 100 

pL Whole Ce11 Extract Buffer + NP-40 (10 rnM N-2-Hydroxyethylpiperizine-N'-2-Ethane 

sulphonic acid (ï4EPE.S) buffer pH 7.9, 60 mM KCI, 1 rnM N&DTA, 0.5% NP-40). 1 

rnM dithiothreitol (DTT) and 1 rnM AEBSF were added to the Whole CelI Extract Buffer 

immediately before use. The cells were lysed by three cycles of freedthaw which 

consisted of the following: 15 minutes in a dry icdethanol bath followed by a quick thaw 

in a 37°C water bath. The extracts were vortexed vigorously between each thawing and 

freezing cycle. The ce11 debris was removed by centrifugation of the sample for 3 minutes 

at 13,000 rpm. The supernatant was collected, aliquoted in 20 pL volumes and stored at - 

20°C. The concentration of the protein was detemiined by using one aliquoted sample. 

This sample was thawed slowly on ice and 1 pi, of the protein sample was added to 999 

pL of Bio-Rad protein complexing solution. The absorbante of this resultant solution was 

measured at A = 595 nm and the concentration was established from a standard curve. 



23.12 Western Blotting Andysis 

2.3.12.1 Sample Reparatior. and SDS Polyacrylarnide Gel Elcc~ophorcsis 

Western analysis was performeû with 50 pg of protein sarnple plus an qua1  

volume of 2x SDS Protein Loading Buffer and separated by SDS polyacrylamide gel 

electrophoresis (SDS-PAGE). The 2x protein loading buffer was prepared by mixing the 

following ingredients: 1 mL of 0.5 rnL Trizma pH 6.8, 2 rnL 10% SDS, 6.2 mg 

dithithreitol (DTT), 500 pL 98% glycerol, and 0.5% (w/v) Brilliant Blue R 250. The 

protein, in the loading buffer, was denatured in a boiling water bath for 3 minutes. The 

denatured samples were loaded ont0 an 8% SDS polyacrylamide gel and nin at 35 V 

overnight or until the largest protein of the molecular weight marker had run into the 

resolving gel. The 8% SDS protein gel was prepared as follows: The resolving gel was 

comprised of 23.3 mL dd H D ,  13.3 mL 30% bis acrylamide, 12.5 rnL 1.5 M Trizma 

buffer pH 8.8, 500 pL 10% SDS, and polymerized with 24 pL Np N, N*, N'- 

Tevameth yleth y lendiamine (TEMED) and 400 pL 1 0% ammonium persulphate. A 

srnooth interface was cast by addition of a 2 mL layer of water to the top of the resolving 

gel solution prior to polyrnenzation. The stacking gel was comprised of 1 1.1 rnL dd HzO, 

3.4 mL 3096 bis acrylarnide, 5.0 rnL 0.5 M Trizma buffer pH 6.8,200 pL 10% SDS, and 

polymerized with 10 pL TEMED and 200 pL ammonium persulphate. The gel was run in 

SDS Running Buffer (100 m .  Trizma, 1 0  mM glycine, and 20% SDS). 

Upon completion of electrophoresis, the gel was blotted ont0 a Hybond Super€ 

membrane. First the gel and the membrane were wetted in Transfer Buffer (50 mM 

Trizma base, 40 mM glycine, 0.0375% SDS, and 2096 methanol) for 15 minutes. Ahcr 

wetting, the protein was transferrcû to the membrane using a Bio-Rad semidry transfer 



apparatus according to manufacturer's instructions. The tms fe r  was pcrformed at 12 V 

for 1.5 hours. 

2.3.12.2 Antibody Staîning Following SDS-PAGE and Blotting 

Al1 immunostaining manipulations were performed at room temperature. The 

membrane was first blocked in a Blocking solution (IO% (wlv) skim milk powder, in 

0.3% Tween-20 in PBS) for a minimum of one hour on an oscillating shaker. The 

membrane was then washed twice, 15 minutes each time, on a shaker in PBS/0.3% 

Tween-20. After this wash, the membrane was incubated with the primary antibody in 

0.3% Tween-20 in PBS for one hour. After this incubation the membrane was washed 

three times, 15 minutes each time, with PBS/0.3% Tween-20 on a shaker. The membrane 

was then incubatecf with secondary antibody in PBS/0.3% Tween-20 for 1 hour on a 

shaker and again washed four times, 15 minutes each time, in PBS/0.3% Tween-20 on a 

shaker. Appropriate dilution of primary antibodies used was as follows: Mouse 3C7 anti- 

Myc antibody was diluted 1:1000, mouse anti-Max 256 antibody was diluted 1:20,0ûû 

and rabbit anti-R2 was diluted 1:400 in PBS/0.3% Tween-20. Appropriate dilution of 

Amersham Pharmacia Biotech ECLfM Kit secondary antibodies used was as follows: 

Anti-mouse horse raddish peroxidase (HRP) and anti-rabbit HRP antibodies were diluteû 

1 : 50,000 in PBS/0.3% Tween-20. 

2.3.1 2.3 The Enhanced Cherniluminescence (ECL) Reaction 

Âll ECL reaction manipulations for the development of anti-bodylantigen interactions 

on Western blots were performed at room temperature. The ECL solutions 1 and 2 were 

rnixed 1 : 1 and the membrane was immeàiately incubated in the mixture for 1 minute. The 



membrane was wrapped in Saran and exposed to ECL-sensitive film anywhere from 10 

seconds to 1 hour, as required. 

2.3.12.4 Stripping Of Western Membranes 

The membrane was stripped by incubating it in 100 mM glycine (pH 2.5) at roorn 

temperature for 10 minutes on a shaker. Before storage or reprobing, the membrane was 

rinsed with 0.3% Tween-20 in PBS. 

23.13 DNAIProtein Intetaction Experirnents 

The purpose of DNA/Protein interaction experiments is to determine whether 

certain DNA sequences will interact with specific proteins or with ce11 lysate proteins 

with which they were incubated in vitro. Cornpetition experiments were performed to 

assess the specificity of binding of certain DNA sequences for (a) particular protein(s). 

These experiments can also be performed with antibodies to disrupt complex formation 

and thereby elucidate the identity of the protein(s) that bind to a particular DNA sequence 

under in vitro conditions. 

2.3.13.1 Annealing of the R2 Oligonucleotides 

The forward and reverse strands of the four R2 oligonucleotides, R2-2, R2-3, R2-4, 

and R2-5 were annealeci for the gel shift and cornpetition experiments described in 

Sections 2.3.13.3, 2.3.13.4, and 2-3.13.5. 1 pg of each single stranded oligonucleotide 

from a set (Le. foward and reverse strands from R2-2) was delivereû to a microhige tube 

in addition to sterile dd H20, to a final volume of 200 pL. The solution was denatured for 

5 minutes at 8S°C in a heating block and were then allowed to reanneal slowly by cooling 

to room temperature. 



2.3.1 3.2 5'-End-labeling of Annealeci Oligonucleotides with [ 3 2 1 ~ - y - ~ ~ ~ .  

A volume of 2 a, wntaining 40 ng of double-stranded oligonucleotide was 

delivered to a sterile microfuge tube. Lii addition, 2 pL of 10x Polynucleotide Kinase 

buffer, 10 pL of sterile dd H20, 5 pL of ' 3 2 1 ~ - y - ~ ~ ~ ,  and 1 jL of T4 Polynucleotide 

Kinase were added and the mixture was incubated for 60 minutes at 37°C. Following 

incubation, 50 pL of dd H20 was added and the total 70 pL solution was mixed and 

delivered to a pquilibrated (3 washes with 500 pL of Band Shift Buffer (see Section 

2.3.13.2) containing 1 mM DTT) BioRad Spin 6 column and centrifugai at 1,200 rpm for 

4 minutes at room temperature. The efficiency of the S'-end-labeling and the quality of 

the oligonucleotides was detennined by mnning a 1 pL aliquot of each of the labeled 

oligonucleotides on a 15% native acrylarnide gel (22.5 mL dd Hfl, 25 mL 30% bis 

acrylamide, 2.5 rnL 5x TBE, and polymerized using 50 pL, TEMED and 400 pL 10% 

ammonium persulphate) that was mn for 3 hours at 80 V in 0 . 2 5 ~  TBE and then exposed 

to autoradiographic film at 4°C for 1 hour. A 15% acrylamide gel was used because the 

oligonucleotide probes were very small (i.e.20 bp). 

2.3.13.3 Bandshift Assays 

Protein extracts were thawed on ice just pnor to their use. The following ingredients 

were then mixed: 1-5 pg protein extract, 1 pL, (0.50 p g w l )  denatured hemng spem 

DNA, and band shift buffer (IO rnM N-2-Hydroxyethylpiprizine-N'-2-Ethane sulphonic 

acid (HEPES) buffer pH 7.9, 60 m M  KCI, 1 mM Na2EDTA. 4 % ficoll. including 1 mM 

dithiothreitol o), to a final volume of 20 pL. This solution was incubated for 5 

minutes at room temperatun. The "* '~-~-~T'~-labeled double stranded R2 

oligonucleotide (Sec Sections 2.3.13.1 and 2.3.13.2) was thcn added and the solution was 



mixed by stimng with a pipette tip. This mixture was allowed to incubate at room 

temperature for 30 minutes. These samples were then loaded ont0 a 5% native acrylamide 

gel comprised of 35.8 mL dd H20, 11.7 mL 30% bis acrylamide, 2.5 rnL 5x TBE, and 

polymerized with 50 pL N, N, N', N'-Tetramethylethylenediamine (TEMED) and 400 pL 

10% ammonium persulphate. The gel was mn in 0 . 2 5 ~  TEE buffer for 3 hours at 80 V 

and then dried for 2 hours at 80°C on Hybond XL membrane and two layers of 

Whatmann 3 M M  paper. The dried gel was covered with Saran. and exposed to 

autoradiographic film at -75°C for 12 to 18 hours. 

2.3.1 3.4 Competition Assays 

Competition assays were performed in the sarne way as bandshift assays, except 

that the radiolabelled oligonuckotide and ce11 lysate were coincubated with incnasing 

molar excesses (0. 5,  50, and 100-fold) of the competing unlabelleci oligonucleotide 

sequence. 

2.3.13.5 Antibody Supershift Assays 

Antibody supershifi assays were perfomed in the same way as bandshifi assays, 

except that the radiolabelled oligonucleotide and ce11 lysate were coincubated with 

i ncreasing concentrations of a specific antibod y. 

2.3.14 Protein Staining for Quantitative Fluorescent Immunoliistochemistry 

Al1 immunostaining manipulations were perfomed at room temperature. Except 

where noted, al1 solutions were prepared in PBS + 50 mM MgC12. herein refemd to as 

PBS*. 



Previously cytospun cells were fixed to microscope slides by a 10 minute 

incubation in 3.7% formddehyde and then washed in two washes of PBS*. The cells 

were then pemiabilized by a 12 minute incubation in a solution of 0.2% Triton X-100 in 

dd HzO. The slides were then washed in three washes of PBS*. They were subsequently 

blocked in prewarmed lamb semm for 5 minutes. Primary antibody, appropnatel y diluted 

in larnb serum, was then added to the area on the slides containing the cells and allowed 

to incubate for 45 minutes at room temperature, under a coverslip. The proper dilutions 

for primary antibodies were as follows: 3C7 anti-Myc antibody (Evan et al, 1985) was 

diluted 1:lûûû and anti-R2 was diluted 1:40 in larnb senim. The slides were washed in 

three washes of PBS* and then blocked again for 5 minutes at room temperature in 

prewarmed larnb serum. Appropriatel y diluted secondary antibody was added to the 

slides and allowed to incubate for 30 minutes at room temperature, under a coverslip. The 

secondary antibodies were diluted as follows: Texas Red (TXRD)- conjugated anti- 

mouse IgG antibody and fluorescein isothiocyanate (FITC)-conjugated anti-rabbit 

antibody were both diluted 1 A00 in lamb serum. The slides were again washed three 

times in PBS*. The nuclei of the cells were counterstained with DAPI (1 pgmL" in PBS, 

no MgC12) for 5 minutes at room temperature, in the dark, under a covenlip and then 

mounted in antibleach. The slides werc stored at 4OC in the dark if they were not 

examined immediately. 

Antibleach was prepared by mixing 6 g glycerol and 2.4 g Mowiol 4-88 with 6 

mL dd H2O. The mixture was s t imd for approximately for 2 hours at room temperature 

and then mixed with 12 rnL of 0.2 M Tris pH 8.5. The solution was then incubated at 

50°C until the contents were dissolved, and stirred from time to time. The antibleach 



(Mai, 1994) solution was aliquoted and store at -20°C. Prior to use, an aliquot of working 

solution was prepared by adding 2.5% 1.4 Diazabicyclo(2.2.2)octane (DABCO). 

23.15 muorescent I n  Situ Hy bridization (FISH) of Interphase Ceh, Metaphase 

Chromosomes, and Extrschmmosomal DNA Molecules 

2.1.15.1 Biotin and Digoxigenin Labeling 

3 pg of linearized DNA (minimum length of 1 kb) was delivered to a sterile 

microfuge tube and the volume was adjusted to 15 pi, with sterile dd H20. The DNA 

solution was placed in a boiiing water bath for 10 minutes and then immediately chilled 

on ice for at least 2 minutes. The following ingredients were added io the tube while on 

ice: 2.0 pL hexanucleotide mixture, 2.0 pL dNTP mixture. 1.0 pL Klenow (al1 

ingredients from Digoxigenin @IG) and Biotin DNA Labelling Kit, Roche Diagnostics). 

The resultant mixture was incubated ovemight at 37OC. After this incubation, 2.0 pL 0.2 

M Na2EDTA, 2.5 pi., 4.0 M LiCI, and 75 pL, 95% ethanol (-20°C) were added and the 

mixture was placed at either -75°C for 30 minutes or at -20°C for 2 hours. The sarnple 

was then centrihiged for 15 minutes at 13,000 rpm at 4OC. after which the pellet was 

washed with 70% ethanol (-20°C). The pellet was again centrihiged for 15 minutes at 

13,000 rpm at 4OC, dned in a Wvaporator and dissolved in 50 pL lx TE buffer. To test 

the labeling of the probes, 1 pL of each of the samples was set aside to be tested as 

described in Section 2.3.1 5.2. 

To the remainder of the smples. 55 1 pL 1 x TE buffer, 5.0 Cu, hemng sperm, 

DNA (10 mgmL1), 5.0 pL t--RNA (10 mgmL1) and 61 pL 3 M sodium acetate (pH 5.5) 

were added and mixed. The cntire volume was mixed and divided into two tubes. 355 pL, 



each. 840 @ of 95% ethanol (-20°C) was added to eafh tube and the mixture was 

incubated on ice for 30 minutes. The tubes were thcn ccntrifuged for 15 minutes at 

13,000 rpm at 4°C. The pellet was dried by rotoevaporation, dissolved in 50 pL FSP 

(50% formamide, 2x SSC, 50 rnM phosphate buffer pH 7.0). and stored at -20°C. 

2.3.15.2 Detection of Digoxigenin- and Biotin-Labeled Probes 

Serial dilutions were prepared from the 1 pL sample taken from the !abeled 

probes. The foliowing dilutions were prepared in DNA Dilution Buffer (from DIG and 

Biotin DNA Labelling Kit, Roche Diagnostics): 1 : 10, 1 : 100, 1 : 1,000, and 1 : 10,000. A 

dilution series was also prepared from control sarnples of digoxigenin- and biotin-labeled 

DNA. The digoxigenin-labeled control DNA was taken from a Boehringher Mannheim 

Labeling Kit. There is no biotinylated control DNA provided, thus a suitably labeled 

sample previously prepared in the lab was used as a control to test biotinylated sarnples. 1 

pL of each dilution of labeled DNA and labeled control sample was spotted onto a small, 

dry swatch of Hybond N* nitrocellulose membrane. The membrane was baked under 

vacuum at 80°C for 2 hours and then washed on a shaker for 1 minute in Buffer 1 (100 

m .  maleic acid, 150 mM NaCI. pH 7.5). The membrane was then washed in Buffer 2 

(1% Blocking Reagent prepared in Buffer 1) for 30 minutes on a shaker. This membrane 

was then incubated in anti-DIG-AP, diluted 15,000 in Buffer 2, or Sireptadivan-AP. 

diluted 1 :25,000 in Buffer 2, on a shaker for 30 minutes and then washed twice in Buffer 

3 (100 rnM Trizma, 100 rnM NaCI, 50 mM MgC12, pH 9.5). 5 mL of Substrate Solution 

(from DIG and Biotin DNA Labelling Kit, Roche Diagnostics) was d e l i v e d  ont0 the 

membrane and incubated in darkness until spots werc clearly visible. The colourimetric 



reaction was stopped by incubating the membrane in TE buffer for 5 minutes. The 

membrane was then air dned. 

2.3.15.3 Metaphase Preparations 

Metaphase chromosomes were prepared for analyses by fluorescent in siru 

hybridization (FISH). Cells that were to be analyzed were harvested and 16 cells were 

pelleted in a polypropylene 15 mL conical screw-capped tube. The supernatant was 

carefully removed. 5 mL of 75 m M  KCI were added and the pellet was gently 

resuspended. This suspension was incubated for 30 minutes at room temperature and then 

it was centrifuged for 10 minutes at 800 rpm, room temperature. The supernatant was 

carefull y removed and discarded. Freshl y prepared methano1:acetic acid (3: 1 ) was added 

using a pastuer pipette in the following quantities and intervals: One &op was added. 

One minute later, another drop was added. This was done for a total of 5 drops over 5 

minutes. The chromosome fixation continued as follows, with each addition made after a 

2 minute interval: 2 drops, 5 drops, 7 drops, 10 drops, 15 drops, 30 drops, 60 drops. M e r  

the addition of 60 drops, 1 rnL of methanol:acetic acid (3:l) fixative was added and 

mixed carefully by inverting the tube. The tube was centrifuged for 15 minutes 800 rpm 

at room temperature. The supernatant was carefully removed and discarded. The 

chromosome-containing pellet was resuspended in 5 rnL of fixative, incubated for 10 

minutes at room temperature and centrifuged again for 10 minutes, 800 rpm at room 

temperature. The resuspension of the chromosomes in methanol:acetic acid followed by 

centrifugation was repeated twice more. but with 20 and 30 minute intervals of 

incubation at room temperature. After the final centrihigation, the pellet was then 

resuspended in 10 mL of methanol:acetic fixative and stored at 4°C. 



For analysis the chromosomes were gently mixed with a Pasteur pipette and dropped 

onto a slide that had been chilled for roughly 20 seconds on dry ice. The slide was placed 

immediately ont0 a slide warmer until the solution began to form crystals. The slide was 

dipped into fresh 50% acetic acid for 1-2 saionds and retumed to the slide warmer until 

al1 of the liquid had evaporated off. Altematively, slides were precwled by soaking them 

bnefly in ice water. The methanol:acetic acid-fixed chromosomes were dropped ont0 the 

wet slides, rinsed in 50% acetic acid and then dried on the slide warmer. Prepared slides 

were examined under the microscope (Zeiss Axioplan, lOOx magnification) and ail areas 

of the slide where metaphases were located were marked with a diamond scriber. 

2.3.15.4 Hybridization of Interphase Nuclear DNA, Metaphase Chromosomes, or 

Ex trachromosomal DNA Molecules 

The chromosomes on the slides were fixed in fresh 50% acetic acid 6 times for 20 

minutes each time at room temperature. If unable to immediately proceed with the 

hybridization steps following acid fixation, the slides were then put into a coplin jar filled 

with 70% ethanol which was then placed at 4OC for a maximum of 2 days. Following acid 

fixation, the siides were equilibrated in 2x SSC for 10 minutes at room temperature. They 

were then treated with RNAse (10 p g m ~ - '  in 2x SSC) for 1 hour at 37°C in a humidified 

atmosphere. The slides were washed three times for 5 minutes in 2 x SSC in a shaking 

coplin jar at room temperature and then they were incubated in a solution of 50 pgrnL/ 

pepsin, 100 mM HCI for 10 minutes at 37°C. The slides were washed twice for 5 minutes 

on a shaker in PBS at room temperature, followed by one 5 minute wash in lx PBS, 50 

rnM MgCl2, on a shaker at room temperature. Postfixation treatment of the slides was as 

follows: The slides were soakcd in a fresh solution of 1% formddehyde in PBS, 50 m .  



MgCl* for 10 minutes at room temperature and then washed once for 5 minutes in PBS 

on a shaker at room temperature. Dehydration of the DNA samples was performed in 

70%. 908. and 100% ethanol, for 3 minutes each at room temperature. The slides were 

air-dried at room temperature. Denaturation of the samples were perfortned in a solution 

consisting of 70% deionized formamide, 2x SSC, pH 7.0 at 70°C for precisely 2 minutes. 

Immediately following the denaturation step the slides were transferred to -20°C 

solutions of 70%, 90%. and 100% ethanol for 3 minutes each. The slides were then air- 

dried at room temperature. Digoxigenin- or biotin-labeled probes were denatured for 5 

minutes at 90-95°C. 20-50 ng of probe were delivered in a volume of 20 pL of 

hybridization solution, to each slide. The probe used for FISH in this thesis work was the 

ribonucleoiide reductase RZ cDNA (Thelander and Berg, 1986) labeled with digoxigenin. 

A biotin-labeled rnouse chromosome 12 paint was also used to show mouse chromosome 

12. The mouse chromosome 12 paint was purchased from Cambio Limited through 

Cedarlane Laboratories Ltd., (Homby, ON, Canada) and used according to 

manufacturer's instnactions. The area of the slide where the labelled probe was placed 

was covered with a coverslip, sealed with rubber cernent and then incubated in a 

humidified atmosphere at 37°C for 12-16 hours. Following hybridization, the coverslips 

were removed and the slides were washed three times for 5 minutes in 50% formamide, 

2x SSC at 42°C. The slides then were washed five times for 2 minutes each in 2x SSC on 

a shaker at room temperature, and then incubated in lamb serum blocking solution for 10 

minutes at room temperature. Diluted pnmary antibody (200 pL, diluted in lamb serum) 

was added to the slidcs, covered with a coverslip and incubated for 30 minutes in a 

humidified atmospherc at 37°C. The slides were washcd thme times for 5 minutes in 4x 



SSC, 0.1% Tween-20 at 42OC in a shaking water bath. Diluted secondary a n t i M y  (200 

diluted in lamb senim) was delivered to each slide, and incubated for 30 minutes in a 

humidified atmosphere at 37OC. The slides were washed three times for 5 minutes in 4 x  

SSC, 0.1% Tween-20 in a shaking water bath at 42°C. The hybridized slides were 

counterstained with 200 pL per slide of DAPI (1 pgrn~-' in PBS) for 5 minutes in 

darkness. Antibleach was added (50- 100 pL) and the slide was covered with a coverslip 

and examined under a fluorescent microscope. 

2.3.16 Fluorescent I n  Situ Hybridization (FISH) of Extrachromosomd DNA 

Molecules (FISH-EEs) 

FISH was canied out according to the protocols described in considerable detail 

in Section 2.3.15. The following cDNAs were used for FISH-EEs probes: human c-myc 

cDNA (Mai, 1994; Mai et al., 1 W6), human cyclin C cDNA (Mai et al., 1996). mouse 

cydin 0 2  genomic DNA (Mai et al., 1999), mouse ribonucleotide reductase R I  and R2 

(RI and R2) cDNA (Thelander and Berg, 1986), al1 of which were labeled with 

digoxigenin. After hybridization, the annealed probe is visualized by incubation with 

antidigoxigenin-fluorescein antibody. An additional probe, a mouse dihydrofolate 

reductase (DHFR) cDNA (Mai, 1994; Mai et al., 1996), was labeled with biotin, 

detected with a monoclonal mouse anti-biotin antibody, and visualized by goat anti- 

mouse-IgG -Texas Red. 

2.3.16.1 Isolation of Extrachromosomal Elements. 

The procedure used for this application is described in detail in Section 2.3.7. 

2.3.1 6.2 Fixation of Extrachromosomal Elements. 



The Hirt extracted EEs were rnixed with an equal volume of freshly prepared 

methano1:acetic acid (3:l). The following pmtocol allowed for the fixation of the EEs 

ont0 glas slides, and it guaranteed that the EEs were well spread, but contained within a 

small area Briefly: 40 pi.., of fixed EEs (Hirt extract in fixative) were delivered ont0 

precooled stide (6û seconds on dry ice), and then the slides were immediately moved 

onto a slide warmer (370C). When crystals began to appear on the slides, the slides were 

dipped once into 50% acetic acid and then dried to completion on the slide warrner 

(370C). The slide was stained for 2 minutes with modified Giemsa stain (Sigma) and the 

area ont0 which the EEs were dropped was located under the microscope (Zeiss 

Axioplan, lûûx magnification) and marked with a diamond scriber. 

2.3.16.3 Screening of the Extrachromosomal Elements 

DAPI (lpgrnL1 in PBS) was used to stain both the DNA in the EEs and any 

genomic DNA contaminants. Antibleach (see Section 2.3.14.) was added to preserve the 

fluorescence of the sample and as a mount for the coverslip. 

2.3.17 Preparation of cDNA Fragments for FISH, FISfI-EEs, Southern and 

Northern Blot Hybriàizations 

2.3.17.1. cDNA Preparation and Fragment Isolation 

Plasmid DNA constnicts containing cDNA fragments of choice were transfected 

into comptent bacteria as described in Section 2.1.4. Bactena containing the construct of 

choice were grown up and plasmid DNA was extracted either by Rapid Alkaline Plasmid 

DNA Isolation (See Section 2.1.2) or by Large Scale Alkaline Plasmid DNA Isolation 

(See Section 2.1.1). The consmicts were digest4 with the appropriate restriction 



endonuclease and the fragment of choice was electmphoretically separated from the 

plasmid DNA on a 1 .O% agarose gel. The restriction endonuclcases used for the isolation 

of the DNA fragments is described in Table 2.3.17.2. 

Isolation of cDNA fragments for Southem and Northem analysis is done as 

follows: Once the fragment was separated by electrophoresis the correct band was cut out 

of the gel, delivered to dialysis tubing with a minimal amount of lx TE buffer and 

electrophoresed out of the gel and into the TE buffer. Isolation of cDNA fragments for 

FISH and FiSH-EEs analyses was cornpleted by finding the appropriate band on the 

agarose gel, slitting the gel just below the band of interest and running the DNA ont0 a 

small piece of DEAE NA45 membrane that had been positioned in the slit. DNA was 

released from the membrane by ovemight incubation of the membrane in 1 M NaCl at 

68°C. 

Once the fragments were isolated, the DNA was precipitated with 0.6 volumes of 

isopropanol (-20°C) and 0.3 M sodium acetate at (-20°C) ovemight. The DNA was 

collecteci by 30 minutes of centrifugation at 13,000 rpm at 4°C. The DNA pellet was 

washed in ice cold 70% ethanol and resuspended in a small volume of lx TE buffer. The 

punty of the isolated fragment was checked by electrophoresing a small aliquot of the 

isolated fragment on a 1 .O% agarose gel. 



Chnoter 2. Mt(h0ds and Materirls 

Table 2.3.17.2. cDNA Framen ts Isolated 

Probes Size (bp) Endonuclease 

Rat Glyceraldehyde-3-Phosphate Dehydrogenasea 1300 

Mouse Glutathione peroxidaseb 700 

Mouse c-rnyc (Exon II) 460 

p5t1 

p5t1 

PstI 

Mo use Ribonucleotide reductase RIc f 500 BarnHI 

Mouse Ribonucleotide reductase R2' 1487 Pst1 

Mouse Dihydrofolute reductased 2000 Pst 1 

Mouse Cyclin DC 600 NotVNco 1 

Mouse Cor- 1' 

Mouse IGFP 

Human Cyclin Ch 

NIA N/A 

IO00 EcoRI 

400 + 500 EcoRI 

Human c-Myc' 1700 Hind WBglFI 

"Rat GAPDH Dr. Aiping Young 

Mouse GSHPX Chambers et ai., 1986 

Mousc RI and R2 Thelander and Berg, 1986. 

Mouse DHFR Mai, 1994. 

Mouse Cor-1 Canadian Life Technologies (catalogue No. Y0 1 398) 

' Mouse Cyclin D Mai et al., 1999. 

Human IGF2 Ki tsberg et al., 1 993. 

Human Cyclin C Mai et al., 1996. 

' Human c-Myc Mai, 1994; Mai et al., 1 996. 



2.3.18 Preparation and Use of 4-Hydmxytrum,aen 

2.3.1 8.1 Preparation of 4-Hydroxytamoxifen 

A 1:l En. racimate of 4-Hydroxytamoxifen (4-HT) was dissolved in 100% 

ethanol at a concentration of 10 rngn~' ' .  The dissolved drug was stored in darkness at - 

20°C. Altematively, a 2 98% Z isomer was purchased and dissolved at a concentration 

of 10 rngml-'in 100 % ethanol. This preparation was also stored at -20°C and in the dark. 

The efficacious dose of the drug to be used on cells carrying the Myc-ERm constmct was 

conducted at different time points after activation in order to follow the activation of the 

constmct. This titration of different doses of drug per mL of culture medium was 

performed each time a new vial of h g  was prepared in order to determine the 

efficacious dose of the new preparation of 4-HT. The titration experiments were also 

performed during each activation experiments using the established dose to ensure that 

the cells were activated for the purpose of the experiment. 

2.3.18.2 Titratiori, of 4-Hydroxytamoxifan Efficacy 

Pre-B cells were seeded into six 100 mm culture dishes at roughly 106 cells per 

mL. The cells were ailowed to incubate at 37°C for 24 hours in 5% COt. The doses of 4- 

HT used in the titration were 0.5 pL, 1 .O jL, 1.5 pi, and 2.0 pi, of 10 m m - '  4-HT per 

10 mL of culture medium. The remaining dishes were used as controls and received 0.5, 

1 .O, and 1.5 pL of 100 5% ethanol per 10 mL of culture medium. Measurements of c-Myc- 

ERTM translocation to the nucleus were made at O, 1, 2, 4, and 6 hours after activation of 

the cells with 4-HT and thus cytospins with roughly 250,000 cells per slide were prepared 

from each of the dishes at those time points. Quantitative Fluorescent 

Immunohistochemicai Analysis (See Section 2.3. M.), using an antic-Myc 3C7 antibody 



(Evan et al.. 1985). was perfomed in order to measure the translocation of the Myc- 

ER- constmct h m  the cytoplasm to the nucleus. Translocation of Myc-ERTM to the 

nucleus is indicative of successful induction of the cells. Signals of translocated Myc- 

ERTM were usually 1.5- to 1.8-foid higher than nuclear levels of c-Myc in the non- 

activated cells. Analysis was perfonned using a Zeiss Axioplan 2 microscope with a 63x 

oil immersion lens. The signal intensity was measured using the area density function in 

the Northem Eclipse 5.0 software package (Empix Imaging Inc). 

23.19 Histone ImmunopuriTication of Extrachromosomal Elements (HIP-EEs) 

2.3.19 Preparation and Blocking of Protein Sepharose Beads 

The Protein G sepharose beads used to bind the antihistone antibodies used for the 

immunopurification of the EEs were prepared as follows: 1 mg of protein G sepharose 

beads was washed in 5 mL of Buffer A (100 mM KCI, IO rnM Tris pH 7.4, 1 mM 

Na2EDTA, 1 mM DTT, 1 mM AEBSF) by placing on a rotating platform for 10 minutes at 

room temperature. The beads were centrifuged at 13,000 rpm (16,000 x g) for 10 minutes 

at room temperature and the supernatant was removed and discarded. The beads were 

washed two more times in Buffer A. The non-specific binding sites on 40 pL of beads 

were blocked by resuspending the beads in Buffer B (10 mM HEPES pH 7.9. 60 rnM 

KCI, IrnM NazEDTA 4% Ficoti, ImM Dm, IrnM AEBSF, 4% ("1,) Bovine Serum 

Albumin). 

2.3.1 9.2 Immunopuri fication of Extrachromosomal Elements 

This procedure was used to perform the purification of the Hirtextracted histone- 

bound EEs from the impunties found in the Hirtcxtracted EE sample. Freshly extracted 



EEs were dialyzed against 0 . 5 ~  TE buffer ovemight at 4OC. They were then incubated in 

500 jtL Buffer B on a rotating platfom for IO minutes at room temperature. 1 pg of anti- 

core histone antibody per pg of EEs was added and the mixture was incubated for 30 

minutes at rmm temperature on a rotating platform. The blocked beads were added to the 

antibody-treated EEs and incubated overnight on a rotating platform at room temperature. 

Following this incubation, the EE/beads were centrifuged at 13,000 rpm for 10 minutes at 

room temperature and the supematant was removed. The E E h a d s  were then washed, 

three times, with 300 pL of Buffer A. The bound histone-containing EEs were eluted by 

adding 300 pL of 100 mM glycine (pH 2.3) to the beads and inverting the tube 5 - 10 

times to mix. The sarnple was then centrifuged at 13,000 rpm for 10 minutes at room 

temperature and the supernatant (eluate) was removed and collected. The eluate was 

immediately neutralized to pH 7.2 using 1 M Tris pH 8.0. The elution step was repeated 

once more. The sample was concentrated to approximately 40 pL by rotoevaporation. 

2.3.20 Microscopie Examinations 

Image acquisition and analyses of FlSH and FTSH-EEs and preparations and 

fluorescence quantitative immunohistochemical analyses of cellular protein levels was 

perfonned on a Zeiss Axiophot microscope equipped with a Photometrics charge capture 

device (CCD) carnera and IPLAb Spectrum software v.3.1 software (Scanal ytics). 

Altematively, images acquired for immunostaining and for HIP-EEs analysis were 

gathered on a Zeiss Axioplan 2 microscope equipped with a Hamamatsu CCD camera 

and Empix Northem Eclipse 5.0 software (Empix Imaging Inc, Mississauga, Canada). 



2.3.21 Photography 

Photography of the FISH, FISH-EEs and HP-EEs images for publication was 

performed using a Nikon F-601 camera equipped with a 60 mm macro lens. Colour 

matching was done using Kodak Ecktachrome 400 ASA slide film. Pnnts were made 

using Fuji WH135 400 ASA print film. The prints were colour-matched and custom- 

developed at Light Visions (Winnipeg, Manitoba). 



2.4 SUPPLIES 

Amershani Phannach Bidech 

Hybond Super-C Transfer Membrane (0.45~) (20 cm x 3m) (Code: RPN 203G) 

Hybond N+ Nylon Hybndization Membrane (30 cm x 3m) (Code: RPN 203B) 

Hybond XL Nylon Hybridization Membrane (30 cm x 3m) (Code: RPN 303s) 

Oligolabeling Kit (40 reactions) (Code: 27-9250-0 1 ) 

Rainbow Marker (250 CIL1 (Code: RPN 756) 

Protein G Sepharose 

RedivueTM [ 3 2 ~  1-a-dCî~ (250 pCi) (Code: A0075) 

[32~] -y-ATP (250 Ki) (Code: PB 10 1 8) 

Beckton Dickinson 

Mouse Monoclonal Anti BrdU antibody 

Bio-Rad 

AcrylamidelBis (30%) 

Ammonium Persulfate 

Spin-6 Filtration Columns 

Protein Determination Solution 

(Catalogue No.: 347583) 

(Catalog No. 161-0159) 

(Catalog No. 16 1 -7000) 

(Catalog No. 732-6002) 

(Catalog No. 500-0006) 

Canadian Life Technologies (Canadian Lie Technologies) 

Ce11 Culture Medium and Supplements 

B-Meraptoethanol(50 mL; 55 mM in DPBS) (Catalogue No.: 2 1985-023) 



Buffered Phenol (Catalogue No.: 155 1 3-047) 

Fetd Bovine Semm (Catalogue No. : 26 140679) 

L-Glutamine (100 mL; 200 mM) (Catalogue No. : 25030-08 1 ) 

MEM Sodium Pyruvate ( 100 mL; 100 mM) (Catalogue No.: 1 1360-070) 

Penicillin (5,000 Units ml-')l~treptom~cin (5,000 pgm~-' ) (100 mL) 

(Catalogue No.: 150-70-063) 

RPMI 1640 Medium with L-Glutamine (500 mL) (Catalogue No.: 1 1875-093) 

SelectamineTM RPMT 1 640 Medium ( 1 L) (Catalogue No.: 17402-0 17) 

Miscellaneous 

Ethidium Bromide (ultrapure) (1 mL; 10 mgm~") (Catalogue No.: 15585-0 1 1) 

Agarose (Catalogue No.: 155 10-027) 

(100 g) (Catalogue No.: BP-43 1 - 100) 

Cedarlane Labonitories Limited: 

Mouse Chromosome 1 2 Paint (biotin ylated) (Cambio: 1 187- 12MB-0 1) 

Fisher Scientific: 

Miscellaneous: 

Pol yvin ylpyrrolidon 

By Manufacturer 

Corning 

Polystyrene sterile 15 rnL conical screw-capped tubes (500) 

(Catalogue No.: 05-538-5 1 D) 

Polypropylene sterile 15 mL conicai screwcapped tubes (500) 



(Catalogue No.: 05-538-5 1 D) 

Pol yprop ylene sterilc 50 mL conical screwcapped tubes (500) 

(Catalogue No.: 05-539-7) 

Costar 

5 mL disposable pipettes 

10 mL disposable pipettes 

Difco 

Bacto Agar 

Tryptone Peptone 

Yeast Extract 

Falcon 

(Catalogue No.: 303 1 10) 

(Catalogue No.: 303 1 10J) 

(454 g) (Catalogue No.: DF-0 1 4 0 - 0  10) 

(500 g) (Catalogue No.: DF-0 123- 17) 

(500 g) (Catalogue No.: DF- 127- 1-9) 

Polypropylene Blue Max Jr. 15 mL conical screwcapped tubes (500) 

(Catalogue No.: 14-959-70C) 

Nal~ene 

1 15 mL filters (0.45 pm) (Catalogue No.: 09-740-47C) 

500 mL filters (0.45 pm) (Catalogue No.: 09-74û-37P) 

1 Oûû rnL fil ters(0.45 pm) (Catalogue No.: 09-740-226) 

Syringe filters (0.45 pm) (Catalogue No.: 09-740-37 J) 

Schleicher & Schull 

25 mm Nitrocellulose Discs: BA 83.0.2 pM, 025mm. 

Shandon 

Cytospin Filter Car& (200 pr box) (Catalogue No.: 190005) 



Fluka 

Bovine Semm Albumen (Catalogue No.: 05480) 

Dabco (l,4 Diazabicyclo(2.2.2)octane) (Catalogue No.: 33480) 

Ethyl Alcohol (Catalogue No.: 02857) 

Methyl alcohol (Catalogue No.: 65542) 

Formaldeh yde (Catalogue No.: 47629) 

Invi trogen 

Easy-DNA Kit (Genomic DNA Isolation Kit) (Catalogue No.: K 1800-0 1 ) 

O. KindIer 

Microscope slides 

Coverslips 25 x 25 mm2 

Coverslips 24 x 60 mm2 

New England Biolabs 

T4 Polynucleotide Kinase (Catalogue No.: 20 1 S) 

Roche Diagnostics (former 1 y Boehringer Mannheim) 

Restriction Endonudeases 

BamH 1 (10,000 units; 40 units pL-') (Catalogue No.: 798 975) 

ECOR 1 (1 0,000 units; 40 uni& a-') (Catalogue No.: 200 3 10) 

EcoR V (10.000 units; 40 units pL-') (Catalogue No.: 1 040 197) 

Hind Iïï (10,000 units; 40 units pLe') (Catalogue No.: 789 983) 

Pst 1 (10.000 units; 40 units pL-') (Catalogue No.: 798 99 1) 

Digoxigenin and Biotin Labeling Reagents 

Hexanucleotide Mixture ( 1 Ox) 1277 O8 1 or from Labeling Kit 1 175 033 
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dNTP Mixture (DIG)( 1 Ox) 

dNïP Mixture (BIOTIN (10x)) 

dATP 

dCTP 

dGTP 

d m  

Biotin dUTP 

Substrate Solution 

Klenow enzyme 

1277 065 or from Labeling Kit 1 175 033 

27-205O-O 1 

27-2060-0 1 

27-2070-0 1 

27-2080-0 1 

1493070 

Labeling Kit 1 175 041 

1008 404 or from Labeling Kit 1 175 033 

Anti-DIG-AP polyclonal anti-sheep, anti-DIG-Fab fragment-AP) 

Labeling Kit 1 175 033 

S treptadivan-AP 1089 161. 

Miscellaneous 

Molecular Weight Marker II (50 pg; 250 (Catalogue No.: 236 250) 

Proteinase K (100 mg) (Catalogue No.: 745 723) 

~efabloc@ SC (AEBSF) ( 100 mg) (Catalogue No.: 1 429 868) 

Random Primed DNA Labeling Kit (50 reactions) (Catalogue No.: 1 004 760) 

RNase A (100 mg) (Catalogue No.: 109 169) 

tRNA (100 mg) (Catalogue No.: 109 54 1) 

Sarstedt Inc. 

1-200 pL pipette tips 

100- 1000 pL pipette tips 

(Catalogue No.: 70.760.002) 

(Catalogue No.:70.762) 



Sigma 

Drugs 

Bactefial Culture: 

Ampicillin (50 mg) (Catalogue No. : A-2804) 

Ce11 Culture: 

4hydroxytamoxifen fe) and (Z) isomers 50501 (IO mg) 

Purchased from RB1 Scientific (Catalogue No.: T- 176) 

4hydroxytamoxifen (2 98 % Z) (Catalogue No.: H-7904) 

Miscellaneous Chernicals and Reagents 

4'6'diamidino-2-phenylindol (DAPI) (1 g) 

Ammonium Acetate (crystalline) (2.5 kg) 

Ammonium Chloride (crystalline) ( 100 g) 

Boi-ic Acid (1 kg) 

Brilliant Blue (Coomassie) (5 g) 

Brilliant Blue R (10 g) 

Bromodeox yuridine (50 mg) 

Chloroform (500 m . )  

Demicolci ne (Colcemide) (5 mg) 

Dextran sulfate (sodium salt) (250 g) 

Dithiothfeitol (DTT) (1 g) 

Ethylenediarnine tetraacetic acid (Na2EDTA) 

Ficoll (100 g) 

Formamide (500 

(Catalogue No.: D-9542) 

(Catalogue No.: A- 1542) 

(Catalogue No.: A 4 5  14) 

(Catalogue No.: B-790 1) 

(Catalogue No.: B-0770) 

(Catalogue No.: B-7920) 

(Catalogue No.: B-9285) 

(Catalogue No.: C-2432) 

(Catalogue No.: D-7385) 

(Catalogue No. : D-8906) 

(Catalogue No.: D-9779) 

(Catalogue No.: E-65 1 1 ) 

(Catalogue No.: F-4375) 

(Catalogue No. : F-7503) 
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GI ycerol (500 

Glycine (2.5 kg) 

Herring sperm DNA (Type XIV: herring testes) 

Hydrochloric scid (500 

Isoamyl alcohol (500 

Isopropanol (1 L) 

Lauryl sulphate (SDS) (500 g) 

Lithium chloride (500 g) 

Lysozyme (25 g) 

Magnesium chloride (crystalline) (500 g) 

Maleic acid (repurified) (500 g) 

Mirnosine (1 g) 

Modified Giemsa stain (500 

MOPS (3-(N-morpholino)propansulfonic acid) 

(Catalogue No.: G-6279) 

(Catalogue No.: G-4392) 

(Catalogue No.: D-6898) 

(Catalogue No.: H-7020) 

(Catalogue No.: 1-3643) 

(Catalogue No.: 1-0398) 

(Catalogue No.: L-377 1 ) 

(Catalogue No.: L-9650) 

(Catalogue No.: L-6876) 

(Catalogue No.: M-3634) 

(Catalogue No.: M-0375) 

(Catalogue No.: M-0253) 

(Catalogue No.: GS-500) 

(Catalogue No.: M- 1254) 

N,N,N9,N' -Tetramethylethylenediamine (TEMED) (Catalogue No.: T-8 133) 

N-lauro y 1 sarcosine (250 g) 

Oligo-(dT) celluIose (1 g) 

Pepsin ( 1 :6û90ûû) (5 g) 

Phosphoric Acid ( 8 5 8 )  (500 m u  

Polyethylene glycol 8000 ( 1  kg) 

Polyoxyethylenesorbitan (Tween-20) (IO0 mL) 

Potassium Acetate (500 g) 

Potassium Bicarbonate (500 g) 

(Catdogue NO.: L-9150) 

(Catalogue No.: 0-3 1 3 1 ) 

(Catalogue No.: P-70 12) 

(Catalogue No.: P-6560) 

(Catalogue No.: P-4463) 

(Catalogue No.: P- 1379) 

(Catalogue No.: P-5708) 

(Caaogue No.: P-9 144) 



Potassium Chloride (500 g) 

Propidium idodide (25 mg) 

Potassium Phosphate (500 g) 

Quinacrine Mustard 

RNA(transfer)Type X (yeast) (500 units) 

Sephadex G25 (Superfine DNA grade) (50 g) 

Sodium Acetate (500 g) 

Sodium Bicarbonate (50%) 

Sodium Carbonate (50(%) 

Sodium Chloride (5 kg) 

Sodium Citrate (1 kg) 

Sodium Hydroxide (500 g) 

Sodium Phosphate (500 g) 

Triton X-100 (1 L) 

Trizma Base (1 kg) 

Xylene Cyanole FF (10 g) 

(Catalogue No.: P-39 1 1) 

(Catalogue No.: P-4 170) 

(Catalogue No.: P-0662) 

(Catalogue No.: 4-2876) 

(Catalogue No.: R-900 1 ) 

(Catalogue No.: S-5772) 

(Catalogue No.: S-2889) 

(Catalogue No.: 5-6297) 

(Catalogue No. : S-7795) 

(Catalogue No.: S-30 14) 

(Catalogue No.: S 4  146) 

(Catalogue No.: S-588 1 ) 

(Catalogue No.: S-9390) 

(Catalogue No.: T-9284) 

(Catalogue No.: T-679 1 ) 

(Catalogue No.: X-4 126) 





Chapter 3. RESULTS 

This chapter is divided into four sections. Each section reprtscnts thwis work that 

has k e n  published or thesis work that has been submitted for publication. Chapter 3.1 

descri bes FISH-EEs a new method wherein fluorescent in situ hybridization (FISH) is 

used as a method of probing for genes found on Extrachromosomal Elements @Es). 

Chapter 3.2 describes the c-Myc dependent rearrangemeni and amplification the 

Ribonucleotide reductare R2 gene. Chapter 3.3 descnbes the isolation of histone-bound 

EEs using anticore histone antibodies for the immunopurification of potentiaily active 

EEs. Chapter 3.4 describes the c-Myc dependent replication-dnven amplification of the 

ribonucleotide reductuse R2 gene. 



Chapter 3.1. 

Preface 

Chapter 3.1 is the full paper format of a manuscript published in the electronic 

journal Technical Tips Online: Theodore 1. Kuschak, James T. Paul, Jim A. Wright, J. 

Frederic Mushinski, and Sabine Mai (1999). FlSH on purified extrachromosomal DNA 

molecules Technical Tips Online,~htt~://www.biomednet.com/db/tto> t01669. 

This papa was the fint to describe the advantages and potential uses of FKH- 

EEs. fluorescent in situ hybndization (FïSH) as a means of studying ExtrachromosomaI 

Elements (EEs). 



Theodore 1. Kuschak, James T. Paul, Jim A. Wright, J. Frederic Mushinski, and 

Sabine Mai 

kevw ords: fluorescent in situ h ybndization, extrachromosomal elements (EEs), 

genomic instabitity 

Corresponding author: 

S. Mai: Manitoba Institute of Ce11 Biology, University of Manitoba, Department of 

Physiology, Department of Human Genetics 

100 Olivia Street 

Winnipeg MB R3E OV9 Canada 

phone: 204-787-2 135 

FAX: 204-787-2 190 

e-mail: smai@cc.umanitobaca 



3.1 -1. INTODUCTION 

To facilitate the isolation of extrachromosomal circular DNA molecules 

(extrachromosomal elements, EEs) from tissue culture cells, we have adapted the Hirt 

protocol (Ref. 1). which was originally designed to isolate polyoma virus particles. Such 

preparations of EEs are frequentl y contaminated with varying amounts of genoniic DNA 

anaor apoptotic DNA fragments (Ref. -). To address this problem, Gaubatz and Flores 

describe the use of exonuclease III treatrnent of the sarnples, since this enzyme removes 

linear DNA molecules in these preparations (Ref. 3). However, exonuclease Iü also 

digests open and nicked circular extrachromosomal DNA molecules. Thus, this procedure 

can eliminate some of the EEs, and interfere with obtaining a true representative analysis 

of the total population of EEs in a cell. 

To circumvent this problem, we have designed a method of analysis of EEs that 

allows their representative examination using fluorescent in situ hybridization (FISH), 

which we have termed FISH-EEs, and does not require the use of exonuclease III. 

These are the general advantages of FISH-EEs as described here: (i) Allows 

analysis of total heterogenous population of EEs in ce11 lines using the Hirt procedure 

(Ref. 1), (ii) Generates libraries of EEs DNA from target cells, (iii) Allows examination 

of genes involved in genornic instability, and (iv) It is fast, reproducible and most 

importantly, gives a complete representation of EEs and their genomic information in ceIl 

lines and allows the adaptation to tumor samples. 

In the present work, we have chosen genes that are frequently found on EEs due 

to c-Myc deregulation in the cells, such as dihydrofolate reductuse (DHFR), 

ribonucleotide reductase R2 and cyclin 0 2  (Etef. 4-7). Cyclin C has been uscd as 



negative control, since it appears to be genomically stable irrespective of c-Myc protein 

levels (Ref. 5). W e  have also included as a positive control, COL0320DM, which has 

constitutive c-Myc upregulation due to c-myc amplification on EEs (Ref. 8). 

3.1.2. METHODS AND MATERlALS 

3.1.2.1. Isolation of EEs. Our procedure is a modification of the protoçol of Hirt (Ref. -). 

Bnefly; 1-5x107 cells are lysed in 0.6%SDS/0.01M EDTA (pH 7.5) for 20 minutes at 

room temperature. The lysate is then brought to a final concentration of 1M NaCl and left 

ovemight at 40C. The insoluble NaCVSDS/chromatin fraction is pelleteci by 

centrifugation at 17,000 rpm for 30 minutes at 40C. The supernatant is the socalled Hirt 

extract and is collected. It contains the bulk of the EEs, but it may also contain 

contamination with small linear fragments of genomic DNA (Ref. 2) and apoptotic DNA 

fragments. 

3.12.2. Fi t ion  of EEs. The Hirt extnr t  is mixed with an equal volume of freshly 

prepared methano1:acetic acid (3: 1). This mixture can be storeci at 40C for months. 

3.1.2.3. Dropping of EEs oato siides and their f î t i o n .  The following protocol allows 

the fixation of the EEs ont0 glass slides, and it guarantees that the EEs are well-spread, 

but contained within a small area. Briefly: 40 ml of fixed EEs (Hirt extract in fixative) are 

dropped ont0 precooled slides (20 seconds on dry ice). and the slides are immediately 

moved ont0 a slide wanner (370C). Whcn almost dry, the slides are dipped into 50% 
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acetic acid and then dncd to completion on the slide warmer (370C). The area ont0 which 

the EEs were dmpptd is markcd with a diarnond pen. 

3.1.2.4. Analysis of the EEs sample under the fluorescent microscope. 4'6' diarnidino- 

2-phenylindole (DAPI) (Irng/ml in PBS) is used to stain both the DNA in the EEs and 

any genomic DNA contaminants. Anti-bleach (Ref. is added to preserve the 

fluorescence of the sample and as a mount for the cover slip. Under a 63x oil immersion 

objective and a W filter, the sample is examined using a fluorescent microscope. DAPI- 

stained EEs are visible as distinct dots, while genomic DNA âppears as DAPI-stained 

fibres (Fig. 3.1.1). 

3.1.2.5. FlSH analysis OC EEs (FISH-EEs). FISH is c&ed out according to previousl y 

published protocols (Refs. 4.5.9). Briefly: the slides are treated with FtNAse and pepsin 

as describeci for metaphase chromosomes and interphase cells. DNA probes arc Iabeled 

with haptens by random priming as described, and hybridizations are performed in 50% 

formamidd2 x SSU5O m M  phosphate pH 7/10% dextran sulfate ovemight at 370C in a 

humidified incubator. Post-hybridization washes are carried out as follows: 3 x 5 minutes 

at 420C in 50% formamidel2 x SSC; 5 x 2 minutes at room temperature in 2 x SSC. Ptior 

to the use of antibodies. the slides are blocked in 100% serum. Anti-hapten antibodies, 

conjugated with fluorescein (FiTc) or Texas Red (TXRD), are used to visualize the 

hapten-Iabeled probes. The antibody incubation is carried out for 30 minutes at 370C. 

The unbound antibodies are washed off at 420C in 4 x SSUO.l% Tween 20 for 3 x 5 

minutes. DAPI (lmg/ml in PBS, 5 minutes) is used to stain the DNA and the slides are 

mounted in anti-blcach. In the examples shown in Fig. 3.1.2. we have used the following 



probes: human c-myc cDNA (Ref. m. human cycfin C cDNA (Ref. 5). mouse cyclin D2 

genomic DNA (Fàef. Z), rnouse ribonucleotide reductae RI and R2 (RI and R2) cDNA 

(Ref. 10). al1 of which were labeled with digoxigenin. After hybndization, the annealed 

probe is visualized by incubation with anti-digoxigenin-fluorescein antibody (Boehnnger 

Mannheim). An additional probe, a mouse dihydrofolate reductare (DHFR) cDNA (Ref. 

4.5), was Iabeled with biotin, detected with a monoclonal mouse anti-biotin antibody 

(Boehringer Mannheim), and visualized by goat anti-mouse-IgG-Texas Red (Southern 

Biotechnology, Ass., Inc.). 

Table 3-1.1. 

Table of Producâs Used 

4-h ydrox ytamoxi fen (4HT) 

sheep antidigoxigenin fluorescein 

monoclonal mouse anti-biotin antibody 

goat anti-mouse-IgG-Texas Red 

DAPI 

microscope 

CCD camera 

IPLab Spectmm (version 3.1) 

Research Biochemicais International 

Boehringer Mannheim 

Boehringer Mannheim 

Southem Biotechnology Ass., Inc. 

Sigma 

Zeiss Axiophot 

Photometrics 

Signai Analytics 
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Figures. 

Fig. 3.1.1. 

DAPI-stained extrachromosorna1 elements (EEs) were prepared as described above. Dots 

represent EEs that are present in both Figs. 3.1.1.A and B. The arrow in Fig. 3.1.1.A 

points to contamuiating gemrnic DNA. which has a fikmentous appeanuice. Fig. 3.1.1.B 

is a preparation of EEs that bas no genornic contamination. 



Fig. 3.1.2. 

Panel A. EEs isolated from COL0320DM (9) and hybridized with c-mye (B,C) (4) or 

cyclin C (Em (5). 

A: EEs isolated from COL0320DM and counterstained with DAPI. 

B: Same EEs hybridized with digoxigenin-labeled c-ntyc and visualized with ami- 

digoxigenin-fluorescein antibody. C-myc signals appear green. 

C: Overlay of A and B. Note that some green signals (small arrow) d o  not colocalize with 

DAPJ signals in image A, due to: (i) c-mye antibody amplification of the hybridization 

signal seen in image B, (ii) different sizes of the EEs, (iii) different exposure times, 

andor iv) background. A large arrow shows an exarnple of colocalization of DAPI 

counterstain and c-myc hybridization signals. Colocalized signals considerd to be 

authentic EEs that bear c-myc sequences, appear greenish-white. 

D: EEs isolated h m  COL0320DM and counterstained with DAPI. 

E: Same EEs h y b r i d i d  with digoxigenin-laôeled cyclin C. visualized with anti- 

digoxigenin-fluorescein antibody. Cyclin C signals would appear green if there was 

hybndization. 

F: Overlay of D and E. 



Figure 3.1.2. 

Panel B. EEs isolated from 4HT-activated mouse pre-B cclls and hybridized with DHFR 

(B,C), cyclin 0 2  (E,F), ribonucleotiàe reductase RI an, and rïbonucfeotide reductase 

R2 (K,L). 

A: EEs isolated from 4HT-activated preB cells and counterstained with DAPI. 

B: Same EEs hybridized with biotin-labeled DHFR, visualized with anti-biotin antibody, 

followed by anti-mouse-IgG-Texas Red. DHFR signals thcrcforc appcar rtd. 

C: Overlay of A and B. Note that some red signals (smail arrow) do not colocalize with 

DAPI signds in image A, due to: (i) DHFR antibody amplification of the hybridization 

signal seen in image B, (ii) different sizes of the EEs and, (iii) different exposum times, 

and/or iv) background. A large arrow shows an example of colocalization of DAPI 

counterstain and DHFR hybridization signals. Colocalized signals appear pinkish. 

D: EEs isolated from 4HT-activated mouse pre-B cells and counterstained with DAPI. 

E: Sarne EEs hybridized with digoxigenin-labeled cyclin D2, visualized with anti- 

digoxigenin-fluorescein antibody. Cyclin D2 signais thereforc appear groen. 

F: Overlay of D and E. Note that some green signals (small arrow) do not colocalize with 

DAPI signals in image D. due to: (i) cyclin 0 2  antibody amplification of the 

hybridization signal seen in image B, (ii) different sizes of the EEs and, (iii) different 

exposure times, andor  iv) background. A large arrow shows an example of colocalization 

of DAPI counterstain and cycfin 0 2  hybridization signal. Colocalized signals a p p w  

greenish-white. 
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Figure3.1.2. Panel B ConttOud. 

G: EEs isolated from 4HT-activoud mouse pn-B cells and counterstained with DAPI. 

H: Same EEs hybndized with digoxigenin-labeled RI, visualid with anti-digoxigenin- 

fluorescein antibody. R I  signals therefore appear green. 

1: Overlay of G and H. A large armw shows an example of colocalization of DAPI 

counterstain and R I  hybridization signal. Colocalized signals appear greenish-white. 

J: EEs isolated from 4HT-activated rnouse pre-B cells and counterstained with DAPI. 

K: Same EEs hybridizcd with digoxigenin-labcled R2, visualid with antidigox-igenin- 

fluorescein antibody. Rî signals therefoïe appear green. 

L: Overlay of J and K. Note that same green signals (small arrow) do not colocalize with 

DAPI signals in image J, due to: (i) R2 antibody amplification of the hybridization signal 

seen in image B, (ii) different sizes of the EEs and, (iii) different exposure times, andor 

iv) background. A large arrow shows an example of colocalization of DAPI counterstain 

and R2 hybridization signai. Colocalized signals appear greenish-white. 
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Preface 

Chapter 3.2 

Chapter 3.2 is the full paper format of a manuscript published in the journal 

GENE: Theodore 1. Kuschak, Cheryl Taylor, Eileen McMillan-Ward, Sara Israels, Darren 

W. Henderson, J. Frederic Mushinski, Jim A. Wright, and Sabine Mai (1999). The 

ribonucleotide reductrrse R2 gene is a non-transcribed target of c-Myc-induced genomic 

instability. Gene 238: 35 1-365. 

This paper was the first to demonstrate c-Myc dependent rearrangement as well as 

chrornosomal and extrachromosornal amplification of the ribolu~cleonde reductase R2 gene. 

More importantly, this paper was the first to define two classes of c-Myc amplification 

targets, namely one class wheriein amplification results in overexpression of the gene 

product and a second class, wherein amplification of the gene has no effect on the 

expression levels of the gene product. 
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4-HT: Chydroxytamoxifen; bp: base pair(s); cDNA: DNA complementary to RNA; 

DABCO: diazabicyclo[2.2.2]-0~tane; DAPI: 4',6' diamidino-Z-phen ylindole; DHFR: gene 

encoding dihydrofolate reductase Dm: dithiothreitol; iWC: fluorescein isothiocyanate; 

EEs: Extrachromosomal Etements; EM: Electron Microscope; FISH: fluorescent in situ 

hybridization; GAPDH: gene encoding glyceraldehyde-3-phosphate dehydrogenase; 

GSHPX= gene encoding glututhione peroxidase; HEPES: N-2-HydroxyethyIpiperizine-N'- 

2-Ethane sulphonic acid; HU: hydroxyurea; IU: international unit(s); kDa: kilodalton(s); 

LTR: long teminal repeat ; MOPS : (3- [N-Morpholino] propanesulphonic acid; NA2EDTA: 

Ehylaminediaminetetra;#'~tic acid, disodium sdt; ODC: gene encoding ornithine 

decarboxylase; PBS: phosphate b u f f e d  saline (0.15 M NaCl, 1.4 mM NaH2POs, 4.3 rnM 

NaH2POd, 0.015 M Na3 citrate); R2: gene encuding ribonucleotide reductase R2; SCP: 

sodium citrate phosphate bu ffer, SDS : sodium dodec y1 sulfate; Tween-20: 

Polyoxyethylenesohitan; TXRD: Texas Red; SSC: standard sodium citrate (0.0 15 M 

sodium citrate, 0.15 M sodium chloride). 

Key words: 

ribonucleotide reductase RI, gene amplification, extrachromosomal elements, 

tumorigenesis, oncogenes 



ABSTRACI' 

The c-Myc oncqmtcin is highly expressed in malignant cells of many ce11 types, 

but the mechanism by which it contributes to the transformation process is not hl ly  

understood. Here, we show for the first time that constitutive or activakd overexpcession of 

the c-myc gene in cultured mouse B lymphocytes is followed by chromosomal and 

extrachromosomal amplification as well as rearrangement of the ribonucleotide reductase 

R2 gene locus. Electron micrographs and fluorescent in situ hybridization (FISH) 

demonstrate the c-Myc-dependent generation of extrachromosomal elements, some of 

which contain R2 sequellces. However, unlike other genes that have been s h o w  to be 

targets of c-Mycdependent genornic instability, amplification of the R2 gene is not 

associated with alterations in R2 mRNA or protein expression. These daîa suggest that c- 

Myc dependent genomic instability involves a greater number of genes than previously 

anticipated. but not al1 of the genes that are amplified in this system are transcriptionally 

upregulated. 



3.2.1. m 0 D U C I I O N  

Ribonucleoti& reductase is a highly regulated, ceIl cyclecontrolled enzyme that is 

essential for DNA synthesis and repair. 1t is the only enzyme responsible for the reduction of 

ribonucieotides to their corresponding deoxyribonucleotides. Under normal conditions, it 

provides the ceIl with a bdanced supply of deoxyrïbonucleotide precursors essential for 

DNA synthesis and repair (Wright, 1989). 

The active mamrnalian enzyme is composed of two dissimilar subunits, R1 and R2, 

which are encoded by different genes and are differentidly regulated during the ceIl cycle. 

While levels of the RI subunit do not Vary during the ce11 cycle, there is an S-phase- 

correlated increase in the arnount of R2 protein. The activity of ribonucleotide reductase and 

implicitly, DNA synthesis and ce11 proliferation, are controlled during the cell cycle by the 

synthesis and degradaiion of the R2 subunit (Wright, 1989). The R2 component, which is 

rate-lirniting, is a phosphoprotein, and it is capable of being phosphorylated by the CDC;, 

and CDK2 protein kinase mediators of cell cycle progression (Chan et al., 1993). 

Ribonucleotide reductase can. in addition, be regulated by an S-phase-independent 

mechanism that is important for DNA repair ()iurta and Wright, 1992). 

Previous studies have reporteci that expression of ribonucleotide reductase, and the 

R2 subunit in particular, is increased in hg-resistant cells (Wright, l989), and in ceIl lines 

that have b e n  exposed to tumor promoters (Chen et al., 1993) and gmwth-inhibiting factors 

such as transforming growth factor-$l(TGF-$1) (Hurta and Wright, 1995). Elevated levels 

of ribonuclcocide reductase R2 protein have b n  described in some malignancies (Wright, 

1989 and references therein). Fan et aL (19%) report thai R2 is a nuvel "tumor p r o p s o f  

that controls the malignant potential of tumor ctlls in omgene-mediated mechanisms. 



c-Myc is a multifùnctional oncoprotein (for review, see Lüscher and Larsson, 1999). 

It is known to play pivdal roles in the ceIl cycle and in cell cycle progression (Heikkila et 

al., 1987; Karn et aL, 1989), replication (Classon et al., 1987) and developrnent (Paria et al., 

1992). Furthemore, it is iwolved in transformation, neoplasia and tumor progression (for 

recent review, see Claassen and Hann, 1999 and references therein), and apoptosis (for 

review, see Prendergast, 1999 and references therein). The c-Mye protein expression is 

tightly regulated during nomal cellular proliferation (Heikkila et al., 1987; Karn et al.. 

1989; Hanson et al., 1994). c-Myc has been reported to be involved in the transcriptional 

regdation of specific cyclins, such as cyclins E, A, and Dl, cyclin dependent kinases (cdks), 

the phosphatase cdc25a (for review, see Obaya et al., 1999) as well as the telornerase 

reverse transcriptase (TERT) (Wu et al.. 1 999)- An increased ha1 f-life of c-Myc is associaîed 

with imrnortalization and transformation (see Claassen and Ham, 1999 and references 

therein). It has also been s h o w  that elevated c-Myc levels dismpt pmliferation control. 

Moreover, the deregulation and overexpmsion of the protein is frequent in munne and 

human tumors, where the c-myc gene is often found to be amplified, rearranged, and/or 

translocated (Yokota et al., 1986) 

The deregulation of c-Myc is ernerging as an important component in promoting or 

enhancing genomic instability. c-Myc deregulation results in locus-specific gene 

amplification (Denis et al., 1991; Mai, 1994; Mai et al., 1996a, 1999) and karyotypic 

instability (Mai et al., 1996b). Felsher and Bishop (1999) describe increases in genomic 

instability and tumongenicity in Rat1 A cells that transiently overexpress c-Myc. 

The present study was initiatcd to address two points. First, we wished to rcsolve the 

question of whether c-Mye plays a role in the initiation of genornic instability of the R2 



gene. Second, we wished to determine whether overexpression of c-Myc plays a rok in the 

elevated expression of R 2  protein found in sorne maiignant cells. We dernonstrate for the 

first time, chat chromosomai and extrachromosomai amplification as well as rearrangements 

of the R2 gene locus are associated with the overexpression of c-Myc. W e  then demonstrate 

that the amplification of the R2 gene locus has no effect on R2 mRNA or protein levels in 

any of the c-Myc-overexpressin cells tested. The instability of the R2 gene is therefore 

associated with c-Myc dependent genomic instability, however in this experirnental system, 

the R2 gene appears to be a non-transcribed target of c-Myc deregulation. 

3.2.2. METHODS AND MATERIALS 

3.2.2.1. Fluorescent In Situ Hybndiut ion (FISH) 

Metaphase spreads and fluorescent in situ hybridizations were performed as described in 

Mai et (il. (1 9%a). The Rî probe used was a 1487-bp Psr I (Roche Diagnostics)-fragment of 

the mouse R2 coding region (Thelander and Berg, 1986). Evaluation of metaphase spreads 

and interphase nuclei was perfonned using a Zeiss Axiophot microscope and a CCD camera 

(Photometrics). Image analysis was prforrned using PLab Spectrum H-SU2 (Signal 

Analytics, USA) and Gene Join (Yale University, USA) on a Power Macintosh 8 100 

cornputer. 1 0 -  150 metaphases and interphases were evaluated in three independent 

experiments. Amplification was measured with IPLabSpectrurnî'Multiprobe (Signal 

Analytics, USA). using the line measurernent huiction. B lymphoid cells (ABM &-B 

lymphocytes (Mai et al.. 1999), WEHi 23 1 ctlls and MOPC 46ûD fells (Mai et al. 1 !Ma)), 

were cultured in RPMI 1 6 4  medium, supplementcû with 10 % (vlv) fetal bovine senim. 1 

% (v/v) sodium pyruvate, 50 Iü rnC1 penicillin, 50 pg mL-' streptomycin. and 5.5 x IO-' M 



P-mercaptoethanol, and 2mM glutamine. MOPC 460D cells were also supplemented with 

100 pL of IL4 hybridoma supernatant per 10 mL of culture medium, kindly provided by 

Dr. Karasu yama, (Basel Institute for Immunology. S witzerland). Ali ceil lines were cultured 

in a humidified atmosphere with 5 % COz at 37°C. All medium and supplemental 

ingredients were supplied by Gibco/BRL. 

In this series of experiments, we used ABM cells, a Pre-B cell line in which c-Myc 

activity can be experimentally upregulated. This ceil line was created as described in Mai 

et al. (1999). The ABM Pre-B cells were seeded and activated 24 hours after seeding with 

1 00 pM 4-h ydrox ytamoxi fen (4-HT) (Researc h Bioc hemicals International, Natick, MA) 

dissolved in 100 96 ethanol. These 4-HT-activated ceils were designated Prc-5+. The non- 

activated Pre-B ceIIs, designated Pre-B-, received an equal volume of 100 % ethanol. 

3.2.2.2. Southern Bhmng and Dispersed Ce11 Assay Analyses of the R2 locus 

Genomic DNA was prepared from cultured cells using the Easy DNA Kit 

(hvitrogen). !O pg DNA sarnples were digested ovemight with 40 units of one of the 

following (Roche Diagnostics) restriction endonucleases, BamH, EcoM., EcoRV, Hindm, 

and PstI, electrophoretically separateci and blotted ont0 Hybond XL membrane (Amersham 

Pharmacia Biotech). Following blotting, the membrane was baked at 800C for 2 hours. The 

membrane was hybridized at 4Z°C in 10 mL of hybridization solution (6.6~ SCP: sodium 

citrate phosphate buffer: 0.66 M NaCl, 0.2 Na2HP04, 6.6 mM Na2EDTA)/ 0.4 % (v/v) N- 

lauroyl sarcosind 200 pgmL1 denatured herring sperm DNN 4x Denhardt t s Solution /50 

96 (v/v) formamide) and random primer labeled probes (described below). Membranes were 

washed once for 15 minutes at 6S°C in 6 . 6 ~  SCP/l.O % N-lauroyl sarcosine (v/v) and once 

for 90 at 6S°C in 1.0d1.0 46 N-lauroyl (v/v) sarcosine. Membranes were exposed to 



Hyperfilmm MP high performance autoradiographic film (Amersham Pharmacia Biotech) 

at -75 OC. (AH W n t s  for Denhardt ' s and wash solutims wmc pirchased fmm Sigma). 

Dispersed CeIl Assays (Lavi, 198 1) were perfonned with slight modifications (Mai, 

1994). This experiment was carried out 4 times. Each trial of this experiment was 

performed with 5 filter discs for each ce11 type tested. Proteinase K and RNaseA were 

purçhased from Roche Diagnostics. Membranes were exposed to HyperfilmfM MP high 

performance autoradiographic film (Amersham Pharmacia Biotech) at -75OC. 

Nitrocellulose filters used for DCA assays were manufactured by Protran. The gene for the 

R2 subunit was probed with the 1487 bp Pst1 (Roche Diagnostics) fragment of the RS 

coding region. Accuracy of loading for Southem blot analysis and Disperseâ Ce11 Assays 

was confirmeâ by probing the disa for glusuthione peroridare (GSHPX) (kindly provided 

by Dr. Aiping Young) using a PstIdigested 700 bp fragment. 50 ng of each probe was 

random primer-labeled with 3 2 ~ - a - d ~  (Amersham Pharmacia Biotech) to specific 

activity of 1-2 x109 dpm pg" using an Oligolabelling Kit (Amenham Pharmacia 

B iotech). Densitometric anai ysis was perfonned on a phosphorimager (Molecular 

Dynamics). 

3.2.2.3. EIectron Micrography and FISH on Extrachromosod Efentents 

Extrachromosornai DNA isolated by the Hirt method (Hirt, 1967) was diluted to a 

concentration of approximately 1 p g m ~ - '  in 20 mM MgC12/30 rnM triethanolamine 

buffer. Aliquots of these DNA samples were then placed on formvadcarbon coated @ds, 

fixed with 0.1 % gluteraidehyde in White's saline (Israeis and Gerrard. 1996) and 

negatively stained with 3 9b uranyl acctatc. Grids werc allowed to air dry and then 

shadowed with Nngsten to enhance resolution (Grey, 1994). All grids were cxamined in a 



Philips Mode1 420 transmission eleztron microscope at 80 kV. 

3.2.2.4. Northern Biot Analyses 

Poly (A)+ mRNA was extractecf from cultured a l l s  using oligo-(dT) cellulose 

(Sigma). One pg samples of the RNA were loaded ont0 a denaturing gel (1 % agarose, 2.2 

M fomaldehyde) and blotted ont0 Hybond N+ membrane (Amersham Phamiacia Biotech), 

and baked at 80°C for 2 hours. The membrane was hybridized at 6S°C in 40 rnM phosphate 

buffer/ 7 % SDS (Sodium Dodecyl Sulphaie) (w/v)/ 1 mM Na&DTA solution with random 

primer labeled probes (described below). The membrane was washed in 40 m M  

phosphatdImM Na2EDTA/5.0 % (w/v) SDS buffer for 15 minutes at 65OC followed by a 

15-minute wash at 65OC in 40 rnM phosphatdlrnM Na2EDTA/I.0 % (wlv) SDS buffer. 

The membrane was exposed to HyperfilmTM MP high perfomance autoradiographic film 

(Arnersharn Pharmacia Biotech) at -7S°C for image acquisition. The gene for R2 subunit 

was probed as previously described. The c-myc gene was probed using a 460 bp PsrI 

fragment of mouse exon II (kindly provided by Dr. Konrad Huppi, NIH). Equal loading for 

northem blot analysis was confimied by probing for GAPDH using a 1.3 kb Pa1 fragment 

(kindly provided by Dr. Aiping Young). Pst1 was purchased from Roche Diagnostics. 50 ng 

of each radioactively labeled probe was prepared as described in Figure 2. 

3.2.2.5. Western &t Amiysi. 

Whole cell protein extmts were prepared from fre-B+ cells. Logarithmically 

growing a l l s  were washed hvice with icecold PBS. nsuspended (100 ~ 1 0 ~  cells), in 

Protein Extract Buffer [(IO rnM HEPES, pH 7.9, 60 rnM KCI, 1 mM Na2EDTA, IrnM 

DIT. IrnM AEBSF (Pefabloc*~~) (Roche Diagnostics)]. and subjected to three 15-minute 

cycles of frazing (95 % cthanoVdry ice) and ihawing (370C water bath). Following 



centrifugation (5 minuted 1 3 . 0  rpml 4OC) to remove ceIl debns, the extracts w e n  

aliquote& f r a c n  ai -2O0C. and concentrations werc murue& Thc proteins were analyzed 

on an 8 % (v/v) SDS-PAGE with 100 pg of whole ceIl pmtein extract loaded per lane. 

Protein was transferred to Hybond-C Super (Arnersharn Phmac ia  Biotech) using a 

BIORAD semidry transfer apparatus. For detection of R2 protein, the rabbit polyclonal 

anti-R2 antibody was used diluted 1 : 4 0  uni& in 0.3 % (v/v) Tween-20 

( p l  yox yeth y lenesorbitan) in PBS . This anti-R2 anti body was generated by injection of 

the whole recombinant R2 protein into a New Zealand rabbit (Chan et al., 1993 and 

references therein). Measurement of loading accuracy was performed by immunostaining 

of the blot with anti-Max 256 antibody (generously provided by Dr. Achim Wenzel, 

Heidel k g )  diluted to 200 pgpL-l. Secondary an tibody chemi luminescence reactions for 

western analysis were performed using an ECLTM kit (Amersharn P h m a c i a  Biotech) 

according to instructions and visuaiized on HyperfilmfM ECLTM high performance 

cherniluminescence film. Exposures to film for both R2 and Max were 60 seconds. 

3.2.2.6. Quantitative Fluorescent Immunohistochemical Analysis 

Prior to irnrnunohistochemical staining and analysis, cells were cytospun ont0 

microscope slides at a density of ld per slide. Slides were stained with appmpriate 

antibodies as follows: Cells were fixed on the slides in a solution of 3.7 % deionized 

formddehyde in PBS containing 50 rnM MgC12 for 10 minutes, followed by three washes in 

PBS + 50 mM MgCI2. The cells were permeabilized in 0.2 46 (v/v) Triton X-100 (Sigma) 

for 12 minutes. Following three washes in PBS + 50 mM MgC12, the slides were blocked for 

5 minutes in fetal bovine semm (GibcdBRL) and then staincd with primary antibodies for 

45 minutes. Following three washes in PBS + 50 mM Mm2, the slides were again blocked 



for 5 minutes in serum and then incubated in the dark for 30 minutes with the appropriate 

secondary fluorescentconjugaced antibodics. Following three wasties in PBS + 50 mM 

MgCl*, slides were stained with 4.6' diamidino-2-phenylindole (DAPI, 1 pghnl) and fixed 

in antibleach (1 2 % glycerol, 4.8 % Mowiol 4-88 (Hoechst), 2.4 % 1,4 diazabicyclo[2.2.2]- 

octane (DABCO) (Fiuka), in 0.2 M Tris/ HCI, pH = 8.5). Stained cells were stored in the 

dark at 4OC. 94 -164 cells were measured for fluorescence intensity for each set of cells 

stained. The antibody used for immunohistochernical andysis of R2 protein expression 

was as described in western blot analysis. Irnmunohistochemical analysis of c-Myc 

expression was measured using an antic-Myc antibody, 3C7 (1 pgpL-') (kindly provided 

by Dr. Achim Wenzel, Heidelberg) 

3.2.3. RESULIS AND DISCUSSION 

3.2.3.1. c-Myc deregulation ufects R2 genomic stability 

To test whether c-Myc played a role in Rî genomic (in)stability, we studied two 

estabiished mouse B lymphocytic cell lines, WEHI 23 1 and MOPC 460D. and a Prie-B cell 

line (Table 3.2.1 .. Figure 3.2.1 .), under conditions of nomial c-Myc expression and activated 

or constitutive c-Myc overexpression. In those cells we determined R2 gene copy numbers 

in both inteiphases and metaphases by fluorescent Ur situ hybridization (WH) (Mai. 1994; 

Mai et al., 1 996a). 

We first compared two cells lines that express different levels of the c-Myc protein: 

WEHI 23 1. a low c-Myc expressing mouse B lyrnphoblastoid tumor. and MOPC 460D. a 

m o w  plasmac ytoma that consti tutivel y overexpresses the c-Myc oncoprotein (Mai et ol.. 

1996a). 'ihm was no evidena of instability in the active R2 gene when examined WEHI 



231 cells by FlSH (Figure 3.2.3.1. (a)). Figure 3.2.3.1. (a) indicates a single gran 

fluorescent hybri&&,ion RZ signal (which appcps light b l w  or white when overlaid with 

the 4,6' diamidino-2-phenylindole- (DAPI) counterstained DNA image) on the active R2 

locus in WEHI 231 cells, indicaîing no aiteration of the locus. The m o w  indicaies the 

location of the single, endogenous R2 locus and it shows that none of the three R2 

pseudogenes are able to hybridize with the Rt cDNA FISH probe (Thelander and Berg, 

1 986). On the other han& the R2 gene was amplified and rearranged in MOPC 460D. The 

fluorescent probe can been seen hybridizing to at least 16 spots on the chromosomes as well 

as extrachromosomal elements in these high c-Myc expressing cells (Figure 3.2.3.1. (b and 

c)). Since there was no hybridization of the R2 pseudogenes in the WEHI 231 cells, it is 

likely that the R2 signals in the MOPC 460D cells represent chromosomally amplified 

sequences derived from the active R2 gene locus as well as extrachromosomally amplified 

R2, but not pseudogenes. The chromosomal and extrachromosomal RZ gene amplification 

was seen in al1 of the 100 individual cells examined with PLab Spectmm software. 

To determine whether the above findings of the amplified Rî gene locus were the 

direct result of c-Myc overexpression, we examined the R2 gene in Pre-B- and Pre-B+ 

cells. In this ceIl Iine we detected evidence of c-Myc-dependent genomic instability of the 

R2 gene within 72 hours of M ~ C - E R ~ ~  activation. Figure 3.2.3.1. (d-f) comprises images 

representative of the majority of the cells at the 72 hour time point. FISH analyses for 

Pre-B- cells (Figure 3.2.1. (d)) showed a single green fluorescent R2 hybridization signal 

(appears white after overlay), indicating unaltered copies of the Rî locus. Based on the 

control hybridization (Figure 3.2.1. (c)) that shows only a single signal and not the other 

three R2 pseudogenes on chromosomes 4, 7, and 13, it is unlikcly that the RZ probe is 



able to detect pseudogenes in either the Re-B- or PR-B+ cells in the FISH experiments. 

The Pre-B+ cells (Figure 3.2.1. (e-f)) show amplification of the R2 gene as indicated by 

the increased number of green (appearing as white) fluorescent signals of the probe. The 

additional FISH signais suggest both chromosomal and extrachromosomal sites of 

amplification. Figure 3.2.1. (f) shows metaphase chromosomes in which fluorescent 

signals in the Pre-B+ cells appear to be pnmarily chromosomal. Amplification is also 

extrachromosomal, as shown in Figure 3.2.3. Panel B (a) and (b), which shows fluorescent 

green R2 h ybridization signals (appearing white when overlayed) CO-localizing on DAPI- 

stained (blue) extrachromosomal elernents (EEs). We examined 100 interphase and 

metaphase spreads from Pre-B- and Pre-B+ cells. We found no R2 gene amplification in 

the Pre-B- cells, but found chromosomal and extrachromosomal amplification of the R2 

locus in al1 100  of the Pre-B+ cells examined. Rearrangements of the R2 locus were also 

detected by FISH analysis (Figrtre 3.2.1. (f)), indicating c-Myc-dependent rearrangement 

of the R2 gene locus. FISH analysis shows an increase in copy number of the R2 locus in 

cells that overexpress c-Myc as compared with cells where c-Myc is not deregulated. The 

latter consistently show a single endogenous copy of the R2 gene, while the former show 

multiple chrornosomaI or extrachromosomal copies of the R2 locus. 

3.2.3.2. Southem and DCA analyses confinn F M  R2 amplification &ta 

We perfoxmed Southern blot analysis as an additional assay to assess c-Myc 

dependent (in)stability of RZ (Fig 3.2.2. (ad)). Al1 ce11 lines shown in Table 3.2.1. were 

analyzed by digestion with five restriction endonucleases and probed first with R2 and then, 

following stripping of the membrane, with glututhione peroxidrrse (GSHPX). Figure 3.2.2. 

(a) is a hybridization of the blot of the low and high c-Mye expressing a l 1  lines, WDEI 231 



and MOPC 460D. The hybridization revealed M e r  RZ-hybndiUng bands in virtually 

every lane of the MOPC 460D sampla. depicting the amplification of the R2 l a w .  ?he 

GSHPX hybridization indicaied bands of vimully the sarne intensity in the DNA from the 

two tumon (F@~re 3.2.2. (b)). Furthemore. cornparison of WEHI 231 and MOPC 460D 

genomic DNA, digested with EcoRV and hybridized with R2 shows a band, marked by the 

open arrow (Figure 3.2.2. (a)), which is present in the MOPC 460D DNA, but not in the low 

c-Mycexpressing WEHI 23 1 ce11 DNA. This open arrow indicates rearrangement of the RS 

locus in the high c-Myc expressing cells. Fïg 3.2.2. (c) and (d) depicts a similar cornparison 

of Pre-B cells without 4-HT activation of M ~ C - E R ~  with PreB cells afier three days of 4- 

Hi' M ~ C - E R ~  activation. The GSHPX control hybridization showed bands of vimially the 

same intensity in the DNA from the two groups of cells (Figure 3.2.2. (d)). This experirnent 

revealed increases in the R2 signal in the Myc-activated cells. in addition, cornparison of 

Pre-B- and Pre-B+ R2 hybridization signals aiso demonstrated rearrangement of the R2 

locus in the later (Figure 3.2.2. (c)). Cornparisons of EcoRI- and Hindmdigested genornic 

DNA from Pre-B- and Pre-B+ cells shows an extra R2 hybridizing band in the Pre-B+ cells 

(Figure 3.2.2. (c)). Thus, results of the Southern blotting experiments confirm the! 

amplification and the rearrangements detected by FISH anaiysis. Ovetexpression of c-Myc 

either through constitutive or activateci overexpression results in the amplification and 

rearrangement of the R2 gene locus. 

Although. the Southern blot technique is effective in detecting gene rearrangements 

and chromosornai amplifications, it is usudly inadequate for detection of extrachromosomal 

elements (Hahn, 1993). We wished to confirm the genornic instability of the R2 locus found 

during FKH analysis by using the Dispemxi CeI l  Assay (DCA) (Lavi, 1981). This rnethod 
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involves probing the DNA of cells lysed directly on a nitrocellulose membrane. In this way. 

d l  genetic material, whdher chromosomal or cxtrachromosomal, is studied simultaneousl y. 

Our DCA data confirmed that the R2 gene is amplified in M O K  m D ,  that constitutively 

overexpress c-Myc, and in the Re-B+ celis, but not in WEHI 231 or the Pre-B- cells which 

express low levels of c-Myc protein (data not shown). 

3.2.3.3. Isolation and FISH Amlysis of Extrachromosomal DNA 

To assess by an additional approach whether the R2 amplification identified by 

FISH and DCA analyses in the c-Myc overexpressing B lymphoid ceils involved the 

generation of R2-bearing EEs, we isolated extrachromosomal DNA from each of the ce11 

types described above, using the method described by Hirt (Hirt, 1967). To ensure that the 

DNA in this Hinextracteü suspension was not contaminated with genomk DNA, al1 

samples were scanned by electron microscopy 0 and photographed. The electron 

rnicrography (Figure 3.2.3. Panel A (ad)) showed circular DNA with <1 % contamination 

by linear strands of genomic DNA in each sample (not shown). EEs derived h m  c-Myc 

overexpressing cells were circular and markedly larger than the circular DNA molecules 

found in low c-Myc expressing cells. WEHI 23 lderived extrachromosomal DNA ranged in 

size from 0.03 to 0.05 pm, while the MOPC 460D-denved extrachromosomal DNA circles 

were 0.05 to 0.15 pm in diameter. Similady, Pre-B- EEs ranged in size from 0.03 to 0.07 

pn, while Pre-B+ EEs ranged in size from 0.07 to 0.22 pm in diameter or larger. In 

addition, extrachromosomal DNA from c-Myc overexpressors showed what appear to be 

DNA replication bubbles (shown by the black arrow) (Figure 3 Panel A (d)). 

W c  then performed FISH anaiysis on the EEs (FISH-EEs) extracteci from Re-B+ 

cells (Kuschak et al., 1999) (Figure 3.2.3. Panel B (a) and (b)). This rnethod was developcd 



because it offers several advantages over more conventional rnettiods such as Southem 

bloaing. and over standard FISH proadures. FISH-EEs allows for the isolation and 

analysis of the total heterogenous population of EEs present in cell preparations and it 

enables one to examine cells for extrachromosomal genes. 

EEs fiom Pre-B+ cells harvested 72 hours after 4-HT activation, were hybridized 

with an R2 probe. The digoxigenin-labeled R2 probe c o l d i z e d  on a small number of 

individual DAPI-stained extrachromosomal DNA molecules (Figure 3.2.3. Panel B (a) and 

(b)), indicating that there are a large number of EEs generated in the Pm-B+ cells, but only a 

small percentage of the DAPI-stained EEs in the sample hybiidized with the R2 probe. 

These data suggest that the R2 gene is only one of many targets of c-Mycdependent 

genomic instability. 

3.2.3.4. c-Mye deregdafion has no Mect on R2 rnRNA levek 

To examine the effect of c-Myc overexpression on RZ rnRNA expression, we 
- - 

perfomed northem blot anal ysis on Poly (A)+ mRNA extracted from low c-Myc expressing 

WEHI 231 cells and constitutive c-Myc expressing MOPC 460D cells, 24 hours after 

seeding. R2 mRNA levels were 4.7-fold higher in WEHI 23 1 than in MOPC 460D cells at 

24 hours after seeding (data not show).  This was surprising in that MOPC 460D cells 

showed an increase in R2 gene cupy number by FBH. DCA, and Southmi analyses. 

Exarnination of the R2 message in PreB- and Pre-B+ cells was performed at two 

different time frarnes &er M~C-ER- activation with 4-HT. (Figure 3.2.4. (a) and @)). We 

perforrned the early tirne fiame northern analysis at 3, 6, and 9 hours after activation to 

determine whether R2 was a îmnmiptional target affectcd imrnediately following c-Myc 

deregdation. 4-HT-activatcd Re-B a l l s  displayed no changes in c-myc mRNA 
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transcription levels 3.2.4. (a)) as is expected, indicating thai 4-HI' does net affect 

tranmption levcls of c-myc mRNk Rn<her, activation of the M~C-EFtm constnict is 

reflected in its translocation to the nucleus. Immunohistochemical analysis of these ceils 

following 4-HT addition to the culture indicated a transient maximum translocation of the 

M ~ C - E R ~  to the nucleus 2-4 hours following activation. followed by a steady decrease to 

pre-activation levels (data not shown). Activation of M ~ C - E R ~  was followed by 

insignificant changes in steady-state levels of R2 rnRNA (Figure 3.2.4. (a)), indicating that 

R2 is not an imrnediate target of c-Myc transactivation. 

We then examined whether 72 hours of 4-HT activation of C - M ~ C - E R ~  in Pre-B+ 

cells affects levels of RZ mRNA (Figure 3.2.4 .(b)). The 72 hour time point was the peak of 

RZ instability. but R2 mRNA levels of Pre-B+ cells rcmaind unchanged (Figure 3.2.4. (b)). 

This indicates that there was also no long-term or pst-amplification effect of M ~ C - E R ~  

activation on transcription of RZ. While RZ gene amplification did accur following c-Myc 

overexpression, neither the RZ-containing EEs. nor the chromosornally amplifieci and 

reammged R2 gene locus is able to increase the levels of R2 message. No significant 

changes were detected by densitomtric analysis (not shown) since changes that arc not at 

least Zfold higher or lower than the respective control samples were no< regarded as 

relevant. 

There are at I w t  two possibilities that may explain this phenornenon and these are 

part of ongoing studies. For example. it is possible that transcription of RZ rnRNA h m  the 

extrachromosomal DNA circles is abrogated by inappropriate R2 amplicon structure 

because of the loss of key scquenas requireâ for the initiation of transcription. Only those 

that an functionally "cornplete*' may be expressed. Second. one rnight assume that thcn are 
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other targets of c-Myc dependent amplification in the vicinity of the R2 gene. In mice, the 

active ornithine decarboxylose (ODC) gene also lies on 6.00 CM of chtomosorne 12, while 

the active R2 gene is foiind one Morgan away (Mouse Genome Database, 

<http://www.infomaiics.jax.otgh, lune, 1999). R2 and ODC are part of the same 

amplification unit, rnapped to the same region (p24--p25) of chromosome 2 in humans 

(Yang-Feng et al., 1987). Mouse and human R2 and ODC gens display coamplificaîion 

following drug selection experiments. Selection of R2-overexpressing cells often results in 

the amplification of ODC (Yang-Feng et al., 1987) while selection for ODC overexpressors 

leads to the amplification and in some cases, the overexpression of the R2 subunit (Ask et 

al., 1993). The examples above are dmg-mediated. However, one cannot rule out the 

possibility that the same coamplification phenornenon may oca ir  following c-Myc 

deregulaiion. Both the R2 gene (Kuschak, unpublished data) and the ODC gene (Bello- 

Fernandez et al.. 1993) contain MydMax-binding E-box motifs, as do d e r  targets of c- 

Myc in genomic instability, such as DHFR (Mai and Jalava, 1994; Mai et al., 199t5a) and 

cyclin D2 (Mai et d.. 1999). ODC may confer a growth advantage (Polvinen et al., 1988) 

and has been shown to transfonn cells (Tabib and Bachrach, 1998). 

3.2.3.5. c-Myc dereguhion has no eflect on R2 protein levels. 

This study has shown that there are no changes in R2 mRNA levels, either due to c- 

Myc transactivation, or due to c-Mycdependent amplitication of the R2 gene. In order to 

examine whether R.2 pmtein levels wen affectai by c-Myc overexpression, we perfomied 

western blot analysis (Figure 3.2.5.) and measureû R2 protein levels in h - B +  cells at the 

same time points as were shidied by northem blotting. Accuracy of protein loading was 

determineci by staining with anti-Max 256. No changes were observbd in R2 protein levels 



in the 9 hours following activation of c-Myc overexprcssion. 

We also performed irnmunohistochemical a d y s i s  with the WEHI231 and 

MOPC460D cells 24 hours after seeding as well as with Pre-B- and Pre-B+ cells. This is a 

more sensitive rnethod since it is analyzed on the level of individual cells. In these 

experiments we used quantitative fluorescent immunohistofhemical analysis coupled with 

fluorescence intensity line rneasurements which allowed us to quantify expression levels and 

to differentiate between individual cells that might be expressing different arnounts of R2 

protein. 

When analyzing 100 WEHI 23 1 and 100 MOPC 460D cells, we observed low levels 

of c-Myc protein in WEHI 23lcells (Figure 3.2.6. Panel A (a) and Figure 3.2.7. (a)), in 

agreement with previous work (Mai et al., 1996a). while 88.6 % of MOPC 460D cells 

(Figure 3.2.6. Panel A (b) and Figure 3.2.7. (a)) displayed c-Myc protein levels that were 2- 

to 6-fold higher than those observed in WEHI 23 1. We also rneasured the R2 protein levels 

in WEHI 231 and MOPC 460D using immunohistochemical staining and 

immunofluorescent line measurernents. R2 protein levels in both WEHI 23 1 and MOPC 

460D were the sarne 24 hours after seeding (Figure 3.2.6. Panel A (c) and (d)); Figure 3.2.7. 

(b)). This data conflicts with Our expectations of higher R2 protein levels in WEHI 231. 

which showed roughly 5-fold higher levels of R2 message in WEHI 23 1. The reasons for 

this difference are unknown. 

W e  perfomKd long-term R2 protein experiments (72 houn after M ~ C - E R ~  

activation) in Pre-B cells in order to determine the levels of R2 protein following 

amplification of the R2 locus. The Pre-B line exhibits transient c-Myc activation (and 

upregulation) 72 hours after stimulation with 4-HT (Figure 3.2.7. (c)). While M ~ C - E R ~  



~t iva t ion  levels axe not as high at 72 hours as they are 3 to 4 houn after activation, they 

appear to be slightly higher than c-Myc levels fwnd in Re80 cells. This finding is not 

surprising due to the continual production of the M ~ C - E R ~ ~  constnict by the cells and 

residual 4-HT levels remaining in the medium. Using quantitative fluorescent 

imrnunohistochernistry and fluorescent intensity rneasurements, we evaluated 100 Pre-B- 

and 100 Pre-B+ cells using PLab Spectmm software. We measured c-Myc expression 

levels in Pre-B- cells (Figure 3.2.6. Panel B (a); Figure 3.2.7. (c)) and Pre-B+ cells (Figure 

3.2.6. Panel B (b); Figure 3.2.7. (c)). A portion of the Pre-B+ cell population measured 

showed c-Myc levels that were higher than those observa! in Pre-B- cells (Figure 3.2.6. 

Panel B (b); Figure 3.2.7. (c)). R2 protein levels were not significantly altered in any of the 

cells overexpressing c-Myc compared with their respective controls (Figure 3.2.6. Panel B 

(c) and (d); Figure 3.2.7. (d)). 

As previously noted, elevated levels of the ribonucleotide reductase R2 enzyme have 

been descri bed in some malignancies (Wright, 1989 and references therein). Furthemore, 

previous work has suggested that R2 is a "malignancy determinant*' in mechanisms of tumor 

progression. Fan et al. (19%) suggest that deregulation of R2 le& to the activation of the 

Raf/Ras/MAPK signaling paîhway, which affect downstream targets, such as the c-myc. 

Furthemore. bascd on growth of R2Myc clones in soft agar and tumor growth in syngeneic 

mice, Fan et al. (1998) reported thai R2 overexpnssion and c-Myc deregulation cooperate in 

the cellular transformation pnicess. 

Our work focused on the immediate effects of transient overcxpression of the c-Myc 

oncoprotein on the R2 locus. It centend on the consequena of a single (regulatable) change 

(c-Myc ovcrexprcsion in the d l )  within the contcxt of its direct effccts on the R2 gene. 



This study allowed us to examine two questions. the effects of c-Myc overexpression on R2 

gene amplification and fcanangements. and the effect of c-Myc overexpression on mRNA 

and protein levels of cells. pnor to and following amplification of the R2 gene in cultureci B 

lymphoid cells. 

Based on Our data, we conclude that initiation of c-Mycdependent genomic 

instability involves the R2 gene by affecting only its gene copy number. There is no 

evidence in this study to indicate that c-Myc protein deregulation is directly involved in 

deregulation of R2 gene expression. R2 is only one of a number of identifiecl targets of c- 

Myc-dependent genomic instability. DHFR (Mai et al., 1996a) and cyclin 0 2  (Mai et al., 

1999) are known targets of c-Myc-dependent genomic instability, but there are likely to be 

other, as yet unidentifîeû genes, whose stability is affecteci by c-Myc deregulation. Selective 

pressure may allow for the maintenance of specific genes with a role in the generation of the 

transformed phenotype. We conclude chat initiation of genomic instability and cellular 

transformation are distinct events. 

Conclusions 

(a) In this study, we have shown that tumor cells that constitutively overexpress c-Myc 

exhibit chrornosomal and extrachromosomal amplifications as well as rearrangement 

of the active ribonucleotide reductase R2 (R2) gene. in contrast, there was no 

evidence of genomic aiterations of the R2 gene in low c-Myc expressing cells. 

(b) To examine whether the instability of the R2 gene was a c-Myc dependent event or 

the result of general genomic instability, we analyzed ctlls in which c-Myc 

expression could be experimentaily rcgulated. Activation of the M ~ C - E R ~  construct 



in a mouse Prc-B cell line (AMB-Pre-B), was followed by chromosomal and 

extrachromosornai amplification as wcll as rearrangement of the R2 gene, 

demonstrating c-Myc-dependent instability of the RS gene locus. 

(c) c-Myc-induced instability of the R2 gene locus was not associated with 

transcriptional alteration of R2. Both R2 mRNA and protein levels were unaltered 

irrespective of c-Myc protein levels. 

(d) R2 is the first non-transcnbed target of c-Mycdependent genomic instability to be 

described. This finding is of general impoctance for Our understanding of the 

mec hanisms of c-M yc-induced ins tabili ty and neoplasi a. c-M yc-dependent genornic 

instability appears to involve two classes of genes: genes which remain functionally 

unaltered, such as R2, and genes whose overexpression follows their amplification Le. 

DHFR (Ulcke-Huhle et al., 1997) and cyclin 0 2  (Mai et al., 1999). Thus, c-Myc 

operates on a pool of functionally distinct target genes. Potential changes in the 

expression of such genes and selective pressure will determine their role in cellular 

proliferation. mutagenesis, or survival during the multi-step process of 

transformation. 
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FIGURE LEGENDS 

Figure 3.2.1. Ih AmplilZcath anà Repmagemeat of the R2 Gene Loais in c-Mye- 

Overexpressing Mouse B Lymphocytes is Detected by FlSH 

FISH analysis performed with a digoxigenin-labeled R2 probe and a FlTC-conjugated 

anti-digoxigenin antibody (Roche Diagnostics). (a) WEHI 231 cells. The arrow shows an 

endogenous single copy R2 gene. (b) and (c) FISH performed with MOPC 460D cells and a 

digoxigenin-labeled R2 probe. (d) FiSH analysis of Re-B- cells. The arrows show a single 

copy R2 gene. (e) and (f) Pre-B+ cells with a digoxigenin-labeled R2 probe (Roche 

Diagnostics). 
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Figure 3.2.1. The Amplification and Ramagement  of tbe R2 Gene Locus 



Figure 3.2.2. 

Lymphocytes is Deîecîed by Southeni B k  and D' i r sed  C d  Assay Anal-M. 

(a) BarnHi, EcoRI, EcoRV, &dm, and Pst I digested genomic DNA prepared from 

WEHI 23 1 (lanes 1-5) and MOPC 46ûD flanes 6-10). Enzymes were purchased from Roche 

Diagnostics. (b) glututhione peroxidase (GSHPX) control h ybridizaîions. R2 hybridizations 

(a) showeù detectable ciifferences in al1 of the lanes of WEHl231 and MOPC460D DNA. 

Hindm and Pst1 showed amplification, and EcoRV ~vealed both amplification and 

rearrangement of the R2 loci of c-Myc overexpressors. In (a). amplification is indicated by 

small, black arrows, and rearrangement is shown by large, open arrows. 

(c) BumHI, E=coRI, EkoRV. Hindm. and PstIdigested genornic DNA prepad from Re-B- 

cells (lanes 1-5). and CHT-activated PreB+ cells (lanes 6-10). (d) shows glututhione 

peroxidase (GSHPX) control hybridizations. Relative to the GSHPX loading control. Pd- 

digested DNA showed only R2 gene amplification in the c-Myc overexpressing cells, while 

BomHI-, EcoRI-, Hindm-. and EeoRV-digested genornic DNA showed amplifcation and 

narrangement of the RZ locus in high c-Myc expressing cells. In (c), amplification is 

indicated by small, black arrows. and Rarrangements are show by large. open arrows. 



Figure 3.2.2. Sorthem Analysh shows AmpMcation and Reamnpment of R2 

WEHI 231 MOPC 460D WEHI 23 1 MOPC 460D 



Figure 3.23. Panel A (ad) 

Figure 32.3. Paneh A and B. 

Ertrachromosomal Elcments are showi in PwB+ Lymphocytes by Electron 

Micmgmphs; R.2 Hybriâiption with EEs sâona by FISH. 

Panel A (ad) Electron micmgraphs of extracbrom>sod DNA prg>aied h m  (a) 

WEHI 231, (b) MOPC 460D, (c) Re-B- and (d) W B +  tek. The m w  in Panel A (d) 

indicaies a putative replication bubble in the Pre-B+ EEs. 



Figure 3.23. Panel B (a) and (b) FISH analysis of the Re-B+ cells. Pane1 B (a) shows 

Hi rt-extracted cxtnchromosomal DNA stained blue with 4'6'diamidino-2-phen y lindol) 

(DAPI) (Sigma) ( 1  ~ ~ r n ~ - '  in PBS) and Panel B (b) is a composite overlay which shows 

the green FITC-labled (Roche Diagnostics) anti-digoxigenin labeled RZ probe and 

extrachromosornai DNA counter-stained with DAPI (blue). The FITC-conjugated 

secondary antibodies are green when viewed aione, but appear white following image 

overlay with the blue DAPI counter-stained EEs. The arrows in Panel B (b) indicate co- 

local ization of DAPI signais (blue) with R2 signais show by FITCconjugated antibodies 

(white due to overlay). 



Cbri~tcr 3. 

Figure 3.2.3. Pand B (a-b) FISH Aidysis of PmB+ Cellr 



c-myc 

Lanes 1 2 3  4 5 6 7 %  

Time 
(hours) 0 3 6  9 O 3 6 9  

GAPDH - ( I )  h"C.IIcmœ 

Figure 3.2.4. 

There are No Changes in R2 mRNA Leveb Folbwing Triasieot e-Myc 

Overerpressh. 

(a) NorihRn analysis of Re-B (lanes 1 4 )  and W B +  (lanes 5-8) ceiis h m  O, 3,6, 

and 9 hours. 



Lanes 1 2 3  4 5  6 7 8 9 1 0 1 1 1 2 1 3 1 4  

Time O 6 9 1 2  244872  O 6  9 1 2 2 4 4 8 7 2  

@ou@ 

GAPDH 

Figure 3*2.4. (ô) N o r t h  analysis of Re-& (lanes 1-7) and R c B +  (lanes & 14) cells at O, 

6, 9, 12, 24, 48, aad 72 bours. The bbts are p b e d  with the genes for c-myc, Ri, aad 

GAPDH, as indicated in the figure. 
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Figure 3.2.5. 

Western Bbt Anaiysis shows tbat R2 Protein Leveb Remaii Unchinged Fohwing 

Activation of c-Myc Overtrpression 

Western bbt analysis on an 8 % acrylamide gel shows the 45 kDa R2 protein 

expression leveis in 4-HT-activaîed ReB+ ceiis at O, 3,6, and 9 hours (laaes 14). Accuracy 

of loadhg was controlled by hybridization with a-Max 256 amibody. (The anti-Max 256 - a ge-w gift h m  Dr. Achirn Wenzel and the anti-R2 anilbody was generaed b~ 

injeaion ofthe whole recombinant R2 protein hto a New Zealand Rabbit (Chan et al-, 1993 

and references therein). 



Figure 3.26. Paaels A and B. 

Quantitative FIuoresceat Imm- shows no changes in R2 Rotein 

Levels after c-Myc-InstabSty of the R2 Gene 

Panel A (a) shows immunohistochernical staining of WEHi 231 and Pane1 A (b) of 

MOPC 460D cells with anti-c-Myc antibody. Panel A (c) shows immunohistochemical 

staining of WEHI 23 1 and Panel A (d) of MORT 460D cells with a rabbit polyclonal anti- 

R2 antibody (Chan et al., 1993). Panel B (a) shows the immunohistochemical staining of 

Pre-B- cells and Panel B (b) of Pre-B+ cells with antic-Myc antibody. Panel B (c) shows 

immunohistochernical staining Pre-B- cells and Panel B (d) of Pre-B+ cells with the 

polyclonal rabbit anti-R2 antibody. 



CluDter 3. R e a b  

Figure 3.2.6. Panel A (ad) 



Figure 3.2.7* 

c-Myc and R2 Roteh ExpIieSSiOll IRveIs Mcrairod by Qurrntitd~e Fhmmsœnt 

Immunohistochemistry~ 

Figure 3.2.7. (ad) describes the percentage of cells per fluorescent intensity range 

following immunohistodiernical staining. (a) Relative c-Myc expression kvels  in WEHI 

23 1 and MOPC 460D cells. (b) Relative R.2 expression levels in WEHI 23 1 and MOPC 

46ûD cells. (c) Relative c-Myc expression levels of Pre-B cells grown in the absence (Pre- 

B-) and presence (Pre-B+) of 4-HT. (d) Relative R2 expression levels of Pre-B- and Pre-B+ 

cells. 



C ô a ~ t c r  3. R d b  

Figure 3.2.7. c-Mye ind R2 Protein Expression Levds 



Table 1 

Cell Lies U d  in îhis Study. 

Ce11 Line Cell T m  tvc Protein Level 

WEHI 23 1 mouse l ymphoblastoid tumor low 

MOPC 460D mouse plasmacytoma constitutively deregulated 

AMB Pre-B mouse Pre-B lymphocyte line regulateable 
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ABSTRACT 

We describe a gentle and effective method for rapid and rcproducible isolation of 

histone-bound extrachromosomal DNA molecules (ex trachromosomal elements; EEs). 

This method facilitates the harvest of a specific population of EEs following their 

isolation from cultured cells, prirnary tissues and tumor cells by the Hirt method (3). 

Wiener et al. ( 1  1) showed that active histone is bound to EEs and demonsttated that these 

histone- bound EEs carry active1 y transcri bing c-myc genes. The method described here 

exploits the presence of histones on EEs, and serves as a first-step purificztion procedure, 

allowing for cloning or multi-variant analysis of an immunopurified sample of EEs. We 

islolated EEs from 4-hydroxytamoxifen-activated Myc-ERTM regdatable Pm-B ABM 

cells. Following one round of immunoprecipitation, we demonstrate purification of 

histone-bound EEs. We confirmed that our purification enriched for EEs that cany genes 

by using FISH-EEs (4) where we probed nonenricheci and immunopurified EEs with a 

dihydrofolate reductase (DHFR) cDNA probe, known to detect extrachromosomal 

amplification in these Myc-activated cells (4, 6, 7). We demonstrate the enrichment of 

immunoprecipitated DHFR-containing extrachromosomal DNA molecules. 



3.3.1. INTRODUCTION 

To facilitate the isolation of functional extrachmosomal circular DNA 

molecules (or EEs) extracted from tissue culture cells or clinical samples, we have further 

adapted the Hirt protocol (3) that was onginally designed to isolate polyorna virus 

particles. Preparations of EEs are frequently contarninated with varying arnounts of 

genomic DNA and/or apoptotic DNA fragments (9). The contamination of EEs with 

genomic and apoptotic DNA was addressed by Gaubatz and Flores (2), who described the 

use of exonuclease ïü, an enzyme that removes linear DNA molecules from these 

preparations. Exonuclease m also digests open and nicked circular extrachromosomal 

DNA molecules, potentially eliminating some of the EEs. Therefore, the use of this 

enzyme may compromise the isolation of a true and representative population of 

potentially transcriptionally or replicationally active EEs from a cell. 

Wiener et al. (1 1) described a population of EEs that were able to actively 

transcribe c-myc mRNA. Moreover, these functional EEs carried active histone proteins. 

We have used the presence of histones on functional EEs to develop a method enabling 

the isolation of EEs that carry genes. leaving behind genomic and apoptotic contaminants 

from cells, as well as histone-free Eh. The value of this purification is demonstrated by 

the enrichment in the population of EEs that carries genes. Ln these experiments Our 

immunopurified EEs showed an enriched population of EEs that cany DHFR gene 

sequences. 

The advantage of this immunoprecipitation method is that, as a fint post- 

extraction purification step, it allows for a number of analytical procedures to be 

conducted on a pure heterogeneous, but noncontarninatcd population of EEs derived 



from cultured cells, primary tissue, or tumor samples. The immunopurified EEs can bz 

cloned and used to create Iibrarics. Momver, purificd EEs can be uscd to study genomic 

instability and mechanisms of gene amplification through procedures such as FISH-EEs, 

mRNA FISH, electron microscopy, cloning, and Southem biotting. 



3.3.2. MATERIALS AND METHODS 

33.2.1. CeU Culture 

A mouse AMB Pre-B ce11 line used for the generation and isolation of 

ex;rachromosomal DNA purification. This is a Myc-regdatable ceIl line that camies a 

Myc-ERTM that is activated by the addition of 100 nM 4-hydroxytamoxifen (4-HT) 

(S igma-Aldrich Canada, Winston, ON, Canada). (For simplicity, 4-HT-activateci cells are 

referred to as Pre-B+ cells.) The origin of Pte-B cells (9) and their culture conditions (5) 

have been described. 

33.2.2. Isolation of EEs 

We began out experiments by isolating EEs Pre-B+ cells. Our procedure for EE 

isolation is based on the protml  of Hin (3) and modifieci as described previously (4). 

The Hirt extract contains the bulk of the EEs and the total cellular RNA, but it may also 

be contaminated with small linear fragments of genomic DNA, and apoptotic DNA 

fragments which has been estimated to comprise 0.5 - 1.0% of the total amount of EEs 

isolated (9)- Extrachromosomal DNA consists of a heterogeneous population of smail 

polydispersed circles that can contain highly repetitive and mid-repetitive, as well as gene 

family sequences (1). Following isolation, ail manipulations of EEs were perfomed in 

sterile, siliconized micro-centrifuge tubes (Fisherbrand. Fisher Scientific, Pittsburgh, PA, 

USA). 

3.3.2.3. PuM~cation of Histone-Containing Extrachromosod DNA Molecula 

We pretreated the Protein G sepharose beads (Amersham Pharmacia Biotech, Inc, 

Baie d'Urfé. PQ. Canada). used for the immunopurification of the EEs. We washed 1 mg 

of Protein G sepharose beads in 5 mL Buffer A (100 mM KCl, 10 rnM Trizma pH 7.4, 1 



mM Na2EDTA. ImM Dm. 1mM AEBSF) by placing on a mtating plaiforni for 10 

minutes at room temperature. (KCI, Trizma base, and Na2EDTA were purchased from 

Sigma-Aldrich Canada, Winston, ON. Canada; DTï was purchased from FLUKA 

through Sigma-Aldrich Canada, Winston. ON. Canada AEBSF was purchased from 

Roche Diagnostics. Laval, PQ, Canada). The beads were centrifuged at 13,000 rpm 

(1 6,000 x g) for 10 minutes at room temperature and the supernatant was removed and 

discarded. This washing procedure was performed a total of 3 times. The non-specific 

binding sites on 40 pi, of beads were blocked by resuspending the Seads in 300 pL of 

Buffer B (Buffer A + 4% ("/,) Bovine Serum Alburnin) (FLUKA purchased through 

Sigma-Aldrich Canada, Winston, ON, Canada). The binding of the sheep anti-core 

histone antibody to the Protein G sepharose beads is shown in Figure 1. 

ImmunopuriFication of extrachromosomal elements was used to perfonn the 

isolation of the Hirt-extracted histone-bound EEs from the impurities found in the Hirt- 

extracted EE sarnple. Freshly extracted EEs were dialyzed against 1 x TE buffer (10 rnM 

Trizma base, 1 m M  Na2EDTA, pH 8.0) ovemight at 4°C (Trizma base and Na2EDTA 

were purchased from Sigma-Aldrich Canada, Winston, ON, Canada). The EEs were then 

incubated in 500 pL Buffer B on a rotating platform for 10 minutes at rwm temperature. 

We added lpg of anticore histone antibody per pg of EEs and incubated the mixture for 

30 minutes at room temperature on a rotating platform. The blocked beads were then 

added to the antibody-treated EEs and incubated overnight on a rotating platform at rmm 

temperature. Following this incubation, the EE/beads were centrifuged at 13,000 rpm for 

IO minutes at room temperature to rcmove any unbound material. The EEheads were 

washed t h e  times with Buffer A to Fcmove any residual unbound material. We eluted 



the bound histonecontaining EEs by adding 300 pL of 100 mM glycine (Sigma-Aldrich 

Canada, Winston, ON, Canada) (pH 2.3) to the beads and mixing gently by inverting the 

tube 5-10 times. The tube was centrifuged at 13,000 rpm for 10 minutes at room 

temperature and the supernatant (eluate) was removed and collected. This eluate was 

immediately neutralized to pH 7.2 using 1 M Trizma, pH 8.0. The elution step was 

repeated once more and the two collected eluates were pooled together. The sample was 

concentrated to approximately 40 pL by rotoevaporation. 

33.2.4. Analyses of Immunopurifi~ed Extrachromosod Elements 

The following protocol allows the fixation of the EEs ont0 glass microscope 

slides and it ensures that the EEs are containeci within a small area. Briefly: 40 pL of Hirt 

extract (3) or immunopurified and concentrated EEs are diluted 1: 1 in a fixative solution 

(freshly prepared 3: 1 methano1:actetic acid) and then delivered ont0 precooled slides (60 

seconds on dry ice) (0. Kindler, Germany). The slides are imrnediately moved ont0 a 

slide wanner (37OC). The fixation procedure continues as descnbed previously (4). 

(Methanol was purchased from FLUKA through Sigma-Aldrich Canada, Winston, ON, 

Canada and acetic acid was purchased through Sigma-Aldrich Canada, Winston, ON, 

Canada.) 

We visualized non-immunopurified and immunopurified Hirtextracted EEs by 

immunohistochemical stahing (5). For this procedure, we used a sheep anticore histone 

antibody (Sigma-Aldrich Canada, Winston, ON, Canada) diluted 1 :200 and incubated for 

30 minutes at room temperature. This was followed by incubation with a secondary 

antibody, a donkey anti-sheep IgG-FTK antibody (Sigma-Aldrich Canada, Winston. ON, 

Canada) diluteâ 1 :400 in lamb semm (Gibco/BRL, Life Technologies, Inc., Burlington, 



ON, Canada) and incubated for 30 minutes at rwm temperature. hmunofluorescent 

analysis of histone-bound EEs was p e r f o d  as previously describai (5). the only 

modification being the omission of the permiabilization step. 4.6' diamidino-2- 

phenylindole (DAPI) ( Sigma-Aldrich Canada, Winston, ON, Canada) (1pgm~- '  in PBS) 

is used to counter-stain both the DNA in the EEs and any genomic DNA contarninants. 

Anti-bleach (6) is added to preserve the fluorescence of the sample and to function as a 

rnount for the cover slip. We analyzed the immunostained EEs using a Zeiss Axioplan2 

microscope (Carl Zeiss Canada, Inc., Ottawa ON. Canada) under a 63x oil immersion 

objective and a UV filter. The images were acquired using Northem Eclipse 5.0 software 

(Ernpix Imaging Inc., Mississauga, ON, Canada) and a Sony (mode1 XC75) CCD canera- 

Adaptive thresholding tools (Northem Eciipse version 5.0 from Empix Irnaging Inc., 

Mississa.uga, ON, Canada) were used to remove al1 dots from the DAPI-stained images 

that were I 5 x 5 pixels in size at a magnification when we used a 0.63~ oil immersion 

objective lens and a 0 . 6 3 ~  adapter. 

FISH-EEs (4) was performed on Hirtextracted EEs and on immuriopurified EEs 

using a DHFR probe (6). We analyzed the EEs using a Zeiss Axiophot microscope (Carl 

Zeiss Canada, Inc., Ottawa ON, Canada) under a 63x oil immersion objective, a lx 

magnification adapter, and a W filter. The images were acquired using IPLab software 

(Scanalytics, Fairfax VA, USA) Photometrics (CH250la) CCD camera equipped with a 

KM-1400-50 sensor chip (1317 x 1035 pixels, Kodak). 



33.3. RESULTS 

The isolation of the histone-bound population of extrachromosomal DNA 

extracted from Pre-B+ cells (4) was performed by immunoprecipitation. Pre-B+ cells 

contain a 4-HT-responsive Myc-ERTM consüuct and have been activated with 4-HT to 

overexpress c-Myc (5). This induces the activation of EEs from c-Myc overexpressing 

Pre-B+ cells. These EEs were isolateci. first by Hirt extraction, and then followed by 

imrnunoprecipitation of histone-bound EEs (5 ,7) .  

3.3.3.1. Binding of Anti-Core Histone Antibody to Protein G Sepharose Beads 

Sheep anti-core histone antibody (Sigma Chemical Company, St. Louis Mo.) was 

bound to Protein G sepharose beads (Amersharn Pharmacia Biotech) according to 

manufacturer's instructions. Briefly. the anti-histone antibody was eluted from the 

Protein G sepharose beads by incubating in 100 m M  glycine buffer. pH 2.3. The eluate 

was immediately neutralized to pH 7.2 using 1 M Trizma Buffer, pH 8.0. Figure 3.3.1. 

shows the successful binding and elution of the sheep anti-core histone antibody from the 

Protein G sepharose beads. 

Irnmunostaining shows Enrichment of Histone-Bound EEs foiiowing HIP-EEs 

Figure 3.3.2. (a-f) shows immunohistochemical staïning for the presence of histone 

proteins on EEs. Non-immunopurified EEs (Figure 3.3.2. (ac))  are compared with 

immunoprecipitated EEs (Figure 3.3.2. (d-f)). In this figure, large white arrows indicate 

CO-localized DAPI and FlTC signals and small white arrows indicate FiTC signals Chat 

do not CO-localize with a light blue DAPI signal (see Figure 3.3.2. (0). 3.3.2. (a*) shows 

the relative proportion of histone-bound EEs in a sarnplc of non-purified EEs. Figure 

3.3.2. (a) shows a large population of extrachromosomal elements, shown by pale blue or 



white DAPI signals. Figure 3.3.2. (b) shows light yellow or white signals from FïïC- 

conjugated donkey anti-sheep antibody, indicating the presence of EEs bound by histone 

proteins. Figure 3.3.2. (c) is the overlay of (a) and (b), where light yellow FiTC signais 

are over-layed with the pale blue DAPI-stained EEs. These over-layed signals are visible 

as distinct light yellow or white dots. In the antibody-purified population (Figure 3.3.2. 

(d-f)), we observed an enrichment in histone-bound EEs. Figure 3.3.2. (d), shows a sparse 

population of DAPI-stained ext.rachromosomal DNA, seen as blue dots. Figure 3.3.2. (e) 

shows an equally sparse population of pde yellow dots generated by the FiTC- 

conjugated donkey anti-sheep antibody, and corresponding to extrachromosomal DNA 

after immunopurification of histone-bound Eh. Figure 3.3.2. (f) illustrates the overlay of 

Figure 3.3.2. (d) and (e). In this figure, the majority of DAPI signals CO-localize with 

FITC signals, and appear as pale blue or white dots (see large white arrows). Figure 3.3.2. 

(f) also shows FITC signals where there is no co-locaiization with DAPI signals (see 

small white arrows). The reason for this is likely that DAPI intercalates into the DNA, 

but its signal was not arnplified further. In contrat, the sheep antkore histone antibody 

was amplified by the donkey anti-sheep secondary antibody, giving a greater relative 

signal intensity in comparison to the DAPX signal intensity. 

The data show that there are fewer DAPI signals in the immunopurified sample 

(Figure 3.3.2. (d-f)), indicating fewer EEs in the immunopurified sample, as compared to 

the non-immunopurified EEs. However, of the EEs isolated by immunopurification, the 

majority is CO-localized with bright yellow or white signals indicative of histone protein. 

This demonstrates an en richment of histone-bound EE. 



FISH-EEs shows Enrichment of DHFR Sequences on EEs foUowing HP-EEs 

To assess the value of this EE immunopurification method, we assayed for the 

enrichment of an extrachromosomally amplified gene. It was demonstrated previously 

that c-Myc deregulation results in amplification of DHFR in mouse, rat. hamster. and 

human ceIl lines (6.7). We showed by the FISH-EEs method, that DHFR was present on 

extrachromosornal DNA from Pre-B+ cells (4). We hypothesized that the enrichment of 

the Hirt-extracted EEs by Our immunopurification method should increase the relative 

ratio of DHFRcontaining EEs when comparing non-immunoprecipitated with 

immunoprecipitated EE sample populations. 

Figure 3.3.3. (a-f) illustrates the comparison of DHFR-containing EEs from non- 

immunopurified EEs (Figure 3.3.3. (a-c)) with DHFR-containing EEs fmm 

immunopurified EEs (Figure 3.3.3. (d-f)). In Figure 3.3.3. (f), large white arrows indicate 

CO-localized DAPI and FiTC signais, small white mows indicate FiTC signals that do 

not CO-localize with DAPI signals, and open arrows indicate DAPI signals where there is 

no co-localized FITC signal. Figure 3.3.3. (a-c) shows the results of FISH-EEs 

experiments where we probed a non4 mmunoprecipitaied population of Hi rt-extracted 

EEs with a digoxigenin-labeled DHFR cDNA probe. Figure 3.3.3. (a) shows a large 

population of DAPI-stained EEs, shown as pale blue or white dots. Figure 3 (b) shows a 

sparse population of EEs detected by a digoxigenin-labeled DHFR cDNA probe and 

amplifieci by a FITC-conjugated antidigoxigenin antibody. These signals appear as small 

green, or larger pale yellow dots. The overlay of Figure 3.3.3. (a) and (b) shows the co- 

localization of DAPI and FITC signals and appear as pale yellow or white dots. Figure 

3.3.3. (a-c) indicates a very small number of DHFR FISH-EEs signals relative to a very 



large number of DAPI signals in the non-immunopunfied EE population. (Figure 3.3.3. 

(d-f)) shows the rcsults of FISH-EEs experirnents conducted with immunopurified EEs. 

Figure 3.3.3. (d) illustrates that there is smaller number of DAPI-stained EEs in the 

population isolated by immunopurification, than in the non-purified sample shown in 

(Figure 3.3.3. (a)). These signals appear as pale blue or white dots. Figure 3.3.3. (e) 

shows a greater number of EEs that hybridize to a DHFR probe than in the non-purified 

sample (Figure 3.3.3. (b)), appearing as pale yellow signals. The overlay of Figures 3.3.3. 

(d) and (e) shows a higher proportion of DHFR-stained EEs that CO-localize to DAPI- 

stained EEs (Figure 3.3.3. (f)). In Figure 3.3.3. (0, large white arrows indicate DHFR 

signals that CO-localize with DAPI signals. This overlay shows an increased proportion of 

DHFR-containing EEs in comparison to the non-purified EE sample. Srnall white arrows 

in Figure 3.3.3. ( f )  show Fï ïC signais that do  not CO-localize with DAPI signais. As 

describeci above, this is likely due to the relatively poor signai intensity of DAPI in 

comparison with the amplified DHFR signal amplified by a secondary antibody (see 

MATERIALS AND METHODS). Figure 3.3.3. ( f )  shows in increase in the number of 

co-localized DAPI-FïT'C signais in comparison with the proportion of DAPI-FITC co- 

localized signals in the non-purifie. sample shown in Figure 3.3.3. (c). In addition, in 

Figure 3.3.3. (f) we also observeci a number of DAPI signals that did not show co- 

localization with a FITC signal (see open arrow). These are likely histone containing EEs 

that do not contain DHFR sequences, but may contain sequences from other gene 

families (5, 8.9). 

Overall. these data indicate enrichment in the number of EEs that carry DHFR 

sequences, and presumably sequences of other c-Myc target genes, such as 



ribonucleotide reducrase R I  and R2 genes (4, 5) ,  cyclin 0 2  (9), and potentially other, as 

yet unidentifie- gcnes. 

3.3.4. DISCUSSION 

The immunopurification of the active population of extrachromosomal DNA 

molecules is advantageous in studying functional EEs since it enriches for a potentially 

active population of EEs, removing the non-histone-bound and presumabl y 

inconsequential population of EEs from the extrachromosomal DNA population. The 

value of this method as a means of isolating potentiaily functional EEs from a large 

population of extrachromosomal DNA amplicons was assessed b y two methods. 

We began by analyzing non-immunopurified and immunopurified EEs by 

immunostaining for histone protein and comparing the ratio of DAPI-stained DNA 

molecules that CO-hybridized with the signal from an anti-histone antibody (Figure 3.3.2. 

(a-0). We saw an enrichment of histone-bound EEs in the immunopunfied samples. 

Nearly al1 of the EEs in the sarnple of immunopurified EEs showed CO-localization with 

FITC, indicating that the majority of the EEs in the punfied samples contained histone 

proteins. The results of the immunostaining assay shows that this method is successhil in 

isolating histone-bound EEs from a large pool of EEs that do not contain histone protein. 

The second method of assessrnent was the comparison of the number of EEs that 

hybridize with a gene of interest, in this case DHFR (Figure 3.3.3. (a-f)). The experiment 

shows that immunopurified EEs carry a larger relative number of DHFR sequences. 

indicating an overall ennchment of specific extrachromosornai amplkons. Figure 3.3.3. 

(f) shows that dthough the= is an i n c r w t  in the proportion of EEs that hybndize with a 

DHFR probe. there are also a number of EEs when no FïTC signal is seen to CO-localize 



with DAPI stained EEs. This is expected since previous work has shown that a number of 

genes can be found on EEs from M yc-ERTM-activated mouse Re-B+ cells. Thcse includc 

ribonucleotide reductase R I  and R2 (4,5), cyclin D2 (8), as well as DHFR (7) sequences. 

It is likely that there are others as well. 

In conclusion, we have shown that our method for immunopurification of EEs is 

useful as a means of studying extrachromosomal gene amplification phenornena as well 

as amplification-mediated expression of oncogenes, dmg-resistance genes, and 

potentially others. A body of literature is accumulating describing the role of 

extrachromosomal DNA molecules in tumor initiation and progression. The 

immunopurification of EEs is a novel tool that is ideally suited as a first step purification 

of EEs for a variety of studies in cultured cells, primary cells, and tumor sarnples. These 

analyses and procedures include generating Iibraries of EEs from cells, analyses of EEs 

by electron microscopy, fluorescent in situ hybridization (FISH-EEs) (4, 5, 7 ,  8). mRNA 

FISH (IO, 1 l) ,  cloning, and Southem blotting. 



ACKNOWLEDGEMENTS 

T.I.K. is the mipient of the G.H. Sellers Graduate Studentship h m  the Manitoba 

Institute of Cell Biology and CancerCare Manitoba This research was funded by grants 

to S.M. and J.A.W. from National Science and Engineering Research Council and the 

Medical Research Council. The Genomic Centre for Cancer Research and Diagnosis is a 

Canada Foundation for Innovation (CF1)-funded RegionailNational research facility. We 

thank Kevin Coonan from Empix Imaging inc., (Mississauga, ON, Canada) for custom- 

design and installation of imaging software applications. 



Chairter 3. R d t s  

REFERENCES 

Cohen, S, Regev, A, and Lsvi, S. 1997. Smdl polydispersed circular DNA (spc 

DNA) in human cells: association with genomic instability. Oncogene 14: 977- 

985. 

Gaubatz, J. W. and Flores, S. C. 1990. Purification of eucaryotic 

extrachromosomal circular DNAs using exonuclease III. Analyt. Biochem. 184, 

305-3 IO. 

Hirt, B. 1967. Selective Extraction of Polyoma DNA from Infected Mouse Cell 

Cultures. J. Mol. Biol. 26: 365-369. 

Kuschak, T.1, Paul, J.T., Wright, J.A., Mushinski, J.F., and Mai, S. 1999. 

FISH on purified extrachromosomal DNA molecules. TT0 http:// 

biomednet.com/db/tto T0 1 669. 

Kuschak, T.I., Taylor, CT, Mushinski, J.F., Headerson, Dow, Israels, S., 

McMillan-Warù, E, Wright, J.A., Mai, S. 1999. The ribonucleotide reductase 

R2 gene is a non-transcribed target of c-Myc-induced genomic instability. Gene 

238: 35 1-365. 

Mai, S., 1994. Overexpression of c-myc prsccdes amplification of the gene 

encoding dihydrofolate reductase. Gene 148: 253-260. 

Mai, S., Hanley-Hyde, J., and Flurî, M. 1996. c-Myc overexpression associated 

DHFR gene amplification in hamster. rat, mouse and human cell lines. Oncogene 

12: 277-288. 

Mai, S, Hadey-Hyde J, Rainey J, KurhPk, TI, F'îuri M., Taylor C, 

Lit t i ewd T.D, Mischak H, Stevens L.M, H e n d e m  D.W, and Mushinski 



J.F. 1999. Chromosorna1 and extrachromosomal instability of the cyclin 0 2  gene is 

i n d u d  by Myc overcxpression. Neoplasia. 1: 241-252. 

Regev, A., Cohen, S., Cohen, E, Bar-Am, 1. and Lavi, S. 1998. Telomeric 

repeats on smail polydisperse circular DNA (spcDNA) and genomic instability. 

Oncogene 17: 3455-346 1. 

Szeles A., Kerstin, I., Falk, S.I., and Klein, G. 1999. Visualization of alternative 

Epstein-Barr Virus expression prograrns by fluorescent in situ hybridization at the 

ce11 level. J. Virol. 73: 5064-5069. 

Wiener, F., Kuschak, T.I., Ohno, S., and Md, S. 1999. Deregulated expression 

of c-Myc in a translocation-negative plasmacytoma on extrachromosomal 

elements that carry IgH and myc genes. Proc. Natl. Acad. Sci. USA. 96: 13967- 

13972. 



FIGURES 

Figure 3.3.1. 

Binding and elution of sbeep aiti-core histone antibody to pmteia G beads. 

Lane 1 was loaded with 4% ('*IV) bovine senim albumin. Lane 2 was loaded with 20 pg 

sheep anti-core histone antibody. Lane 3 contains mbound sheep anti-core histone 

antibody fkom the ProteinG sepharose beads. Lanes 4-6 were loadeâ with washes 1-3, 

where the Protein G sepharose beads were wasbed with B a e r  A. Lane 7 contains sheep 

anti-core histone antibody following elution with 100 mM glycine @H 2.3) and 

neutnilization with Trizma pH 8.0. (Each lane was loaded with 300 pL of  sample that had 

been roto-evaporated to a final volume of  20 W.) The black arrow indicates bands 

corresponding to sheep anti-core histone antibody following elution h m  Protein G 

sepharos beads using 100 mM glycine, pH 2.3 and immediate neutralization with 1 M 

Trizma pH 8.0. 



Figure 33.2. (a-f) 

Irnmunoprceipitation of EEs with anticore histone antibody isoiates bistoaebound 

extrachromosod elements. Figure 3.3.2. (a-f) shows the relative proportion of 

histone-bound EEs in non-purified EEs from Pre-B+ cells. (a) shows DAPI-stained non- 

purified Hirt-extracted EEs (b) shows anticore histone antibody immunostaining of EEs 

(green dots). (c) shows the over-lays of (a) and (b). Figure 3.3.2. (d-f) shows the relative 

proportion of histone-bound EEs in punfied EEs. (d) shows DAPI-stained 

immunopurified Hirt-extracted EEs, (e) shows anti-core histone antibody 

immunostaining of immunopurified EEs. (0 shows the over-lays of (d) and (e). Large 

white arrows in (f) indicate co-localized DAPI and FïîC signals. Smail white arrows 

indicate FlTC signals without CO-locaiized DAPI signals. See RESULTS for details. 



Figure 333. (a-t) 

Lmmunoprecipitation of EEs with inti-core histone antibody enriches for 

extrachromosomril elements that carry DHFR sequenus. Figure 3.3.3. (a-c) shows 

the relative proportion of non-immunopurified EEs that carry DHFR gene sequences. (a) 

shows, DAPI-stained non-immunopurified Hirtextracteâ EEs. (b) shows EEs probed by 

FISH-EEs using a FiTC-conjugated antidigoxigenin digoxigenin-labeled DHFR probe. 

(c) shows the over-lays of (a) and (b). Figure 3.3.3. (d-f) shows the relative proportion of 

i mmunopuri fed EEs that carries DHFR gene sequences. (d) shows DAPI-stained 

immunopurified Hirtextracted EEs, and (e) shows immunopurified EEs that cary 

DHFR gene sequences. (f) shows the over-lays of (d) and (e). Large white arrows in (f) 

indicate CO-localized DAPI and FITC signals. Small white arrows indicate FTïC signals 

without CO-localized DAPI signals. Open white arrows show EEs where a light blue 

DAPI signal is seen without a FITC CO-localized signal. See RESULTS for details. 



Chapter 3.4 

Preface 

Chapter 3 -4 describes my study that aims to elucidate the mechanism of c-Myc- 

dependent amplificaiion of the mouse ribonucleotide reductuse R2 gene locus. specifically 

at the stage of its initiation. 

This body of work is the first to describe the c-Myc-dependent replication-driven 

mechanism through which the amplification of the ribonucleotide reductase R2 gene is 

initiated. c-Myc iippears to initiate iliegitimate re-replication-events during the course of 

a single celi cycle. This manuscript contributes to the field of genomic instability, and 

specifically the understanding of the role that c-Myc plays in locus-specifïc gene 

amplification. It is the first to show that the mechanism of c-Myc-induced amplification 

of a target gene ribonrccleotîàe reductase R2 (and perhaps other genes) is a replication- 

driven phenomenon that is reminiscent of the onionrkin mode1 initially described by 

Varshavsky (198 I )  and later by Mariani and Schimke (1984) as well as others. 
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Ab breviations 

2D: two-di mensional; 4-HT: 4-h ydrox ytamoxi fen ; bp: base pair(s); BrdU: 

bromodeoxyuridine; cDNA: DNA complementary to RNA; DABCO: 

diazabicyclo[2.2.2]-octane; DAPI: 4',6' diamidino-2-phenylindole; DHFR: gene 

encoding dihydrofolate reductase Dm: dithiothreitol; FiTc: fluorescein isothiocyanate; 

EEs: extrachromosoma) elements; EM: electron microscope; FISH: fluorescent in situ 

hybridization; HEPES: N-2-hydroxyethylpiperizine-N'-2ethane sulphonic acid; 

internat ional unit(s); kDa: kiIodal ton(s); LTR: iong terminal repeat; Na2EDTA: 

Ethylarninediaminetetraacetic acid. disodium salt; PBS: phosphate buffered saline (0.15 

M NaCl, 1.4 rnM NaH2POa, 4.3 mM NaH2_POI. 0.0 1 5 M Na3 citrate); R2: gene encoding 

ribonucleotide reductase R2; SCP: sodium citrate phosphate buffer; SDS: sodium 

dodecyl sulphate; SSC: standard sodium citrate (0.015 M sodium citrate, 0.15 M sodium 

chloride); TBE: trizma borate Na2EDTA: TE: trizma Na2EDTA; TXRD: texas r d ;  QM; 

quinacrine mustard. 



ABSTRACT 

During c-Mycdependent ribonucleotide reductase R2 amplification, 

chromosomal and extrachromosomal amplicons are generated within 72 hours. The 

mechanisrn of c-Myc-induced R2 amplification is unknown. We have exarnined four non- 

canonical E-box sequences present in the region flanking Exon Vm of mouse R2. These 

E-box sequences bind c-MycMax heterodimers in vivo. We demonstrate initiation of c- 

Myc-dependent RZ re-replication 24 hours after Myc-ERm activation in synchronized 

Pre-B cells in vivo. Al1 four E-boxes are within the R2 replication initiation zone and are 

part of c-Myc-cïriven re-replication. In cells where c-Myc deregulated we show enhanced 

BrdU uptake into Band A of mouse chromosome 12 that contains R2, suggesting chat R2 

amplification is initialized during illegitimate R2 re-replication. We describe a c-Myc- 

dependent, replication-driven mechanisrn for the initiation of R2 gene amplification. 



3.4.1. INTRODUCTION 

Turnor cells can anse in healthy tissue following the accumulation of DNA 

lesions that may contribute a growth advantage to these cells (reviewed in Bishop, 1987; 

Vogelstein and Kinzler, 1993; Knudson, 1996). Genetic lesions can occur in the form of 

numerical chromosome aberrations, translocations, deletions, point mutations, as well as  

locus specific gene amplification. These lesions are capable of altering the expression of 

oncogenes and tumor suppressor genes. Genomic instability is also seen in repair- and 

tumor suppressor-deficient cells (Donner and Preston, 1996; Fukasawa et al., 1997). 

The focus of this work is gene amplification. Gene amplification is not found in 

normal cells (Fidler and Hart, 1982; Nowel, 1976; Tlsty et al., 1989; Tlsty, 1990). When 

it does occur, gene arnplification can be intrachromosomal and can be seen as 

Homogeneousl y Staining Regions (HSRs) or as Double Minutes (DMs) (Cowell, 1 982; - 

Schirnke, 1988, 1992; Harnlin et al., 199 1 ; Stark, 1993). In many cases, these amplicons 

have k e n  shown to cany oncogenes (Sanchez et al., 1998; Kaira et al., 1998), and cirug 

resistance genes (reviewed in Von Hoff, 199 1). 

Gene amplification has been studied in in vitro models, where a large number of 

drug-resistant clones have been selected and isolated using a variety of ce11 cycle 

inhibiting dnigs (Schirnke 1988, Hamlin et al., 199 1 ; Knudson, 1986). The most common 

method of generating drug-resistant clones is through gene amplification by using drug 

selection methods that will amplify a target gene (Johnston et al., 1983; Tlsty et al., 

1989). Gene arnplification is thought to occur either through replication- or through 

segregation-driven mechanisms. Significant progress has been made in studying the early 

events that ocnir in drugdependent gene amplification (Ma et al.. 1993; Singer et al.. 



2000) however, the early events in oncogenedependent gene amplification, are less well 

known, as is exemplified by a poor understanding of c-Myc dependent gene 

amplification. 

c-Myc deregulation is now recognized as an important factor in initiating and 

promoting genomic instability that results in locus-specific gene amplification (Denis et al., 

199 1 ; Mai, 1994; Mai et al., 1996a, 1999, Kuschak et al., l999a) and karyotypic instability 

(Mai et al., 1996b; Felsher and Bishop, 1999). 

c-Myc dependent gene amplification is associateci with the binding of c-Myc/Max 

heterodirners to E-box motifs located on c-Myc target genes. c-MycMax heterodimers in 

cell-free extracts of proliferating cells were shown to bind to two adjacent 5'-flanking E- 

box motifs of the gene encoding murine dihydrofohte reductue ( D m )  (Mai and 

Jalava, 1994; Wells et al., 1996) and four E-box motifs located in the 5'-flanking region 

of the murine eyclin DZ gene (Mai et al.. 1994). In the DHFR-related studies, binding of 

c-MycMax heterodimers was correlated with cellular proliferation and DNA synthesis. 

Regulatable overexpression of c-Myc precedes enhanced binding of c-MyclMax 

heterodimers to the 5'-flanking E-box motifs in both DHFR and cyclin D2 genes and 

resuIts in their amplification (Mai, 1994; Mai and Jalava, 1994; Mai et al., 1996a, 1999). 

The amplification of the DHFR and cyclin D2 genes results in enhanced expression of 

DHFR (Lücke-Huhle et al., 1997) and cyclin D2 protein (Mai et al., 1999). Our recent 

work (Kuschak et al., 1999a) showed that under conditions of c-Myc deregulation, the 

ribonucleotide reductasc R2 gene locus is rearranged as well as chromosomally and 

extrachromosomally amplifiai. 
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This snidy focuses on the mechanism of c-Mycdependent amplification of the 

mouse R2 gene. We examined a cluster of four non-canonical E-box motifs spanning a 

region of 155 bp in intron VII, exon VIiI, and at the exon VIII-intron VIII boundary of 

the R2 gene. Our goal was to answer three questions. First, we wished to determine 

whether c-MycMax heterodimers are able to bind the four motifs located in the R2 locus. 

Our data indicate that the R2 E-boxcontaining oligonucleotides incubated in cell lysate 

from proliferating mouse N M  3T3 cells, are able to bind c-MycMax heterodimers in in 

vitro gel shift experirnents and the complex formation is dismpted in Myc-antibody 

experirnents. We a i s 0  showed complex formation with each of the E-box sequences using 

GST-Myc and GST-Max fusion proteins. Second, we wished to establish whether the 

Myc/Max-binding E-box regions serve as initiation zones for the initiation of DNA 

replication. We showed that each of the E-box motifs located in the regions flanking 

Exon VIII of the R2 gene locus was part of the replication initiation zone in the mouse Rt 

gene. Third, we wished to demonstrate a mechanism for c-Mycdependent amplification 

of the R2 gene locus. Using 2-dimensional gel electrophoresis followed by Southem 

anal ysis, we demonstrate ~Mycdependent re-ini tiation of the R2 replication cycle of the 

R2 locus within 24 hours. To assess replication in vivo, we also assessed BrdU 

incorporation into the W-containing band A of mouse metaphase chromosome 12. W e  

showed increased incorporation of BrdU into band A of mouse chromosome 12 and this 

is indicative of a c-Mycdependent increase in R2 replication and amplification of the 

area where the R2 gene is located. 

Together, these data suggest a c-Mycdepcndent, replication-driven initiation of 

R2 amplification. This mechanism is reminiscent of the onionskin amplification mode1 



ini tiall y proposed by Varshavsky ( 198 1 ) and later substantiated (Mariani and Schimke, 

1984; Stillman, 1996; Kearsey et al., 1996). These data arc the first to demonstrate an 

illegitimate re-replication phenornenon that occurs immediately following the regulatable 

transient deregulation of c-Myc. 

3.4.2. METHODS AM) MATERIALS 

3.4.2.1. Cell Culture 

3.4.2.1.1. Culture conditions and medium 

In this study, we used a Pre-B ceIl line with a regdatable Myc-ERW construct that 

can be experimentally upregulated by the addition of 4hydroxytarnoxifen (4-HT). This 

ce11 line was created as described in Mai et al. (1999) and was cultured as described in 

Kuschak et al (1 999a). 

Pre-B cells were synchronized in Select-amineTM (Canadian Life Technologies) 

isoleucine-depleted RPMI 1640 medium for 4548 hours, followed by incubation for 12 

hours in whole ce11 medium containing 400 pM L-mimosine (Sigma) (Wang et al, 1998). 

Synchronized Pre-B cells were activated immediately after seeding into whole 

ce11 medium. The 4-HT (Sigma), containing a minimum of 98% (2) isomer, was 

dissolved 10 mgmLhl in 100 % ethanol and was used at a concentration of 0.5-1.0 Cu, per 

10 mL of culture medium. The 4-HT-activated cells were designated Pre-B+. The non- 

activated Pre-B cells, designated Pre-B-, received an equal volume of 100 % ethanol. 

Activation of the Myc-ERTU construct by 4-HT was monitorcd by preparation of 

cytospins from activated and non-activateci control ceils at O, 1, 2, 4, and 6 hours after 



activation. Cells were immunostained (Kuschak et al., 1999a) using a Pan Myc (Genosys 

Clone M-9 1 1 -94) primary antibody ( 1 : 1000) and the protein binding was visualited using 

a Texas Red (ïXRD)conjugated anti-mouse antibody IgGl (Southern Biotechnology 

Associates, Birmingham, USA). Measurements of increased nuclear c-Myc signal density 

(data not shown), was indicative of translocation of the Myc-ERM construct from the 

cytoplasm to the nucleus and thus, successful Myc-ERfM activation. Photographs were 

made on a Car1 Zeiss Axioplan2 (Car1 Zeiss Canada) microscope using a 63x oil 

immersion lens. Images were captured on a digital (CCD) camera (Sony XC75). Density 

measurements were made using the area signal density application (Northem Eclipse, 

version 5.0 software package, Empix Irnaging Inc., Mississauga, ON, Canada). Cells 

were used for experirnents only if successful Myc-ERTM activation was shown. 

3.4.2.2. DNA/Protein Interaction Experiments 

3.4.2.2.1. Preparation of oligonucleotides cantaining Ribonucleotide Reductase R2 

E-box motifs 

E-box rnotif-containing R2 oligonucleotides R2-2, R2-3, R2-4, and RZ-5 

(Figure.3.4.1.) were prepared by Dr. Jose Garcia-Sam (Basel Institute for Immunology, 

Basel, Switzerland) based on the R2 gene cDNA sequence described in Thelander and 

Berg (1986). Preparation of DHFRi and DHFRm oligonucleotides (used as positive and 

negative controls, respectively), were prepared as described in Mai (1994). 

Oligonucleotides were labeled using a T4 ;>olynuclcotide kinase S'end labeling reaction 

(New England B iologids) and y - [ 3 Z ~ ] - d ~ ~ ~  (Amersham Pharmacia Biotech). Figure 



3.4.1. iIlustrates the location of the E-boxes within the mouse R2 gene that were 

examined during this study. 

3.4.2.2.2. Gel Retardatîon Expeninents 

Gel retardation assays were performed on a 5% native polyacrylarnide gel. Protein 

extracts were prepared from logarithmically growing NM3T3 cells and protein 

concentrations were dctennined by the Bradford method (1976). We incubated the four 

3Z~-5'-end-labeled R2 oligonucleotides and the 32~-end-labeled DHFRI oligonucleotide in 

the absence or presence of 5 pg of NIH3T3 whole cell extracts. Assays were performed 

on a 5% native acrylamide gel. Gels were exposed overnight to Hyperfilmm MP High 

Performance film (Amersharn Pharmacia Biotech) at -75°C. 

3.4.2.2.3. R2 Oligonucleotide Cornpetition fiperiments 

Competition assays were performed on 5% native acrylarnide gel. Protein 

concentrations used were as described for Gel Retardaiion Experiments (3.4.2.2.2.). 

Several independent competition assays were perfonned in which each of the four 3 2 ~  - 

5'end-labeled R2 oligonucleotides was incubated with 5 pg of protein from NIH3T3 cell 

lysates plus O or 5-, 50-, and 100-fold molar excess of the other uniabeled 

oligonucleotides (R2-2. R2-3, R2-4, or R2-5, respective1 y). These competition 

experiments were also performed with the point-mutated, unlabeled DHFR 

oligonucleotide. DHFRm. Electrophoresis experiments were performed on a 5% native 

acrylamide gel and exposed as described above. 



3.4.2.2.4. An tibody Experiments 

We incubated each of the four 32~-Y-dATP-~'-end-lakied RZ oligonucleotides 

R2-2, R2-3, R2-4, R2-5 with 1 pg NM3T3 protein plus increasing concentrations (O, 1, 2, 

5,  7, 10, 12, and 15 pg) of Pan-Myc Clone M-9 1 1-94 (Genosys), or 12 pg of control 

antiboàies [anti-c-Fos (Clone (4)-G, Santa Cruz), anti-USF-1 (Clone 20, Santa Cruz) or 

anti-Mxi-1 (anti-Mad 2, Clone 17, Santa Cruz)]. The reactions were electrophoresed on a 

5% native acrylamide gel was exposed as described above. 

3.4.2.2.5. Gel Shifis with GST-Myc and GST-Max Fusion Proteins 

Other gel shift experiments were performed using isopropyl B-D thiogaiactoside- 

(IPTG) induced glutathione transferase (GST) Myc and Max fusion proteins generated in 

E.coli bacteria. Their growth and induction are described in Mai and Martensson (1995). 

Each of the four R2 oligonucleoides was end-labeled (described above), and incubated in 

the presence of either (i) 1 pg of ce11 lysate from non-induced bacteria, (ii) 1 pg of 

bacterial ce11 lysate from GST-Myc-expressing bacteria, (iii) 1 pg of bacterial lysate from 

GST-Max-expressing bacteria, or (iv) 1 pg of ceIl lysate from each of GST-Myc- and 

Max-expressing bacteria, respectively. The reactions were mn on a native 8% acrylamide 

gel and the gels were exposed to Kodak BIOMAX MR Scientific Imaging film at -75°C. 

3.4.2.3. 2-Dimensional Gel Electrophoresis 

3.4.2.3.1. 2 0  Electrophoresis of Pre-B- and Pre-B+ Genomic DNA 

Genomic DNA was isolated from synchronized, non-activated or 4-HT activated 

cells by standard procedures. The DNA was phenol:chloroform (1: l), then chlorofonn 

extracted (Chlorofom was purchased from Fisher Scientific, Trima buffer-saturated 



phenol @H 8.0) was purchased from Canadian Life Technologies). The DNA was treated 

with 100 pg mL1 R N w A  (Roche Diagnostics) for 1 hour at 37°C and n-extracteci as 

described above. DNA concentrations were measured spectrophotometrically at 3, = 260 

nm. 100 pg of each DNA sarnple was digested ovemight at 37°C with HinâIII restriction 

endonuclease (Roche Diagnostics) and then rotoevaporated to a final volume of 

approximately 40 pL. The samples were electrophoresed under neutraiheutral conditions 

in two dimensions. The first dimension was run overnight at 20V into a 0.4% agarose 

(Canadian Life Technologies), room temperature, and the second dimension was run into 

a 1 .O% agarose gel at 200 V, at 4°C for 4 hours (see Dijkewel et al., 199 1). The gels were 

washed and blotted as described in Kuschak et al. (1 999a). 

3.4.2.3.2. Probing of 2D Gel Blots 

The probes used for the anaiysis of R2 replication forks were as follows: A 1487 

bp Pst1 R2 cDNA (Thelander and Berg, 1986) fragment was radiolabeled by random 

prirning (Roche Diagnostics) using a-["PI-~CTP from Amersham Pharmacia Biotech. 

The R2 oligonucleotiâes (Figure 1) (lündly provideci by Dr. Josie Sanz-Garcia, Basel 

Institute for Immunology, Basel Switzerland), corresponding to regions of the R2 gene 

containing E-box motifs were ligated into longer segments using DNA ligase enzyme 

(New England Biologicals) and labeled by random priming with a - [ 3 2 ~ ] d ~  

(Amersham Pharmacia Biotech). Southem Mots probed with the R2 cDNA were 

hybridized as describeû in Kuschak et al. (1999a). Hybridization of these blots with 

radiolabeled oligonucleotide probes was prfomed at 42°C in a (pre)hybridization 

solution (5x Denhardt's Solution, Sx SSC, 0.1% SDS). The blots were washed at 42°C 

for 15 minutes in 2x SSC, 0.1% SDS followed by a 15 minute wash at 42°C in lx SSC, 



0.1 % SDS. Probed membranes were exposed to Hyperfilmm MP High Performance film 

(Amershm Pharmacia Biotech.) at -75°C. 

3.4.2.4. Bmmodeoxyuriàine Iacorporation Analyses 

3.4.2.4.1. BrdU Incorporation into Cultured Cells 

Bromodeoxyuridine (BrdU) incorporation assays to assess DNA replication in 

whole cells following c-Myc deregulation were conducted in synchronized, non-activated 

Pre-B cells. Prior to cytospinning cells ont0 slides for immunostaining, the cells were 

treated with 10 pM bromodeoxyuridine (Sigma) for 15 minutes under normal culture 

conditions. BrdU incorporation assays were conducted following 45-48 hours incubation 

in ILE- medium and aHer 12 hours of incubation in medium containing 400 p.M L- 

mirnosine. BrdU incorporation was assessed in these synchronized cells chat were 

incubatd in the presence of 4-HT or the equivalent volume of 100% euianol for 0, 24, 

48, and 72 hours. The incorporation of BrdU into the replicating DNA was assayed by 

immunostaining with a mouse monoclonal anti-BrdU antibody (Becton Dickenson) 

described below in Section 3.4.2.4.3. Parallel cytospins were prepared at al1 

synchronization stages and at al1 time points described above to assess c-Myc levels 

during ce11 cycle synchronization and after Myc-ER activation. Myc levels were assessed 

by immunohistochemical staining as described in Section 3.4.2.1.2. 

3.4.2.4.2. BrdU Incorporation info Chromosomes 

Metaphase chromosomes were prepared (as described by Mai et al., 1999) from 

non-activated and 4-HT-activated Pre-B cells following synchronization 24 hours after 

addition of ethanol (control) or  4-HT. This time point was selected following the results 

of the 2D gel clcctrophorcsis showing that the R2 gene rc-replicates 24 hours after c-Myc 



deregulation. Ptior to metaphase chromosome preparation the cells wem incubaicd in the 

presence of 10 pM BrdU for 30 minutes under normal cell culture conditions, after which 

they were pelleted, washed, and resuspended in B cell medium for an additional 24 hours. 

They were allowed to incubate in medium for another 24 hours in order to allow the 

chromosomes which had incorporated BrdU to reach metaphase in the cell cycle. The 

cells were then hmested and metaphase chromosomes were prepared (Mai. 1999). 

3.4.2.4.3. hunus ta in ing  of Whole Celfs for BrdU incorporation 

A modified protocol of Leonhardt et al.  (1992) was used for qkmtitative 

fluorescent immunostaining of BrdU. The staining was performed using monoclonal anti- 

BrdU (Becton Dickinson) diluted 1 :5 in larnb serum that was diluted to 5% ("/J in PBS + 

1.5 mM MgCl2 + 1 m .  CaC12, pH 7.4 (PBS~). The signal was amplifiecl by staining with 

a secondary anti-mouse IgGi TXRD-conjugated antibody (Southem Biotechnology 

Associates, Birmingham, USA) diluted 1 : 4 0  in 5% semm in PBS'. Photographs were 

made on a Car1 Zeiss Canada Axioplan 2 microscope (Carl Zeiss Canada) using a 63x oil 

immersion lem. Images were acquired on a Sony (XC75) charge coupled device (CCD) 

canera. Roughly 100-500 live cells were counted from each sample. Cells incorporating 

BrdU were counted and percentages were cdculated as a function of the total number of live 

cells in the field. 

3.4.2.4.5. Chromosome Painting and immunostuining of Metaphase Chromosomes for 

BrdU Incorporation. 

Metaphase chromosomes that were incubated with BrdU were painted with a 

biotinylated mouse chromosome 12-specific paint and also immunostained to detect 

BrdU incorporation into the chromosomes. Chromosome IZspecific paint (Cambio, 



Cambridge. UK) was applieâ according to manufacturer's rccommendations and then 

detected with mouse anti-biotin antibody (Bochringer Mannheim, Mannheim, Gemany) 

(10 ng@-'). The signal was again amplifiecl by staining with a Texas Red (TXRD)- 

conjugated goat anti-mouse IgGl antibody (2.5 na-') (Southem Biotcchnology 

Associates, Birmingham. USA). 

Images of the TXRD-stained chromosomes 12 and DAPI-stained metaphase 

chromosome spreads were acquired using a Car1 Zeiss Axiophot microscope and a 

Photometrics CCD camera (mode1 CH25O/a), as described for acquisition of fluorescent 

in situ hybridization images in Kuschak et al. (1999a). Following image acquisition, the 

chromosomes were stained for BrdU incorporation as dexribed in section 3 A.2.4.3. for 

whole cells except that no formaldehyde fixation was required and 0.2% Triton X-100 

treatment was omitted. BrdU was detected using FITC-conjugated anti-BrdU (Becton 

Dickinson. San Jose. USA) primary antibody (diluted 1 5). foI1owe.d by secondary -- 

staining with rabbit anti-FïTC (Cambio. Cambridge. UK) (25 ngpL-'). The latter was 

detected by tertiary antibody staining using m c c o n j u g a t e d  goat anti-rabbit IgG (H and 

L) antibody (Pierce, Rockford, USA) (25 ng @/). 

3.4.2. RESULTS 

To examine the role of the c-Myc protein on the ribonucleotide reductuse R2 gene 

we conducted a series of experiments to learn about interaction of c-Myc with the R2 

gene and especially with the E-box sequences flanking Exon Vm. Specificaily we 

wanted to know whether c-Myc could physically intcract with the R2 gene and whether 

the E-box motifs were putative c-MyclMu binding sites. W c  studied interactions of 



protein lysates from proliferating NIH 3T3 cells with each of the R2 oligonucleotides and 

studied the specificity of their interaction. Monover. we determineci that c-Myc was able 

to intetact with the R2 oligonucleotides in in vivo experiments. We also showed 

interaction with each of the oligonucleotides with GST-Myc and GST-Max fusion 

proteins. 

The aims of Our experiments were aiso to establish the rnechanism of c-Myc 

dependent amplification of the ribonucleotide reductase R2 gene locus. Hennksson and 

Lüscher (1996) and Li and Dang (1999) describe a role for c-Myc in proliferation and 

DNA replication. Classon et al. (1987) demonstrateci that c-Myc facilitates SV40 DNA 

replication in human lymphocytes. Since SV40 viral DNA replication is controlled by 

cellular machinery, c-Myc plays a role in the replicative pmcess. Our previous work 

showed the c-Myc deregulation resulted in R2 amplification and Our current gel shift 

experiments showed c-Myc interaction with R2 oligonucleotides. For this reason we 

exarnined the possibility of a replicationdriven mechanism as opposed to a segregation- 

dnven mechanism of R2 amplification. We chose to examine the re-replication and 

amplification mechanism using bromodeoxyuridine incorporation experiments 

(Leonhardt et al., 1992) and 2D gel electrophoresis and Southem analysis experiments 

(Wang et al,. 1998). Brornodeoxyuridine incorporation data reveded that Pre-B+ cells 

took up more BrdU 24 and 48 hours after c-Myc deregulation than did the Pre-B- cells. 

Moreover, we showed a significant difference in the amount of BrdU taken into Pre-B+ 

ce11 band A of mouse chromosome 12. where the R2 gene is located. Using 2D gel 

electrophoresis we showed the initiation of re-replication of the RS gene locus within 24 



hours of transient c-Myc deregulation. Moreover, we showed chat each of the RZ 

oligonucleotides was part of the rc-replication initiation zone for R2 re-replication. 

3.4.2.1. DNA/Protein Interaction Experiments 

3.4.2.1.1. Gel Retardation Experiments Demonstrate Protein Interaction with R2 

Oligonucleotides 

Gel shift experiments were performed in order to assess whether or not any of the 

non£anonical E-box sequences found in the region flanking Exon Vm were capable of 

formi ng specific DNAIprotein complexes. Ce1 l l ysate was prepared from proli ferating 

NIH3T3 and incubated with each of the four R2 oligonucleotides. Figure 3.4.2 (a) shows 

a representative gel shift anal ysis where. in the presence of cell lysate from proliferating 

NM3T3, each of the R2 oligonucleotides (Figure 3.4.1.) and a positive control. DHFRI 

(Mai and Jalava, 1994), is bound by protein(s). Black arrows indicate formation of 

complexes between the oligonucleotides and the NM 3T3 protein. No complexes were 

formed in the absence of ce11 lysate. 

3 . 4 3 1 2  R2 Oligonucleotides Successfirlly Compete for Prorein Binding 

Competition experiments with 32~-5'cnd-labeled R2-3 and each of the R2 

oligonucleotides were perfomed in order to assess the capacity of each of the 

oligonucleotides to bind the same proteins specifically. Figure 3.4.2.m) is a 

representative figure showing the incubation of "P-s'-end-labeled R2-3 oligonucleotide 

in the presence or absence of NIH3T3 protein and either 0. or 5-. 50-. and 100-fold molar 

excess of unlabeled RI-2. R2-3. R . 4 .  and R2-5, respective1 y. The DNNprotein complex, 

or lack there of following competition. is indicated by the bladc m w .  This figure also 

shows RZ-3 in competition with a point-mutated unlabeled DHFR oligonucleotide, 



DHFRm. Note the ability of each of the R2 oligonucleotides and DHFRI. but not DHFRm 

(Mai and Jalava, 1994). to succcssfully compctc away pmtcins that bind R2-3. 

Competition assays p e r f o d  with each of the four R2 oligonuclwtides showed that 

each was able to successfully compete away protein from the radio-labeled probe, as is 

true for each of the other RZ oligonucleotides (data not shown). 

3.4.3.1.3. DHFRDProtein Complexes are Disrupted by R2 Oligonucleotides 

Competition experiments with 32~-~'cnd-labeled DHFRI and each of the R2 

oligonucleotides were perfonned in order to assess the capacity of each of the 

oligonucleotides to bind the sarne proteins specifically. Figure 3.4.2.(c) shows the 

incubation of 32~-~'-end-labeled DHFRI oligonucleotide in the presence or absence of 

NIH3T3 protein and either O, or 5-, 50-, and 100-fold molar excess of unlabeled R2-2, 

R2-3, R2-4, RZ-5. and the point mutated DHFRm (Mai and Jalava, 1994). respectively. 

This experiment showed that molar excesses of each of the R2 oligonucleotides. except 

for DHFRm. were able to disrupt complex formation between DHFRI and the ce11 lysate. 

The DNAlprotein complex, or lack thereof following competition. is indicated by the 

black arrow. 

3.4.3.1.4. c-Myc Anfibody Dkrupts R2 OligonucleotideLProtein Cornplex F o m t i o n  

in Gel Shift Experiments 

Gel shift experiments following hinctional depletion of c-Myc were perfomed using 

an antic-Myc antibody in order to determine if c-Myc was one of the proteins that forms 

complexes with the R2 oligonucleotides. Figure 3.4.2. (d) shows the formation of a 

DNAIprotein complex when the oligonucleotide R2-3 is incubated in the presence of 1 pg 

of NM3T3 ceIl lysate alone (lane 3). The figure shows the of disruption of a R2-3/protein 



complex in increasing amounts of antic-Myc antibody, but not when the complex is 

incubated in the presence of anti-Mxi-1. antic-Fos. or anti-USF. Formation of 

DNAIprotein complexes are indicated by the black arrow. These data are similar in 

experiments with each of the R2 oligonucleotides and show that in each expriment, the 

RS oligonucleotides form a complex with a protein or proteins, one of which is c-Myc, 

but not with proteins such as Mxi- 1, c-Fos, or USF. In the experiment with R2-3, the 

protein complex is completely disnipted following the addition of 27 pg of anti-c-Myc 

antibody. Complexes with R2-2, R2-4, and R2-5 are disnipted following coincubation of 

27 pg, 2 5  pg, and 27 pg of anti-c-Myc antibody, respectively (data not shown). In 

addition to this it is important to note that no complex disruption was seen in the control 

antibody incubations with anti-Mxi-1, anti-USF, or antic-Fos, demonstrating specificity 

of interaction of the c-Myc protein with the E-box sequence. 

3.4.3.1.5. GST-Myc and GST-Max Fusion Proteins Bind to R2 Oligonucleotides 

Gel shift experiments with GST-Myc and GST-Max fusion proteins were 

performed in order to confirm the capacity for each of the R2 oligos to interact with c- 

Myc and Max proteins alone. Figure 3.4.2.(e) shows the incubation of the R2 

oligonucleotides in the presence of DHSa E.cali bacteria that were grown in the presence 

or absence of ITPG-induced GST-Myc or GST-Max fusion proteins, or both Myc and 

Max fusion proteins together. Each gel shift shows that each of the fusion proteins alone 

(lanes 3 and 4) are able to f o m  a DNA protein complex (shown by the black arrow) as 

are the Myc and Max fusion proteins together (lane 5). These data are consistent for R2- 

3, R2-4, and R2-S. Each of which form complexa in the presence of GST-Myc done, 

GST-Max alone and in the prrsence of both GST fusion proteins. The complex formation 



in lane 5. where the oligonucleotide is incubated in the presence of both GST-Myc and 

GST Max is weak in each expriment. The experiment was npcaicd at l e s t  5 cimes 

however, complexes were not as strong as complexes in lanes with GST-Myc or GST- 

Max alone. This is unusual and not presently understood, since strong complexes with 

GST-Myc and GST Max have k e n  seen in the presence of both canonical and non- 

canonical E-box sequences (Mai and Mdrtensson ,1995). 

3.4.3.2. R2 Replication in Synchronized Pre-B- and Pre-B+ Cells. 

3.4.3.2.1. Assessmenî of Nuciear c-Myc Levels in Synchronizcd Pre-BI and Pre- 

B+ Ce& 

Figure 3.4.3 Panel A illustrates c-Myc levels in c-Myc-inducible Pre-B cells 

incubated in the absence or presence of 4-HT. Figure 3.4.3. Panel A (a) and (b) show 

representative Pre-B- and Pre-B+ cells, respectively, immunostained with a mouse pan- 

Myc antibody and visualized by amplification with a Texas Red- (TXRD) conjugated 

goat anti-mouse IgGl antibody. These cells are photographeci 1 hour after activation with 

ethano1 (control cells) and 4-HT. Figure 3.4.3. Panel A (c) illustrates the results of three 

irnmunostaining experiments for nuclear c-Myc levels. As expected from Gl/S arrest, the 

immunostaining assays indicated that c-Myc was present in the nuclei of cells in spite of 

their arrest and s ynchronization follow ing incubation in isoleucinedepleted and 

mimosine-containing media. Following seeding into complete medium c-Myc levels 

temporarily decreased, followed by increases in nuclear c-Myc levels that occur between 

1 and 4 hours after release into whole cell medium. Following this increase of the c-Myc 

levels in the 1-4 houn tirne range. the levels diminish through the 6 hour time point. 



Figure 3.4.3. Panel B illustrates the resuits of three expefiments of 

immunostaining for nuclear c-Myc levels from the ILE- medium through to the 72 hour 

time point. Irnmunostaining revealed that c-Myc was present in the nuclei of cells in spite 

of their arrest and synchronization following incubation in isoleucine-depleted and 

mimosine-containing media, (6149 + 189 and 4230 f 416 relative fluorescent intensity 

(RFI) units, respectively). The levels of c-Myc in the Pre-B- and Pre-B+ cells at O hours 

were nearly equivalent (5 188 + 366 vs. 4774 f 16 RFI, respectively). At 24 hours and at 

48 hours, nucIear c-Myc levels in the Pre-B- celis were lower than in the Pre-B+ cells 

(5976 f 358 and 7880 + 675 us. 5044 f 23 1 RF1 and 6539 f 1640 RH, respectively). At 

72 hours, the c-Myc levels in the Pre-B- cells had increased. while nuclear c-Myc levels 

in the Pre-B+ cells had diminished 7837 f 1134 vs. 6296 f 1538 RFI, respectively). For 

time points measured up to 48 hours after c-Myc activation, our data indicate that nuclear 

c-Myc levels in 4-HT activated cells were elevated, however, onIy the levels at 24 hours 

are significantly different. Using a Student's t test, we computed a value of p4 .0 05  with 

3 d e p s  of freedom, indicating that the difierences in nuclear c-Myc levels in the 4-HT- 

activated cells are significantly different from the c-Myc levels in the non-activated cells 

at the 24 hour time point. The 0, 48, and 72 hour time points were not significantly 

different. 

Figure 3.4.4. Panels A and B illustrate the results of the BrdU incorporation 

experiments beginning at the time of seeding into whole medium at O hours through to 

the 72 hour time point. Representative photos shown in Figure 3.4.4. Panel A (a) and (b) 

depict the differencc ktween Lmimosine-treated cells that were not replicating their 

DNA and those that arc replicating th& DNA. Figure 3.4.4. Panel A (a) shows no BrdU 



incorporation into cells following 12 hour incubation in L-mimosinecontaining medium. 

In contrast, Figure 3.4.4. Panel B (b) shows synchronized cells 24 houa after activation 

with 4-HT. 

Figure 3.4.4. Panel B summarizes the BrdU incorporation data These data show 

the average intensity of fluorescent signals that are indicative of BrdU incorporation over 

each of the experimental time points, beginning with BrdU incorporation following 

incubation in isoleucine-depleted medium, through to the 72 hour time points in both Pre- 

B- and Pre-B+ cells. The plots show that there is no BrdU following the arrest and 

synchronization steps (Figure 3.4.4. Panel B (a) and (b)), and little at the point where the 

ceIls are seeded into whole medium (Figure 3.4.4. Panel B (c) and (d)). Our Student's t 

test analysis of bromodeoxyuridine incorporation data reveded that Pre-B+ cells took up 

more BrdU 24 hours after c-Myc deregulation than Pre-B- cells did and that the 

difference in uptake was significant (p4.005) (Figure 3.4.4. Panel B (e) and (0). At 48 

hours, Pre-B+ cells also showed p a t e r  BrdU uptake than Pre-B- cells (peû.00 1) (Figure 

3.4.4. Panel B (g) and (h)). At 72 hours after seeding into whole medium the Pre-B- and 

Pre-B+ cells al1 contained BrdU signal, though the intensities are lower in each case. 

There are no significant differences in the amount of BrdU incorporated into Pre-B- and 

Pre-B+ cells at the 72 hour time point (Figure 3.4.4. Panel B (i) and (j)). 



3.4.33. %Dünensiond Get Electrophoresis and Southern Andysis of Re-B- 

and Pre-8+ CeUs 

3.4.3.3.3. I .  2 0  Gel Efectrophoresis and Southem Analysis of Synchronized Pre- B- 

and Pre-B+ Genomic DNA 

Genomic DNA isolated from cells harvested from synchronized Pre-B- and Pre- 

B+ cells at 0, 24, 48, and 72 hours after seeding into whole medium was digested with 

HindiII and electrophoresed in two dimensions as described in the methods. HindiII was 

chosen for these experiments since it leaves the active Rî gene uncut following digestion 

(Thelander and Berg, 1986). Figure 3.4.5. Panel A (a-f) shows 2D gel electrophoresis and 

Southern analyses of Pre-B- (a-d) and 4-HT-activated (e-h) Pre-B+ cells at 0,24,48, and 

72 hours after synchronizing and introduction into whole medium. The membranes were 

probed with an R2 cDNA fragment. This panel of figures indicates that the Rî gene in 

both Pre-B- and Pre-B+ cells replicates within 24 hours of resuspension into whole 

medium. The black arrows in the figures indicate replication and re-replication forks. The 

Pre-B- cells show no replication at O hours (Figure 3.4.5. Panel A (a)) and a single 

replication for4 ceii be seen from the active R2 gene in Figun3.4.5. Panel A @). Pre-B- 

cells show continued ceplication at 48 (Figure 3.4.5. Panel A (c)), and 72 houa (Figure 

3.4.5. Panel A (d)). The Pre-B+ cells show no replication at O hours (Figure 3.4.5. Panel 

A (e)). The Pre-B+ cells show multiple replication forks (black arrows) at 24 hours 

(Figure 5 Panel A (f)) and continued replication at 48 hours (Figure 3.4.5. Panel A (g)). 

and 72 hours (Figure 3.4.5. Panel A (h)). The O hour time points in both Pre-B- and Pre- 

B+ are identical, showing no replication. as expected. Of interest is the fact that the 72 

hour time point in the Pre-B- cells miemblcs the Pre-B- and Pre-B+ O hour time points 



however, the 72 hour t i m  point of the Pre-B+ cells shows amplification and a definite 

increase in the amount of R2 signal detected. This indicates that the non-activated Pre-B 

cells had undergone a single DNA replication cycle per cell cycle and have what appears 

to be undtered arnounts of Rî gene copies in the cell. In contrat, the 4-HT-activated Pre- 

B+ cells have initiated illegitimate rereplication of their R2 gene locus at 24 hours. The 

continual and progressive increase in the amount of R2 signal observed at the 48 and 72 

hours shows that the R2 gene locus was not only re-replicated at the 24 hour time point, 

but that it is also amplified. This is in agreement with our previous findings (Kuschak et 

al., 1999a). We probed the membranes with a control gene, insulin growth factor 2 

(IGFT)(data not shown) (Kitsberg et al., 1993). This gene was selected as a control 

because the maternal and patemal alleles replicate at different times during the ceIl cycle. 

Our hybridization indicates that lGFî does not replicate at the same time as R2 (data not 

shown). 

Next, we assesseci whether the R2 E-box motifs (Figure 3.4.1.) are part of the 

DNA replication initiation zones in the R2 gene. Each of the membranes from the 2D gel 

electrophoresis and Southem blot of Pre-B- and Pre-B+ ce11 genomic DNA harvested at 

0, 24, 48, and 72 hours was probed with each of the R2 oligonucleotides (Figure 3.4.1.). 

The 2D gel electrophoresis experiments and Southem blots for HindiII-digested Pre-B- 

genomic DNA is shown in Figure 3.4.5. Panel B (a-d). The 2D gel electrophoresis 

experiments and Southem analyses for HindiII-digested Pre-B+ genomic DNA are shown 

in Figure 3.4.5. Panel B (e-h). Each of the four oligonucleotides was used to probe the 

membranes, but only R2-5 is shown here as a reprrsentative of these nsults. Figure 3.4.5. 

Panel B (a)) shows that there was no replication at the O tirne point. At the 24 time point 



there was no evidence of replication originating from any of the E-box motifs probed 

with the R2 oligonucleotides (Figure 3.4.5. Panel B (b)). n e r e  was no evidence of DNA 

replication at the 48 and 72 hours ((Figure 3.4.5. Panel B (c) and (d)). In contrast, probing 

of the Pre-B+ 2D gel electrophoresis Southern blots clearly showed that there are 

multiple replication forks originating in the regions flanking Exon VIII of the R2 gene 

((Figures 3.4.5. Panel B (e-f)). The probing of the Pre-B+ O time point membrane d s o  

showed no replication. Figure 3.4.5. Panel B (f) clearly shows multiple replication forks 

originating from the region probed by each of the R2 oligonucleotides and represented by 

oligonucleotide R2-S. There was no evidence of replication occumng at the 48 and 72 

hour time points of the Pre-B+ membranes ((Figures 3.4.5. Panel B (g, h)). 

3.4.3.4. BrdU Incorporation into Chromosomes to Assess Gene AmpliTication 

Synchronized Pre-B cells were treated with ethanol Icontrol) or 4-HT 

immediately after release into whote medium. After 24 hours, these cells were pulsed for 

30 minutes with 10 pM BrdU and then resuspended in fresh medium for another 24 hours 

after which they were harvested for chromosome preparation. Based on our 2D gel 

electrophoresis expriment data, we expect to see a greater uptake of BrdU into Band A, 

the region of chromosome 12 in mouse Pre-B+ cells where the R2 locus is located 

(Figure 3.4.6. (a)). 

We assessed the effect of Myc-ERm activation on the replicative profile of the 

Pre-B+ cell as compared to the non-activated Pre-B- population. W e  counted metaphases 

in a total population of approximatel y 800 Pre-B- and Pre-B+ -11s. Our counts showed a 

metaphase index of 1.7% in the Pre-B- cells and a metaphase index of 3.4% in Ptc-B+ 

cells. The two-fold increase of metaphase numbers is indicative of transient c-Myc 



deregulation (data not shown) and further substantiates the role of c-Myc in proliferation 

(Henriksson and Lüscher, 19%) and replication (Li and Dang, 1999). 

Our analysis of chromosomal BrdU incorporation into Band A of mouse 

chromosome 12 revealed a broad range of uptake in the chromosomes we exarnined in 

Pre-B- and Pre-B+ cells. Some chromosomes 12 showed nearly equivalent, but never 

equal, uptake of BrdU into both chromatids of chromosome 12 in many of the Pre-B- and 

Pre-B+. Others showed large di fierences between the chromatids of a single chromosome 

(Figure 3.4.6. (d)) metaphases. A number of Pre-B- (Figure 3.4.6. (b) and (d)) and Pre-B+ 

(Figure 3.4.6. (c) and (d)) metaphases showed greater differences in BrdU uptake 

between chrornatids, suggesting a preferential uptake of BrdU into one of the two 

chromatids. The chromatids displaying increased BrdU uptake are shown by the white 

arrows in Figure 3.4.6. (b) and (c) and in the graphs shown in Figure 3.4.6. (d). Line 

measurements of BrdU intensities analyzed by non-pararnetric Krushall Wallis test 

comparing the norrnalized ratios showed significantly higher BrdU incorporation into 

Band A of Pre-B+ alleles than Pre-B- alleles (~4 .048) .  These data suggest that the 

deregulation of c-Myc results in significantly higher incorporation of BrdU into cells 

where the c-Myc protein levels are deregulated. Especially signifiant is the increased 

BrdU incorporation into Band A of chromosomes 12 of cells where c-Myc is transiently 

overexpressed. These data are consistent with the R2 re-replication data demonstrateâ in 

Our current work as well as with our previous studies (Kuxhak et al., 1999a). 

3.4.4. Discussion 

Genomic instability is considered to be a major driving force of multistep 

carcinogenesis. It plays a crucial rolc in the initiation and progression of a variety of 



different cancers and that most cancers may be genetically unstable. Gene amplification 

is the most extensively studied form of genomic instability and has been described 

frequently in cultured cells and in tumors that have been treated with dmgs (Stark 1993; 

Schimke et al., 1978). The amplification of genes has also been demonstrated following 

constitutive growth factor expression in culturexi cells (Huang and Wright, 1994; Huang. 

et al., 1994, Huang et al., 1995). or  after DNA damage (Tlsty et al., 1989; Lücke-Huhle 

et al., 1987, 199 1; Lavi 198 1). 

c-Myc is a multifunctionaI protein that plays a pivotal role in the cell. c-Myc 

deregulation has been previously shown to cause the locus-specific amplification of a 

number of target genes, narnely DHF'R (Mai, 1994, Mai et al-, 1996). Cyclin 02, (Mai et 

al., 1999). CAD (Fukasawa et al., 1997). and nbonuckotide reductase R2 (Kuschak et 

al., 1999a). 

Our previous study (Kuschak et al., 1999a) showed that the Rt gene was 

c hromosomall y and extrachromosomall y arnplified and rearranged within 72 Iiours of 

inducible and transient deregulation of c-Myc. This study describes the mechanism of c- 

Myc-dependent amplification of the rilwnucfeotide reductac~ R2 gene. We have shown, 

for the first time, that the c-Myc induced amplification of RZ occurs through a replication 

dnven mechanism. This is suggestive of a re-replication mechanism reminiscent of the 

uniunskin mode1 proposed by Vvshavsky (198 1) and later by othen (Mariani and 

Schimke, 1984; Stillman, 1996 and Ktarsey et al., 1996). Moreover, we demonstrate that 

a cluster of 4 non-canonical E-box motifs located in the flanking ngions of ExonVIII in 

the R2 gene are a part of the initiation zone of R2 rc-replication. It suggests that the 

interaction of c-MydMax heterodimers with the non-canonical E-box motifs in the RZ 





been completed. several cycles of replication of c-Myc target genes such as R2 have 

occurred simultaneously. When the normal replication has bem completcd and the a l 1  is 

ready to divide, the licensing factors that are present for the replication are depleted and 

the aberrant replication process is also terminated. Thus, within the time the cell has 

legitimately replicated the majority of its DNA once. several cycles of illegitimate DNA 

re-replication have also occurred, giving rise to the amplification of the R2 gene locus 

and potentially other c-Myc dependent amplification targets. R2 is an early gene in the 

replication cycle and its initial replication cycle is completed well before the rest of the 

genome has completed its replication. It may have the opporiunity to replicate at least 

once more before the ceIl completes the normal round of DNA replication. Overall, this 

suggests a re-replication phenomenon that can initiate with a small deviation in c-Myc 

levels. 

In conclusion. these data indicate that the transient deregulation of c-Myc is followed 

by the earliest events examined to date in the amplification process of the mouse 

ribonucleotide reductase R2 gene. Our data show evidence of re-replication of the R2 

gene locus within 24 hours of c-Myc deregulation. Overall. we demonstrate a d e  for c- 

Myc in the initiation of rîbonrccleotide reductase R2 amplification that occurs through a 

replication-driven mec hanism. 
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FIGURE LEGENDS 

Figure 3.4.1. The R2 gene locus carries non-canonial E-box motifs. 

Legend: The schematic shows the structure of the Rî gene and location of E-box motifs 

(R2-2, RZ-3, R2-4, and R2-5). The expanded area shows the S'end of Intron VII, Exon 

VEi, and the 3'-end of Intron Vm. The m y  of E-box sequences spans a total length of 

155 bp. The 25-bp oligonucleotide sequences containing the E-box motifs are represented 

by the double headed arrows and are drawn relative to their location within the R2 gene. 

R2-2 is in intron V11 and spans 41614185 bp with the E-box sequence beginning at 

nucleotide 4170 bp. R2-3, which overlaps with the 3'end of R2-2, is located between 

4781-4805 bp, and the E-box sequence begins at 4189 bp. R 2 4  bridges the intron 

VIVExon VIiI boundary spanning from 48 16-4840 bp. The E-box motif, beginning at bp 

4826, is contained within exon VIII. The R2-5 oligonuclwtide spans 49164940 bp, 

bridging the exon Win t ron  Vm boundary. This E-box sequence is divided in half by 

the exon VWintron VIII boundary, beginning at 4922 bp. The distances between the four 

E-box sequences are 20,38 and 97 bp mpectively. 



Figure 3.4.1. The RZ gene locus carries wn-caooaial E-box motifs. 
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Figure 3.4.2. (a) Binding study shows thit R2 oiigomuckotides fonn DNAlprotcin 

compiex~ witb NIH3T3 iysate. 

prote in 

Iane 

Legend: This figure shows the binding o f  the four 3*P-5'-end-labeled R? 

oiigonucleotides and the 3*P-S'-eod-labeled DHFRI oligonucleotide to proteins present in 

the NH3T3 ceU extract. The R2 oligonucleotides were loaded in the absence (lanes 1 ,  3, 

5, 7) or presence of 5 pg of cell extract (lanes 2, 4, 6, and 8). DHFRI was loaded into 

lanes 9 ami 10 in the absence (lane 9) and presence (lane 10) of protein. The arrow 

indicates the position of a DNAIprotein complex tbat is common to al1 four RT 

oligonucleotides and the DHFRI oligonucleotide. Reactions were perfonnad at m m  

temperature and nm on a 5% native acrylamide gel (see Method and Materials). 



Figure 3.4.2. (b) R2 oîigomockotMcs sriccemfuliy corn- for proteins in 

cornpetition =y& 

Legend: This figure is representative of several independent mtnpetition assays in which 

each of the four 32P-S'end-labeled R2 oligonucleotides was incubated with 5 pg of 

protein fkom NIH3T3 celi lysates anci increasing amounts of the other three unlabeled 

oligonucleotides. This figure shows the incubation of 32P-5'-end-labeled R2-3 

oligonucleotide with protein and each of the other R2 oligonucleotides. Lane 1 shows the 

migration of R2-3 abne. Lane 2 sbws  the R2-3 oligonucleotide in the presence of 

protein extract alone. Lanes 3-5 show R2-3 (and protein extract) in competition with 5-, 

50-, and 100-fold molar excess of unlabeled R2-2. Similady, lanes 6-8, 9- 1 1, and 12-14 

show R2-3 in competition with 5-, 50-, and 100-foid mola. excess of unlabeled R2-3, R2- 

4 and R2-5, respectively. Lanes 15-17 show Rt-3 m cornpetition with a point-rnutated 

wilabeled DHFR oligonucieotide, DHFRm. Reactions were incubated at m m  

temperature and nui out on 5% native acryiamide gel (see Methods and Materials). 



Figure 3.62. (cl 1U oligonickotides sicearrciity mmpcte pmteiar away 

fmm DHFRI oligoaucleotide. 

cold oligo 

- DHFRI 

Legend : This figure shows the result of incubating 32P-S'-end-labeled oligonucleotide 

DHFRI with 5 pg NIH3T3 protein, the four R2 oügonucleotides, and the point mutated 

DHFR oügonucleotide, DHFRm. DWFRI and DHFRm are oiigonucleotida that have 

been previously chanrtenEed (Mai 1994). Lane 1 shows the incubation of the DHFRI 

with neither cold oligonucleotide cornpetitors, mr pmtem extract. Lane 2 shows the 

DHFRI in the presence of protein extnct alone. Lanes 3-5 show DHFRI in competition 

with protein extract and 5-, 50-, and 100-fold rnolar excess of unlabeled R2-2. Similarly, 

lanes 6-8, 9-1 1, 12-14 and 15- 17 show DHFRI (and protein extract) in competition with 

50, 50-, and 100-fold molar excess of unlabeled R2-3, RZ-4, R.2-5, d DHFRm, 

respectively. The arrow iadicates complex formation. Reactioas were incubated at room 

temperature and run out on 5% native acxylarnide gel (sec Methods and Materials). 



Figure 3.4.2. (d) Anti-e-Myc antibody dismpts R2 oiigonudeotiddprotein 

complex formation. 

Legend: Figure 3.4.2.(d) shows a gel shift assays with oligonucleotide R2-3 and is 

representative of sirnilar assays with oligonucleotides R2-2, R2-3, R2-4, and R2-5, 

respectively. Figure 26 depicts gel shift assays where protein compiexes formed by 

NM3T3 ce11 lysate and 3 2 ~ - y d ~ ~ ~ - l a b e l e d  RZ oligonucleotides are dismpted by 

incubation with increasing concentrations of anti-c-Myc antibody. Lane 1 contains 

radiolabeled RZ probe alone. Lane 2 contains anti-c-Myc antibody alone. Lanes 3-1 1 

contains an R2 oligonucleotide, 1 pg NM3T3 lysate and O, 1, 2, 5, 7, 10, 12 or 15 pg of 

anti-c-Myc antibody. Lanes 12-1 7 are incubated with control antibodies. Lanes 12 and 13 

are incubated with an R2 oligonucteotide, and 12 pg of anti-Max antibody. Lane 12 

contains no protein and lane 13 contains 1 pg NIH3T3 ce11 lysate. Similarly. lanes 14 and 

15 are incubated with an R2 oligonucleotide, and 12 pg of anti-Mxi-1 antibody. Lane 14 

contains no protein and iane 15 contains 1 pg NM3T3 cell lysate. Similarly, lanes 16 and 

17 are incubated with an RS oligonucleotide, and 12 pg of anti-Fos antibody. h e  16 

contains no protein and lane 17 contains 1 pg NM3T3 ce11 lysate. In each of the figures. 

the black arrow indicates cornplex formation and the lack of a band signifies disruption of 

complex formation between c-MydMax and the R2 oligonucleotide by the anti-cMyc 

antibody. 



Figure 3.4.2. (d) Aiti-cMyc antibody dirmpb R2 oügoniccofidJproteii 

corn pkx formation 



Figure 3.4.2. (e) RZ 01igonudeotides form complexes witb GST-Mye and GST- 

fi fusion proteins. 

Legend: This figure shows a gel shift with each of the four RT oligonucleotide and GST- 

Myc and GST-Max fusion proteins. The R2 oligonucleotide was incubated alone (lane 1),  

or with 1 pg of DHS-a E.coli (lane 2) or 1 pg GST-Myc fusion protein (lane 3), or 1 pg 

GST-Max fusion protein (lane4) or 1 pg of each of GST-Myc and GST-Max fusion 

proteins (lane 5). The black arrow indicates cornplex formation between the R2 

oligonucleotide and either Myc (lane 3). Max (lane 4) or Myc/Max (lane 5). 



Figure 3.4.2. (e) Gel Sbift Aauy with GST-Myc and GST-Max Fusion Proteins 
1 2 3 4 5  1 2 3 4 5  



Chmr 3. Rcriltr 

Figure 3.43. Panel A (a) and (b) Nrckrr c-Myc kveb are e h t e d  ia PmB+ cella 

Legend: Figure 3.4.3. Panel A shows nuclear c-Myc levels after ethaaol or 4-HT 

activation. c-Myc levels are Msualized as a red signal in the nucleus of  each ce11 at 1 hour 

after treaîment with ethano1 (Pre-B-) shown in (a) or 100 nM 4-HT (Pre-B+) shown in 

(b). Nuclear c-Myc profiles in Pre-B- cells and Pre-B+ ceiis at O, 1,2,4, and 6 hours d e r  

treatment with ethano1 or 4-HT are s b w n  in Figure 3.4.3. Panel A (c). 



Figure 3.4.3. Panel B Nuckrr c-Myc kvth during and afier syncbmniution 
and op to 72 Hours aftcr Myc-ERTM activation. 

ILE- Mim O 24 48 72 

T h e  Point (houn) 
Legend: Figure 3.4.3. Panel B illustrates nuckar c-Myc levels during the synchronization 

seps and during the O, 24, 48, and 72 bour time points for Re-B- and Pre-B+ cells. A 

student t test of triplicate assays fiom each time point indicates that mm of the c-Myc 

levels are signïficantly different between Pre-B- and Pre-B+ at 0, 24, at 72 hours. 

However, nuckar c-Myc values are significantly higher in Re-B+ ceUs than in Pre-B- 

celis (p4l.005) at the 24 hour tirne point. 



Chanîer 3. Rcrihr 

Figure 3.4.4. Paael A BdU incorporation: L-Mirnosioc-syacbronized cclls 

show no DNA rcpücation, but PmB+ nl ls  show DNA 

repiiution 24 boum aïter Myc-ERm activation. 

Legend: Figure 3.4.4. Panel A shows representative BrdU inwrporation results for ceiis 

that are synchronized and not replicating their DNA following incubation in 400 mM L- 

mirnosine (a) and cells at the 24 hour t h e  point and are in normal medium and have been 

activated with 4-HT (b). Ceils where no BrdU has been incorporateci appear with blue 

nuclei, imlicating the presence of DAPI, which stains only the DNA. Cells where BrdU 

has k e n  incorporated appear with punctate red dots. 



Figure 3.4.4. Panel B BrdU incorporation profiles 

Legend: Figure 3.4.4. Panel B (a-j) are scatter plots which depict the BrdU incorporation 

levels into individual cells. Each dot represents a d l  and its relative average 

fluorescence intensity level chat is indicative of BrdU incorporation. (a) depicts BrdU 

incorporation levels of cells after 4548 hours of incubation in isoleucine-depleted 

medium and (b) depicts BrdU incorporation levels of cells after 12 hours of incubation in 

medium containing 4ûûpM L-mimosine. (c) and (d) depict relative BrdU intensity levels 

into Pre-B- and Pre-B+ cells, respectively at cells at O hours after delivery into whole 

medium and mock activation with ethanol. Similarfy, (e) and (f), (g) and (h). and (i) and 

(j) illustrate average relative BrdU intensity levels in Pre-B- and Pre-B+ cells at 24, 48, 

and 72 hour time points, respectively. 
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Figure 3.4.5. Panel A 2D gel electmphoresis and Southern iiulysis of 

synchronized Re-B+ d genomic DNA shows R2 re-replication at 24 hours. 

Legend: This figure shows 2D gel electrophoresis and Southem analyses of non- 

activated ( ad )  and 4-HT-activated (e-h) Pre-B cells at 0, 24, 48, and 72 hours afier 

synchronizing and introduction into whole medium. The membranes were probed with a 

1487 bp Pst1 R2 cDNA fragment. The red arrows in the figures indicate replication and 

re-replication forks ai 24 hours in the Pre-B- and Pre-B+ cells, respectively. Following 

hybridization and washing, the membranes were exposed to film for 7 days at -75 OC. 



ChMer 3. Rumb 

Figure 3.4.5. Pand A 2D gel ekctrophorrris probd with R2 cDNA 



Chanter 3. Results 

Figure 3.4.5. Panels B-E Pre-B- and Rc-B+ genomk DNA Southern biots 

sepor~ted by 2D gel eiectmphonsb and probed witb RZ dig011ucleotids. 

Figure 5 Panel B (a-h) shows 2D gel electrophoresis and Southern analyses of 

Pre-B- (a-d) and 4-HT-activated (e-h) Pre-B+ cells at 0, 24, 48, and 72 hours after 

synchronizing and introduction into whole medium. These membranes were probed with 

radiolabeled R2-2. The red circles indicate the area of multiple replication forks in Pre- 

B+ cells at the 24 hour time point. These membranes were also hybridized with R2-3, R2- 

4, and R2-5 and are shown in Figure 5 Panels C (a-h), D (a-h), and E (a-h), respectively. 

ln each of these panels, the red circles indicate multiple replication forks in the Pre-B+ 

DNA at 24 hours following activation with 4-HT. Following hybridization and washing, 

the membranes were exposed at -75 O C  for two weeks, since the probes were random- 

primed 20-mers that gave very weak signals. For this reason, the autoradiograms were 

scanned and the brightness and contrat was adjusted in each case to show the 

hybridization signals. 
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Figure 3.4.6. (a) The location of the RZ gene on the id- of mouse 

chromosome 12 

Legend: Figure 3.4.6. (a) shows an ideograrn of mouse chromosome 12. The 

ribonucleotide ductase R2 gene, indicated by the arrow, is located in Band A of 

chromosome 12. 

This figure was modified from Resources for Molecular Cytogenetics. University of Bari. 

Italy, (htt~://bioserver.uniba~it/fi~h/Cvt0~eneti~s/~elcome.htm1). - 



Figure 3.4.6. (b) and (c) Te- Red- .ad BrdU-staiaed mouse chromosomes 12: 

Mouse Pre-B+ chromosomes 12 show iacmased BdU iacorpomtioa into Band A 

Legend: Figure 3.4.6. (b) and (c) are representative BrdU-labeled metaphase 

chromosomes 12 that were pulsed with BrdU for 30 minutes, 24 hours d e r  

synchronization aml treatment with either 100 % ethano1 (b) or 4-fiT (c), and then 

harvested 24 hours after pulse and seeding into fksh medium. Each of the two 

chromosomes 12 in the metaphase is shown with Texas Red. The chromosome 12 

staining is visualized with a Texas Red-conjugated goat anti-mouse IgGi that detects 

mouse anti-biotin. White arrows indicate areas of increased BrdU (green) uptake into the 

actively replicating alleles on one chroniatid of chromosomes 12.1 in Pre-B- cells and 

chromosome 12.2 of Pre-B+ celis. The R2 locus is in the area of the chromosome 

indicated by the white arrows. Line measwements of BrdU intensities analyzed by non- 

parametric KmskaU Wallis test cornparhg the normalized ratios showed significantly 

higher BrdU incorporation into Pre-B+ aileles than Pre-B- alleles w0.048). 



Figure 3A.6. (d) BrdU incorporation profdes for active and inactive aileies of m u s e  

chromosomes 12 from Re-B- and b B +  celis 

Legend: This figure illustrates BrdU incorporation levels into Band A of each pair of 

chromatids of chromosome 12. In this graph, two bars represent the BrdU intensity Ievel 

in each chromosome, one for each chromatid. Of the two, the chromatid incorporating the 

lesser arnount of BrdU (based on fluorescent intensity measurements) was assigned a 

value of >1. The other was (based on its fluorescent signal intensity) was given a value as 

a ratio of 1. Thus, each chromosome is depicted where one chromatid incorporates BrdU 

equivalent to 1 unit and the other chromatid incorporates some factor of 1. Pre-B- 

chromatids incorporating lower amounts of BrdU are shown with yellow fill and Pre-B- 

chromatids incorporating more BrdU are shown with black fill. Pre-B+ chromatik 

incorporating less BrdU are shown in green fill, while those incorporating mox BrdU are 

shown in red fill. Line measurements of BrdU intensities analyzed by non-parameuic 

Kruskall Wallis test comparing the nonnalized ratios showed significantly higher BrdU 

incorporation into Pre-B+ dleles than Pre-B- alleles (pc0.048). 



C h ~ w r  3. 

F i  3 4 6  (d) BrüU uptake nt* in bands A of chromosome 12 cbmmatids 

Metaphase Set Numben 
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DISCUSSION 

This thesis work contnbutes to Our understanding of how the deregulation of c- 

Myc affects targets such as the ribonucleotide reductarr R2 gene. The study focuses on 

the early R2 arnplification events (0-72 hours; that follow c-Myc deregulation. It has 

revealed the that R2 is another c-Myc target gene and has described not only the 

consequences of the c-Myc deregulation at the level of the R2 gene, but in regard to 

expression of the gene product. Furthemore, it has reveled a possible mechanism of c- 

Mycdependent R2 amplification. These data are summarized and discussed below. 

For many years, c-Myc has been regarded as a complex transcription factor. It has 

been studied for a number of decades and is now known to be a multifaceted protein with 

diverse roles. It plays roles in ce11 cycle progression and cell growth as well as in the 

development of organisms. in  these functions, c-Myc is critical. Moreover, it has been 

shown to play roles in apopcosis, turnor initiation and tumor progression leading to 

neoplasia. Recent work is revealing yet another role for c-Myc: When deregulated, c-Myc 

can act on target genes to cause their amplification, thus contributing to genomic 

instability. Thus far, c-Myc dependent amplification has been shown in DHFR (Mai, 

1994), CAD (Fukasawa et al., 1997). and cyclin 0 2  (Mai et al., 1999). This thesis work 

describes the role of c-Myc in the amplification of the ribmucleotide reductase R2 gene. 

Transient and coristitutive c-Myc deregulation show consistently that c-Myc plays 

a pivotal role in amplifying the R2 gene locus. chromosomally and exuachromosomally. 

Moreover. it plays a role in rearrangement of the R2 gene locus. However, contrary to our 

initial hypothesis and to prcviously studied c-Myc-mediated gene amplification 

phenornena such as dîhydrofolate reducîase (DHFR) (Liicke-Huhle et al., 1997) and 



cyclin D2 M a i  et al, 1999). there is no corresponding increase in R2 mRNA or protein 

expression ievels. It is likely that the R2 genc is not able to transcribe its message or 

m&e its product. It is possible that the gene has been truncated and is missing critical 

sequences that are required for successful transcription. It is also possible that though the 

gene is amplified it is not the actual target of gene amplification, and is itself amplified as 

a bystander gene that is located next to the preferred target. Such a target may be the 

ornithine decarboqdase (ODC) gene located 100 CM away. These possibilities are 

currently under investigation. Although this possibility has not been investigated, it is 

also possible that the amplification R2 may result in over-expression of the rnRNA and 

protein products. but that an alteration in the amplicons' DNA sequences and control 

regions may alter the stability of the mRNA. A reduction in mRNA stability would result 

in no net change in mRNA or protein. 

In more detailed analysis of the interaction of c-Myc with the R2 gene. 1 was able 

to demonstrate an in vitro physical interaction of the c-Myc protein with E-box motifs 

that are located in the regions flanking Exon Vm. Gel shifi analyses demonstrated that 

the c-Myc/Max heterodimers do in fact bind non-canonical E-box motifs found in the 

areas flanking Exon Vm of the R2 gene. These results were suggestive of a c-Myc-driven 

amplification process that may function through interaction with the R2 E-box motifs and 

lead to the examination of the mechanism of c-Mycdependent gene amplification. 

Data obtained from two-dimensional (2D) gel electrophoresis suggest that c-Myc 

deregulation results in re-replication of the R2 gene locus. In cells with nomal c-Myc 

expression. the RZ gene showed a single rrplication fork. In contrast, cells wherein c-Myc 

expression was deregulated. multiple R2 replication forks wem generated at the 24 hour 



Chanter 4. Discussion 

time point. This suggests a c-Myc dependent re-replication phenomenon. rerniniscent of 

the oniomkin phenornenon descriùed initially by Varshavsky. (198 1) and laîer by Mariani 

and Schimke (1984). This work is the first to demonstrate a c-Myc dependent re- 

replication phenomenon. Previous studies involved the amplification of genes using ceIl 

cycle arresting dmgs such as methotrexate. which eventudly selectively amplifiai a 

target gene such as DHFR. The demonstration that c-Myc is able to amplify its target 

genes through a replication-driven mechanism is novel. 

The degree of involvement of the R2 E-box motifs was also in question. Probing 

each of the 2D Southem membranes with labeled 20 bp R2 E-box oligonucleotides 

reveaied that each E-box motif was part of the R2 replication initiation zone. This 

suggests that the in vitro interaction of c-Myc with the R2 E-box motifs and the 

subsequent amplification of the R2 gene locus that begins on or near the E-box motifs 

flanking Exon VIII, may be related. 

We propose a model that may be appropriate for the mechanism of c-Myc 

dependent amplification of the R2 gene. This model is reflects the fact that c-Myc is 

required for DNA replication and cellular proliferation, but that overexpression of c-Myc 

is known to over-ride proliferation control as well as lead to gene amplification. We 

envision that the timely endogenous expression of c-Myc is a part of replication 

initiation. c-Myc binds to the E-box motifs and takes part in the replication of the gene 

locus in a controlled manner as is expected in normal cells. When the replication has been 

initiated in S phase. c-Myc levels would be declining and Myc's potential to influence 

replication would be diminished (Figure 4.l.(a)). In contrat however. if c-Myc were 

constitutively expressed. the replication cycle of R2 might continue. It Mght be that c- 
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Myc can function as a n-replication licensing factor that is able to over-ride other 

replication consvaints that are able to nstrict the ceIl to a single replication cycle under 

conditions where c-Myc expression is not altered. This mode1 is illustrated in Figure 

4.l.(b). The initial binding and replication would give rise to two daughter strands of 

DNA, each of which would also have E - b x  motifs bound by c-Myc/Max proteins. The 

cycle coufd continue, generating multiple re-replication bubbles within the R2 gene locus, 

each bound by c-Myc and Max. These bubbles might be the onionskin type (Varshavsky, 

198 l) ,  or they may be bubble-on-bubble (Stark and Wahl, 1989; Stark et al.. 1989). R2 is 

an early gene in the DNA replication cycle. It may be that when normal DNA replication 

has been completed, several rounds of re-replication of c-Myc target genes such as R2 

have occurred simultaneously, giving rise to the amplification of the R2 gene locus and 

potentially other c-Myc dependent amplification targets. 

Figure 4.1 .(b) shows a number of possibilities for the creation of different types of 

amplicons. The amplified DNA may form homogeneously staining regions (HSRs) as 

well as extrachromosomal DNA molecules however, the mechanisms that lead to 

chromosomal or extrachromosomal amplicons following re-replication of the DNA have 

not yet been elucidated. The HSRs may form through insertion of the amplified DNA 

into the R2 locus or  into other chromosomal sites, possibly through their integration into 

repetitive sequence areas. Alternatively, the formation of the extrachromosomal 

amplicons may be generated by the breakage of amplified DNA sequences away from the 

re-replicated and amplified locus. This breakage may occur at fragile sites or repetitive 

sequence DNA, followed by the creation of circular extrachromosoma) elements. The 
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breaking away of amplicons tbat give rise to extrachromosomal DNA may result in 

deletions on the c h m o s o m  ((Figum 4.1 h)). 

B C D E F G B  
5: p 

B C D E F G B  
F: 

Does the mode1 address the amplification that is seen in our data within 72 hours 

of transient c-Myc deregdation? Considering the replication of a single R2 dele, two 

rounds of R2 re-replication at the 24 b u r  time point give rise to 4 copies of the R2 gene 

by the time the cell has divided once. Two subsequent rounds of re-replication of the 

existing (amplifid) R2 loci at the 48 hour time point may give rise to as many as 16 

copies of the R2 gene locus within 72 hours. Our initial study of c-Myc dependent R2 

amplification showed that in some metaphase cells there are as many as 16 chromosoma1 

and extrachromosomal copies of R2 at tbe 72 hour time point (Kuschak et al., 1999a). 

(See Figure 4.1 .(b)). 
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There are a number of studies that describe roles for c-Myc in ceII proliferation 

and DNA replication and amplification. Classon et ai. (1987) demonstrated that c-Myc 

facilitates SV40 DNA replication in human lymphocytes. Since SV40 viral DNA 

replication is controlled by cellular machinery, c-Myc plays a role in the replicative 

process. Mai et al. (1996) showed that prolonged periods of Myc-ER in 

activation, Rat 1 A-Mycer cetls resulted in irreversible chromosomal aberrations that 

i ncluded numerical changes, chromosome breakage, the formation of circular 

chromosomal structures, chromosome fùsions, and extrachromosomal elements. Li and 

Dang (1999) propose a rnodel involving c-Myc deregdation that may explain our 

findings. In colcemid-treated cells, the overexpression of c-Myc is proposed to uncouple 

DNA synthesis from mitosis. Spindle disruption is shown to cause hypophosphorylation 

of the retinoblastoma protein. c-Myc is shown to by-pass the hypophosphorylated 

retinoblastoma protein and thereby induce endoreduplication of DNA. In a different 

study, c-Myc over-expressing ceIls were pre-selected with low doses of N- 

(phosphonacetyl)-L-aspartate (PALA). The pre-selection generated a population of cells 

t hat s howed CO-amp li ficat ion of N-myc and carbamyl-phosphate synthetase. asparfate 

tramcarbamyloase. dihydroorotase (CAD) genes. Treatment of these cells with higher 

doses of PALA showed that due to N-Myc over-expression following pre-selection with 

low doses of PALA these cells were able to over-ride p53 checkpoint controls and were 

able to withstand higher doses of PALA due to the N-myc and CAD gene co- 

amplifications. The analysis of the data showed that c-Myc over-expression abrogates 

PALA-induced p53-mediated cell cycle arrest and facilitates the CO-amplification of N- 

myc and CAD (Chernova et al., 1998). 
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There are other fiiture experiments that would reveal important information about 

c-Myc dependent gene zmplification of R2. Briefly, these involve a number of relevant 

questions. First, the study cf the actual evolution of the R2-bearing extrachromosomal 

elements following c-Myc deregulation and the generation of re-replication forks. 

Second, there is the question of why certain EEs are functional and others, such as 

are not. Finally, there is the question of an in vivo component for these studies. What will 

the study of an Ep-myc mouse tell us about the fate of the R2 gene foltowing constitutive 

c-Myc deregulation in the B cells of a transgenic mouse? These questions are discussed 

in more detail in FUTURE DIRECTIONS. 
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CONCLUSIONS 

The c-Myc oncoprotein is associated cellular proliferation. apoptosis, 

tumorigenesis, tumor progression and neoplasia. The multifaceted protein is now more 

frequently recognized as a key factor associated with gene amplification and genomic 

instablity. Gene amplification and genomic instability in generd. are is pivotal steps that 

play a role in tumorigenesis. tumor progression. and neoplasia. Previous studies have 

clearly demonstrated the role of c-Myc deregulation in the amplification and in the 

subsequent overexpression of c-Myc amplification-target genes. The genes that have 

been established as amplification targets of c-Myc are DHFR and cyclin 02. In each case, 

the amplification of the target genes was the result of transient deregulation of c-Myc that 

was followed by amplification and overexpression of the gene product. My current work 

has examined the effwt of c-Myc deregulation on the genomic (in)stability of the 

ribonucleotide reductase R2 gene in a cultured mouse Pre-B lymphocyte model. This 

study sought to answer two main questions. 

First, this thesis work exarnined the effect of transient and constitutive c-Myc 

overexpression on the genomic (in)stability of the ribonucleotide reductase R2 gene in 

cultured Pre-B cells. It also sought to establish whether any observed c-Mycdependent 

effects on R2 genomic stability resulted in altered R2 mRNA and protein expression in 

these cells. It demonstrated that transient and constitutive deregulation of c-Myc resul ted 

in chromosomal and extrachromosomal amplification as well as in the mangement of 

the ribonucleotide reductuse R2 gene locus. Unexpectedly. there was no alteration in 

ribonucleotide reducttue R2 mRNA or protein. R2 is the first c-Myc amplification target 
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gene ihat shows no aiteration in the level of its mRNA or protein. This work is dcscribed 

in detail in Chapter 3.2. 

Second, the study sought to answer more detailed questions about the relationship 

between c-Myc and the ribonucleotide reductase R2 gene and to examine the mechanism 

of the c-Myc-dependent amplification of the R2 gene locus. First. we examined the R2 

gene sequence and found a putative E-box motifs. One cluster of four E-boxes was 

investigated further. We first wished to determine whether the four non-canonical E-box 

motifs found flanking the Exon Vm region of the ribonucleotide reduciase R2 gene are 

c-MycIMax binding motifs and whether these domains played a role in c-Myc-dependent 

gene amplification of R2 in cultured PreB cells. Using gel shift analyses, antibody 

supershift analyses and gel shift experiments with GST-Myc and GST-Max fusion 

proteins, we demonstrated that each of the four synthetic oligonucleotides carrying the 

sequences of the R2 E-boxes were able to bind Myc and Max under in vitro conditions. 

This part of the study demonstrates that the RZ gene is a legitimate c-Myc target that 

carries non-canonical E-box motifs in the flanking regions of Exon VIII that are able to 

bind c-Myc/Max heteroàmers in vitro. 

1 then exarnined the ability of the c-Myc protein to interact with the R2 gene and 

the effect of c-Myc deregulation on the replication profile of the ribonucleotide reductuse 

R2 gene in a cultured B ce11 model. As a result of these studies we propose a mechanism 

of c-Myc dependent replicationdriven amplification of W. Transiently deregulated 

expression of c-Myc protein results in the ninitiation of DNA synthesis and the 

illegitirnate rereplication of the RZ gene locus within 24 hours of c-Myc deregulation. 

fading to the initiation of R2 amplification within the coum of a single ce11 cycle. Pior 



to this study, reinitiation of DNA synthesis and illegitimate DNA replication has been 

shown only in dmg-mediaîed gene amplification models. This study is the f i a t  to suggest 

illegitimate reinitiation in a replicationdriven mode1 following transient c-Myc 

deregulation Multiple replication initiation cycles are reminiscent of data described 

earlier by Varshavsky in 1981 and later by Mariani and Schimke in 1984. This study is 

described in detail in Chapter 3.4. 

While this study focuses on the c-Myc dependent amplification of a single c-Myc 

amplification target, ribonucleotide reductase Rî, it is conceivable that other c-Myc 

ta y t  genes may be amplifieci or coamplified by a similar mechanism. It suggests that the 

deregulation of the c-Myc protein may result in the illegitimate rereplication of c-Myc 

targets within a single ceIl cycle. 

Diiring the course of this work, a method called FISH-EEs (Fluorescent &z Siru 

Wbridization of Extrachromosomal Bements) was developed to better study 

extrachromosomal elements @Es) using fluorescent in siru hybridization (FISH). This 

work is described in detail in Chapter 3.1. Additionai experiments have k e n  completed 

that allow for the purification of histone-bound EEs using a rnethod called Isolation of 

Extrachromosornai Elements by Histone Immunoprecipitation. This work is described in 

Chapter 3.3 and has been submitted for publication. 
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FUTURE DIRECTIONS 

It is clear at this point that much of what we understand about genomic instability 

involves gene amplification. The study of genomic instability and gene amplification 

alone is rich in its potential to reveal valuable information concerning pathways and 

mechanisms that play a role in tumorigenesis and tumor development. Moreover, the 

study of c-Myc-dependent mechanisms of gene amplification is an exciting field that is 

revealing much about c-Myc and its involvement in amplification resulting in either 

altered or unaltered target gene expression. There are a number of important questions 

and issues that rnust be addressed. 

Extrachromosomal DNA 

Although it is certainly not a new area of study, among the most exciting is the 

revived focus on extrachromosomal DNA molecules. Of special interest is the area of 

their generation. This thesis work has suggested that c-Myc deregulation results in the 

amplification of the R2 gene locus through illegitimate rereplication that occurs through a 

replication-driven phenornenon as early as 24 hours after c-Myc is deregulated. It has 

also k e n  s h o w  that the result of this rereplication is the chromosomal and 

extrachromosomal amplification of the R2 gene locus as well as its rearrangment. What 

remains unclear are the steps or mechanisms that tic together the initial steps of 

amplification (i-e. &a generation of rereplication forks) with the generation of 

extrachromosomal elements which carry R2 sequences. This is an interesting step that 

will reveal the mechanisms that operate in the transition between the rereplication at the 

chromosomal level and the generation of extrachromosomal DNA molecules. For 

example. are extrachromosomal DNA molecules generated following intrachromosomal 
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amplification, or  are they a product of deletions within a chromosome? Are they 

generated through mrcplication of a gene locus, where multiple copies of a gene are re- 

replicated, some becoming chromosomally integrated while others are broken away from 

the replication bubble(s) and fonn autonomous amplicons capable of replicating and 

transcribing? Have the EEs undergone recombination events? 

The function of the extrachromosomal DNA in cells is a cntical issue. Of primary 

importance is the understanding of gene expression regulation in extrachromosomal 

elements. The first real indication of their fiinctiond and role in tumorigenesis and tumor 

progression has come only recently when it was shown that extmchromosomal DNA 

molecules are able to transcribe rnRNA and play a pivotal role in tumorigenesis and 

tumor progression, contributing to the neoplastic phenotype of the translocation-negative 

plasmacytoma DCPC2 1 mouse (Wiener et al., 1999). 

In order to study a representative population of EEs that actually play a role in the 

cell. methods must be developed that will facilitate the study of pmperly purified 

populations of representative extrachromosomal DNA molecules, beyond what has been 

accomplis hed thus far. The isolation andor  en richmen t of represen tative and funaional 

extrachromosomal DNA amplicons should be the f i a t  step in their study. Currently a 

number of projecü arc underway that will result in the ennchment of pure, gene- 

harbouring extrachromosmal DNA, isolated from both culture- as well as from patient- 

and animal-derived cells. Enrichment of a pure fraction of functional extrachromosomal 

elements will allow for more facile multifacited manipulation andior study of these 

molecules and their role(s) in tumorigenesis and tumor progression. Purified EEs can be 

used to study genomic instability and mechanisms of gene amplification through 
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procedures such as FISH-EEs. mRNA FISH. electron microscopy, micro-afcay 

technology, cloning, and Southern blotting. 

Functional Andysis of Individual Extrachroniosomcil DNA Amplicons 

The functional analysis of extrachromosomal DNA molecules is paramount if one 

is to elucidate their role in tumorigenesis and tumor progression. Central to understanding 

the effects of extrachromosomal arnplicons is the study and defining of the potential of 

individual extrachromosomal amplicons to catalyze a single, initiating step that will 

utlimately alter the path of a ceil from normal regulation to tumorigenesis and neoplasia. 

This information can come only from the isolation of c-Myc dependent generation of 

EEs, their purification and transfection into pnmary B cells. Following transplantation. 

the functional capacity of particular populations of EEs to generate tumors can be 

assessed. 

Other studies must be conducted in order to understand the generation of 

extrachromosomal DNA molecules and to functionally characterize them. Additional 

studies cumntly undeway in a cultured cell mode1 seek to address the question of 

coarnplification of "bystander" genes dong with the R2 gene, as well as the potential for 

transcription of "bystande?' genes that are associated with the extrachromosomal R2 

amplicon. More specifically it will be important to establish reasons on the molecular 

level why certain amplicons result in enhanceci gene expression and why others are 

inconsequential in this respect. For this reason it necessary to examine minimal sequence 

requirements for successful expression from extrachromosomal DNA amplicons. 

Comparison of data from these types of studies witb sequences of disfunctional 

extrachromosomai arnplicons such as those which c q  the R2 gene will likely reveal a 
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grsat deal about the amplification process as well as the sequence requirements for 

successful expression from these amplicons. 1 may k that non-transcribing EEs lack 

positional information in the nucleus that is required for their transcription. 

It will also be prudent to establish what types of molecules are associated with 

EEs. For exarnple, it would be interesting to determine whether MyclMax heterodimers 

play a role in the expression or further amplification of extrachrosmosomal DNA initially 

generated by c-Myc deregulation. Experiments should also be conducted in order to 

determine whether Myc/Max heterodirners as well as Max/Max homodimers in any way 

modulate transcription of traditional c-Myc transcription targets that may be found on 

extrachromosornal elements. Also, one might examine whether c-Myc/Max heterodimers 

bind and mediate the Further amplification of extrachromosomal c-Myc-dependent 

am pli fication target genes such as dihydrofolate reductase (DHFR), ribunucleotide 

reductase R2, or Cyclin 02. Since it is known that extrachromosomai elements are able to 

transcribe mRNA, it will be important to confirm which transcription related proteins are 

present on these amplicons during transcription. For exarnple. are transcription-related 

molecules such as histone acetyltransferase as well as other transcription related proteins 

associated with amplicons that have been shown to transcribe? In a similar direction, it is 

known that extrachromosomal DNA amplicons are able to replicate autonomousl y. What 

molecules are associated with the replicating extrachromosomai amplicon? It would be 

interesting to confinn the presence of a number of replication-related proteins, such as 

MCM and cdc family proteins. The elucidation of the molecular and functional nature of 

extrachromosomal elements would be of great value in explaining the mechanism of 

extrachromosomal DNA function(s) such as they relate to tumorigenesis and neoplasia. 
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In vivo Studies of Gene Amplifikation 

The greatest shortcoming of this thesis work is the fact that the study has been 

conducted only in cultured cells. The most important contributions to understanding the 

function(s) of c-Myc on the amplification process of established or putative target genes 

will be learned on1 y from in vivo studies. 

An important in vivo extension of this thesis work, i.e. the issue of c-Myc 

deregulation and its effects on R2, is best served by studies performed in the mouse. One 

study that is currently underway. is the examination of the effects of c-Myc deregulation 

in the B lymphocytes of the Ep-myc mouse. The study seeks to examine the effects of c- 

Myc deregulation within the B cell cornpartment on c-Myc target genes such as R2 and 

others, such as DHFR, and cyciin 02. A study of the effects of c-Myc deregulation from 

the embryonic stage to (i-e. E9.5, when c-Myc deregulation is initiated in the Ep-myc 

mouse embryo) to the time of near-death in these mice will f iord a great deal of 

undentanding of the mechanisms of amplification and possible changes in expression 

and replication of c-Myc target genes. Such as study would clarïfy the earliest of events 

that occur in c-Myc target genes once c-Myc is deregulated. For example, how soon does 

the deregulation of c-Myc begin to generate genomic instability in the fom of 

chromosomal, extrachromosomal amplification or aneuploidy in the mouse B cell? Myc- 

dependent amplification of the DHFR gene has been examined in the mouse however, no 

such expenments have been conducted in assessing the effects of c-Myc deregulation on 

ribonucfeotide reductuse R2 or cyclin D2. Certainly, no studies have been conducted in 

the area of c-Mycdependent genomic instability in the mouse embryo. One will also be 

able to establish the temporal order of genetic events as a function of c-Myc deregulation 
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at the earliest stages. For example, which if any af the c-Myc target genes are deregulated 

in the rnouse embryo first? Dots this decegulation have consequences in the expression of 

the gene? If there are mRNA and protein expression changes following c-Myc-dependent 

amplification of a target gene, are these expression changes due to chromosomal or 

extrachromosomal amplicons? Finally, questions regarding the generation and function of 

EEs as discussed above must be studied in the mouse model. 

The study of non-lymphoid models of neoplasia must also be conducted in in 

vitro and in vivo environments. 
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APPENDICES 

This section of the thesis includes two appendices, narnely A and B. The 

appendices include two papers where I contnbuted expenmental data during the course of 

my Ph.D. studies and where 1 was among the authors. These papers are included in this 

thesis because they are related to my work on c-Myc-dependent genomic instability, 

however, are not part of my thesidpracticum work. 



Appendix A 

Preface 

Appendix A is the full paper format of a manuscript published in the journal 

Neoplasia: Sabine Mai, Joan Hanley-Hyde, G. Jonah Rainey, Theodore 1. Kuschak, 
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Abstract 

We examined the expression of cyclins DI. 02 ,  03 and E in mouse B- 

lymphocytic tumon. Cyclin D2 M A  was consistently elevated in plasmacytornas, 

which characteristically contain Mye-activating chromosome translocations and 

constitutive c-Myc mRNA and protein expression. We examined the nature of cyclin 0 2  

overexpression in plasmacytomas and other tumors. Human and mouse tumor ce11 lines 

that exhibited c-Myc dysregulation displayed instability of the cyclin 0 2  gene, detected 

by Southern blot, fluorescent in situ hybridization (FISH) and in extrachromosomal 

preparations (Hirt extracts). Cyclin 0 2  instability was not seen in cells with low levels of 

c-Myc protein. To unequivocally demonstrate a role of c-Myc in the instability of the 

cyclin D2 gene, a Myc-estrogen receptor chirnera was activated in two mouse ceIl lines. 

After 3 4  days of ~ y c - E R =  activation. instability at the cyclin D2 locus was seen. in the 

form of extrachromosomal elements, detennined by FISH of metaphase and interphase 

nuclei and of purified extrachromosomal elements. At the same time points, northern and 

western blots detected increased cyclin 0 2  mRNA and protein levels. These data suggest 

that Myc-induced genomic instability may contribute to neoplasia by increasing the 

Ievels of a ce11 cycle-regulating protein, cyclin 02, via intrachromosomal amplification of 

i ts gene or generation of extrachromosomal copies. 

The abbreviations used are: cdk, cyclindependent kinase; Dhfr, dihydrofolate reductase; 

DAPI, 4', 6' diamidino-2-phenylindole; PI, propidium iodide; 4HT, 4-hydroxytamoxifen; 

R 1, ribonucleotide reductase R J subunit; R2, ribonucleotide reductase R2 subunit; FISH, 

fluorescent in situ hybridization; EEs, extrachromosomd elements; A-MuLV, Abelson 

murine leukemia vims; GAPDH. glyceraidehyde-3-phosphate-dehydrogenase. 



The oncoprotein Myc plays a crucial role in transformation of a wide variety of 

ce11 types (1-3). In a subset of these tumors, and particularly in neoplasms of B 

lymphocytes, c-Myc expression is constitutively upregulated as a result of one of three 

processes associatcd with genomic instability: i) gene amplification (4-5); ii) retroviral 

(6) or transposon (7) insertion; or  iii) chromosomal translocation of c-Myc to 

immunoglobulin (Ig) la5 .  The last process has been observed in chicken bursal 

lymphomas, human Burkitt and other non-Hodgkin's B-cell lymphomas, mouse 

plasmacytomas and rat immunocytomas (8-10). In severai forms of neoplasia, c-Myc 

gene copy numbers and protein levels have been used as prognostic markers (1 1). The 

molecular b a i s  for the link between c-Myc overexpression and transformation has not 

k e n  fully elucidated in these systems. 

Previous studies have suggested that Myc contributes to nwplasia by affecting 

ce11 cycle progression (12-15). c-Mye expression is tightly controlled in normal cells at 

transcriptional, pst-transcriptional, translationai and pst-translational levels (3). In 

diploid primary cells, c-Myc is uprtgulated in Gl and downregulated shortly after the 

entry into the S-phase (16; 17). c-Myc antisense oligonucleotides have been shown to 

block the transition from G1 to S (18). Cells with c-Myc overexpression have shown 

shortened G1-phases (19; 20). On the other hand, cells with one disrupted c-Mye allele 

had a prolonged G1-phase (21). and disniption of both c-Myc alleles in a ce11 line 

prolonged the G2-phase as well (22). prolonging the cell cycle duration significantly and 

proving lethal in vivo (23). 

The regulated expression of cyclins and cyclin-dependent kinases (cdks) is critical 

to the normal progression thmugh thc ctll cycle of untransforma! cells. In contrast, 

immortaiized and transformed u l l s  often exhibit dysregulateâ expression of cyclins, cdks 

and cdk inhibitors. It was reported earlier that Myc plays a role in the expression of 



&ins A, Dl, and E (12-14). Moreover, c-Myc expression and ce11 cycle progression are 

linked through the activation of Gl cyclins and cdks (15). It has been reported that Myc, 

when heterodimerized with Max, transactivates the Cdc 25 gene, which encodes a cdk- 

activating phosphatase, suggesting a mechanism through which Myc could influence the 

ce11 cycle (24). 

The focus of our work has been on Myc-dependent genomic instability. We 

recently demonstrated that c-Myc overexpression is associated with the non-random 

amplification and remangement of the dihydrofolate reductase gene (Dhfr, Refs. 25; 26) 

and the gene encoding the R2 subunit of ribonucleotide reductase (R2, Kuschak et al., 

submitted). 

In the present study, we show evidence of Myc-dependent genomic instability of 

the cyclin 0 2  gene, with an increase in intrachromosomal copy numbers o r  

extrachromosornal elernents bearing cyclin 0 2  sequences. Both amplification events 

occur concomitant with an increase in cyclin DZ gene products. These findings link c- 

Myc overexpression and ceIl cycle regulation for the first time at the level of genomic 

instability of this G1 cydin. Based on these findings, we propose a mode1 of Myc- 

dependent genomic instability and neoplasia. 



MATERIALS AND METHODS 

Cell lines and tissue culture. Human breast ductal adenocarcinoma T47D and 

mouse B lymphoma WEHI 231, were obtained from the Amencan Type Culture 

Collection, Rockville, MD. Mouse plasmacytomas, MOPC 265 and MOPC MID, the 

human colorectai carcinoma line, COL0320HSR. and primary human fibroblasts, 

GL30/92T, have been previously described (26-28). The spectrum of mouse B- 

lymphocytic ce11 lines has been presented in detail earlier (29). Cells were propagated in 

RPMI 1640 (Biofluids, Inc., Rockville, MD) supplemented with 10% heat-inactivated (30 

minutes, 5 6 O ~ )  fetal bovine semm (Gibco/BRL, Germantown. MD), 2 m M  glutamine, 

100 U/ml penicillin and 100 pg/ml streptomycin. Culture medium for B-lymphoid ce11 

lines also contained 50 pikl 2-mercaptoethanol. We generated an in vitro line of mouse 

pre-B lymphocytes by transformation of BALB/c bone mmow cells with A-MuLV (30). 

These cells were subsequently transfected with LXSN-bcl-2, a mouse bcl-2expressing 

vector (3 1). and p ~ a b e ~ u r o ~ y c - ~ ~ T M .  an expression vector (32) with which the human 

Myc protein can be activated by 100 nM 4-hydroxytarnoxifen (4HT, Research 

Biochemicals International, Natick, MA). We also produced a line of mouse fibroblasts 

in which Myc could k upregulated by 4HT due to stable transfection of pBabePuroMyc- 

ERTM into cells (33). 

Cloning and sequencing of mouse cyclin D2 cDNA and 5' genomic fia. A 

cDNA iibrary of the mouse pre-B cell, 18-81. in lambda ZAP-2, was screened under 

relaxed conditions with Cyll (34). a partial cDNA for murine cyclin DI. a generous gift of 

Dr. Charles Sherr. Several clones that encoded moux  cyclin D2 were isolated, rescued as 

pBlueScript clones, characterizcd and sequenced. A probe derived from the clone with the 

longest (1255 bp) insert was sequenced and found to have a coding region identical to the 

mouse cyclin D2 cDNAs in the litcranire (35). This probe was used to screen a partial 
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EcoRI library of BALBk liver DNA in EMBL-4 arms, a generous gift of Dn. Linda Byrd 

and Konrad Huppi. One positive clone that contained a 17.1-kb insert was isolated, 

punfied and digested to completion with EcoRI. Only one of the 3 EcoIU fragments that 

were generated from 2 intemal EcoRl sites, a 5.4-kb fragment, hybridized with the 5' end 

of the cyclin D2 cDNA probe. and it was subcloned into pBlueScript for further study. 

Partial sequencing of this fragment revealed that the 3' SOS base pain were identical to the 

5' portion of our cyclin 0 2  cDNA [and that of Kiyokawa et al. (35)l. The 3' 194 base pain 

contained an AUG followed by an open reading frarne, and the adjacent 301 upstrearn 

base pairs contained the 5' untranslated sequence of the cDNA. The remainder was 

considered 5' flank in which regutatory motifs might be located. A more cornplete 

sequence of the mouse 5' flank is being generated and will be reported elsewhere. 

Probes. A 700-bp PstI-fragment of Our rnouse cyclin 0 2  cDNA was used to probe 

Southern and northem blots, and the 5.4-kb genomic clone (see above) was used as a 

probe for fluorescent in situ hybridization (FISH). A strategy similar to that described 

above was used to isolate cDNAs for mouse cyclins DI and 03 (38, generous gifts from 

Paul Hamel, University of Toronto). Each was used as an 80-bp EcoRI/HindIII fragment 

that contained the entirety of the coding region. Each of the cyclin D cDNAs has a 100- 

bp region that is 90% identical. Thus repeated and sequential hybndization of RNA blots 

was necessary to determine which bands were unique to the cyclin D member k i n g  

probed. Only the unique RNA bands are shown in the figures. The human cyclin 0 2  

cDNA was a kind gift from Gordon Peters (39). It was used as a 1.2-kb NotI-XhoI- 

fragment. The R I  probe was a 1.5-kb BamHI fragment of mouse ribonucleotide 

reductase R I  subunit cDNA (40). The cDNA clone for mouse c-Myc. pMc-Myc54 (41), 

was the kind gift of Kenneth B. Marcu, frorn which a 0.6-kb Hind III-Sst 1 fragment was 

used as an exon 1-specific probe and a 1.0-kb Sst 1-Hind III fragment was used as an 

exons 2+3 probe for the Mye sequences expressed in p ~ a b e P u r o ~ y c - ~ ~ T M  (32). 



Mouse cyclins C and E probes were gifts of Steven R d .  They were used as 1.1- and 2.5- 

kb EcoRI fragments, respectively. for hybridization. The cDNA for GAPDH was the kind 

gift of Dr. Marc Piechaczyk (42). 

Assays for genomic instabüity: gene amplification and extrachromosomal 

elements. Gene dosage was examined using Southern blot analysis (36) and FISH of 

metaphase and interphase chromosomes (26; 37). Evaluation of metaphase spreads and 

interphase nuclei was performed using a Zeiss Axiophot microscope and a CCD camera 

(Optikon/Photometrics). 100 - 150 metaphases and interphases were evaluated in each of 

three independen t experiments. Extrachromosomal fluorescent signals were considered 

specific when they also stained with 4', 6' diamidino-2-phenylindole (DAPI) (1 W m l )  or 

propidium iodide (PI) (1 pg/ml). 

RNA isolation and northern blotting. Total RNA or Poly(A)+ RNA was 
- 

isotated from cells as previously reported (29). 5 pg of Poly(A)+ RNA or 15 pg of total 

RNA were fractionated on a 1 % agarose gel containing fonnaldehyde. The RNA was 

transferred to a Hybond-N membrane (Amersham. Arlington Heights, L) by capillary 

blotting and hybridized with 32~-labeled cDNA probes as indicated in the figure legends. 

Radioisotopic labeling was performed with the Nick Translation System (GISCO/BRL, 

Gerrnantown, MD) according to the manufacturer's protocol. The membranes were 

hybridized ovemight with 3x 106 dpmlml probe, washed with 0.1 x SSC, 0.1 46 SDS at 

2 0 O ~  and exposed to X-ray film overnight at -80°C. For sequential hybridization of the 

same blot with different probes, membranes were stripped with boiling water. 

Western blotthg. Western blots were performed on lysates of pre-B ceIl cultures 

as previously descriôed (43) except that protein concentration was determineci using the 

BCA Protein Assay (Pierce), and 10 pg were loadcd pcr lanc. The immunoreactive bands 
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were identified by the ECL Western blotting detection system (Amersharn, Arlington 

Heights, IL). The antisyclin D2 (M-20) was purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). The anti-actin (clone AC-40) was from Sigma ImmunoChemicals (St. 

Louis, MO). The HRP-Goat anti-Rabbit IgG and HRP-Goat anti-Mouse IgG and IgM 

were purchased from Axell (Westbury, NY), 

Extrachromosomal elements. Cells were subjected to a procedure designed to 

separate chromosomal from non-chromosornai DNA (44). Cells were suspended at 1-5 x 

7 10 per ml and lysed in 0.6% SDSIO-OI M EDTA at room temperature for 10-20 minutes. 

Then 5 M NaCl was added to bring the suspension to I M NaCl, and precipitation was 

allowed to proceed at 4°C overnight. The supernatant from a centrifugation at 35,000 x g 

for 30 min at 4°C ("Hirt extract") was applied to glass slides for FISH (see next section) or 

to grids for electron microscopy (EM) examination. For EM, Hirt extracts were diluted to a 

concentration of ca. 1 pglml in 20 mM MgC12I 30 m M  triethanolamine (45). Aliquots were 

placed on formvarfcarbon-coated grids, fixed with 0.1 8 glutaraldehyde in White's saline 

(46) and negatively stained with 3% uranyl acetate. Gnds were allowed to air dry and then 

shadowed with tungsten to enhance resolution. Grids were examined in a Philips Mode1 

420 transmission electron microscope at 80 kV. 

F I S H  on purifid extmchromosomal elements. EEs were isolated according to 

a modification (47) of the protocol by Hirt (44). They were diluted 1: 1 in freshly prepared 

rnethanol: acetic acid (3:l) and dropped ont0 slides. Fixations were canied out as 

described earlier (25; 26). FISH was performed following RNAse and pepsin treatments. 

DAPI was used to stain the DNA of the EEs. Hybridization signals were considered 

specific if they colocalized with DAPI-stained EEs. Hybridizations were carried out with 

a panel of probes including Dhfr and Ribonucleotide Reductase Subunit 2 (R2) that had 

been shown to be present on EEs of 4HT-activated pre-B lymphoma cells (47). Relative 



fluorescence intensities were rneasurcd with IPLab Spectmm software, version 3.1 

(Signal Analytics). 

RESULTS 

Northern blot d y s i s  of cyckïn D2 expression in mutine B-lyniphocytic ünes 

with diETerent degrees of Bsell maturation. Figure App.A. I shows a blot of poly(A)+ 

RNA from a series of mouse B-cell lymphoma ceIl Iines of increasing maturation from 

left to right (29). This blot was sequentially hybndized with four munne Gi cyclin 

probes. The cyclin 03 probe revealed strong 2.3-kb bands in 4 cell lines of eariy B 

lymphocytes, but barely detectable levels in plasmacytornas. The cyclin DI probe showed 

a very strong 3.9-kb band in the myeloid-pro-B line in lane 1, strong bands in two B-ce11 

lines, lanes 5 and 8, but very low levels in the remaining RNA simples. Cyclin E 

transcripts were virtually undetectable (not shown). When normalized to the 

glyceraldehyde phosphate dehydogenase (GA PDH) control hybridization signais, the 

highest level of expression of the predominant cyclin D2 mRNA species (6.5-kb) was 

seen in the four plasmacytomas (lanes 11-14). In addition, several smaller cyclin 0 2  

mRNA species are prominent, chiefly in these four Iancs. Plasmacytornas are h o w n  to 

be rich in Myc mRNA (48), and this is the case for these four lanes. There is not a dea r  

correlation between levels of Myc and cyclin 0 2  mRNA, but a similar pattern of high 

levels of Myc and cyclin DZ mRNA was also seen in blots of RNA from 45 additionai 

plasmacytornas (data not shown). This series included plasmacytomas with t(12;15) and 

t(6; 15) translocations and tumors without translocations. but with Myc upregulation due 

to stable integration of Myeexpressing recombinant rctroviruses (28). 

Establisheù rnouse ami human tumors with c-Mye overexpression have 

Southern blot evfdence of amplir~cation of the c y ü n  D2 locus. The stability of the 

cyclin 0 2  locus was characterizcd in two mouse B-lymphoid lines. MOPC 460D, a 



plasmacytoma that constitutively overexpresses c-Myc due to Myc/lg chromosome 

translocation (28), and WEHI 231. a lymphoblastoid tumor with low Myc protein levels 

(26). Southem blot analyses showed that the cyclin D2 gene was chromosomally 

amplified in MOPC 460D (Fig. 2, upper left panel, filled arrowheads), but not in WEHI 

231 cells. Mouse ribonucleotide reductuse subunit RI  (RI, Fig. 2, lower panels) and 

cyclin C (not shown), genes that are retained as single-copy genes irrespective of Myc 

protein Ievels, were used as reference genes. 

These analyses were extended to human ce11 lines: the colon carcinoma line 

COL0320HSR, a classic example of c-Myc gene amplification and overexpression (28- 

fold higher M y c  protein levels than GL30/92T primary human fibroblasts); and the breast 

cancer line T47D, which expresses 1 1 times higher c-Myc protein levels than GL30/92T, 

a fibroblast of normal genotype (26). COL0320HSR and T47D displayed 

chromosornally amplified bands of cyclin 0 2  gene hybridization in Southem blots 

(Figure App.A.2., upper right panel, filled arrowheads), compareci to the control R I  

hybridizations (Figure App.A.2., lower right panel) while primary human fibroblasts did 

not shown cyclin 0 2  amplification. In T47D, the cyclin 0 2  gene is partially deleted from 

the chromosomes as indicated by missing genomic bands in the Southem blot (see open 

arrowheads in Figure App.A.2). Such deletions appear to reflect an additional form of 

genomic instability of this locus in cells that overexpress Myc. 

Cyclin D2 amptification involves the generation of extrachromosomal 

elements in COL03MHSR and MOPC 46ûD. 4'. 6' diamidino-2-phenyiindole (DAPI) 

or propidium iodide (PI) staining of metaphase chromosome spreads of COL0320HSR 

showed the presence of extrachromosomal elements (Eh). FISH studies of these 

preparations showcd amplified signals of the cyclin 0 2  gene on chromosomes and the 

EEs (Figure App.A.3A). A similar analysis of the BALB/c plasmacytoma MOPC 46ûD 

also showed EEs that containcd cyclin D2 sequences (Figure App.A.3B). 
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Extra- and intrachromosomal amplification is gene-specific. EEs contain only a 

subset of gene sequences. The Southern blot data showed amplification of cyclin 0 2  but 

not of the negative controls, -clin C or RI.  Similady. FISH studies of COL0320HSR and 

MOPC 460D showed no extrachromosomal elements that hybridized with cyclin C (data 

not shown). 

Induced upregulation of Myc activity in mouse pre-B cells results in cyclin 

D2 -containing extrachromosomal elements and i n c r d  cyclin 02- mRNA and 

protein after three days. A mouse pre-B cell line derived from bone marrow cells by 

transformation with A-MuLV was stably transfected with p~abe~uro~yc- ER^. an 

induci ble Myc expression vector that consti tutively expresses MYC- ER^. a chimeric 

protein that contains human c-Myc, linked to a mutated estrogen receptor (32). The Myc 

of the chimera is activated by addition of 4-hydroxytamoxifen (4HT). After three days of 

stimulation by 4HT, numerous EEs could be seen in metaphase chromosome spreads 

following Giemsa staining of chromatin (not shown) and DAPI staining of DNA (Figure 

App.A.3D.). Some of the EEs were shown by FISH analysis to carry cyclin 0 2  

sequences. This evidence of genomic instability involving the cyclin 0 2  gene was not 

seen in the same cells without tamoxifen stimulation (Figure App.A.3C.) nor in 4HT- 

treated pre-B cells that lack M ~ C - E R ~  (data not shown). 

Northem blots were prepared from total RNA from the A-MuLV-transformed 

pre-B cells before and after stable introduction of p ~ a b e ~ u r o ~ ~ c - ~ ~ ~ ,  and after 

different periods of stimulation by 4HT. Figure App.A.4. shows the resuIts of successive 

hybridizations of this blot with cyclin 0 2  and other germane probes. Cyclin 0 2  message 

expression is clearly elevated after 4 and 6 days of Myc activation by 4HT, when 

compared to the ethidium bromide-stained 28s ribosomat RNA bands in each lane. 

Transcri pts from the retroviral p B a b e ~ u r o ~ y c - ~ ~ ~  

in the right panels, are detected with a Myc exon 

in the stably transfected line, shown 

2+3 probe. As often happens (3) 



endogenous c-Myc expression (shown by a 2.4-kb band hat hybridizes with Myc exon 1 

probe) decreased aftcr 4HT activation of the exogenous Myc-ER (which lacks cxon 1). 

There was no detectable mRNA for cyclin D I  (not shown), and no signifiant change in 

mRNA level of cycfin 03 was seen during the treatment with 4HT. 

Western blots of lysates from the 4HT-treated cells described in the preceding 

paragraph were probed with anti-cyclin D2 antibody and, as a loading control, with anti- 

actin antibody. As shown in Fig. 4B, cyclin D2 protein levels gradually rose in parallel 

with the levels of cyclin DZ mRNA after Myc activation by 4HT in the pBabePuroMyc- 

 ER^-containing cells but not in the pre-B cells that lack this vector. Thus. both elevated 

cyclin 0 2  mRNA and protein levels appear simultaneously with the cycfin 0 2  genomic 

amplification, not pnor to it. 

Induced upregulation of Myc activity in mouse fibroblasts also leads to the 

generation of cyclin D2-containhg extrachromosomd elements and increased cycfin 

0 2  mRNA. A mouse fibroblast line, derived by transfection of \y2 cells with 

p ~ a b e ~ u r o ~ y c - ~ ~ N ,  was stimulated with 4HT to induce increased Myc activity. After 

three days of stimulation by 4HT, numcrous cycfin D2containing EEs could be seen in 

metaphase chromosome spreads and in interphase nuclei (Figures App.A. 3G and H). 

This evidence of genomic instability and of v i n  0 2  gene amplification were not seen in 

the same cells without prolonged tarnoxifcn stimulation (Figure App.A.3F). A control 

RSH study of 4HT-stimulated y2 cells that do not bear the Myc-ER"" expression vector 

showed no cycfin DZ-hybridizing EEs (Fig. 3E). 

Northem bIots were prcpared from total RNA from the fibroblasts with and 

without stable integration of p ~ a û e h r o ~ y c - ~ ~ ~ ,  and after different periods of 

stimulation by 4HT. Figure SC shows the rcsults of successive hybridization of this blot 

with cycfin 0 2  and othcr probes. As with the prc-B cells. cyclin 0 2  message expression is 

clearly elevated aftcr several days of Myc activation by 4HT, whcn cornparcd to the 



GAPDH loading conuol. Thus the fibroblast data paralkl the results seen in pre-B cells, 

with increased cyclin 0 2  expression accompanying, but not preceding, apptafance of 

cyclin D2-containing extrachromosomal elements. 

Myc-induced extrachromosomaI elements are DNA-containing circles, some 

of which bear cycfin 0 2  sequences. Figure 5 shows electron microscopie images of the 

EEs found in "Hirt extracts" (44) prepared from pre-B cells bearing p ~ a b e ~ u r o ~ ~ c - ~ ~ ~  

before (Figure App.ASA) and after (Figures App.A.5 B - D) three days of 4HT 

ueatment. These initial studies using electron microscopy repeatedly and reproducibly 

yielded the unusual images shown hem. Their significance is only beginning to be 

understood, and our tentative interpretations are as follows. Figure App.A.5A shows 

small extrachromosomal DNAcontaining small irregular, asymmetncal circular elements 

(diarneter, 4 .10  pm), believed to contain repetitive sequence motifs only, which is 

characteristic of normal cells (49). Figures App.A.SB-D are electronmicrographs taken at 

the same magnification as the upper panel, showing an exarnple of the larger (diarneter, 

0.15 - 0.35 pm), more discrete circles that are found after 4HT-activation of 

p~abe~uroMyc-ERTY-bearing pre-B cells and which are thought to contain amplifieci 

genes 

To confinn the presence of cyclin 0 2  on EEs in 4HT-treated cells, we developed 

a method to examine the total population of EEs purified by the Hirt procedure (47). This 

protocol involved EEs isolated by the method of Hirt (44) to glas slides that 

were then processed for FISH and counterstained with DAPI. FISH hybridization signals 

are considered specific only if they colocalize with DAPI-stained EEs. When FISH was 

performed on the slides, we found that about IO% of the EEs contained cyclin D2- 

sequences (Figures. App.A. 6 B, C (indicated by large white arrows). The sizes of the 

cyclin D2-hybridizing EEs were shown to be 10 - 20 pixels, using IPLab software 

analysis of the fluorescence images. The finding that only a fraction of the DAPI-positive 



spots hybridized to the cyclin D2 probe was evidence for the specificity of this 

hybridization. FXSH studics of Hin extracts of normal cells, showed only a few, 

extremely tiny DAPI-staining dots (pixel size d, data not shown), similar to those seen 

in uninduced pre-B cclls (Figure App.A.SA). which did not hybridize with the cyclin 0 2  

probe. These data establish that cyclin LI2 hybndiw specifically to a subset of the EEs 

seen in nuclei, metaphases and on microscopie preparations of EEs. We conclude frorn 

these data that cyclin D2 is one of an unknown number of targets of c-Myc-induced 

genomic instability found on EEs. 

DISCUSSION 

A direct role for Myc in cyclin D2 gene amplification in this study was first 

suspected when a coupling was observeci between Myc overexpression and arnplification 

of the cyclin D2 gene in established tumors. This is not unprecedented, since earlier work 

has demonstrated that Myc can influence replication (50). Amplification of cyclin D2 was 

first seen in Southem blots of two human ce11 lines, COL0320HSR and T47D, which 

were known to have c-Myc amplification and overexpression. Similar evidence of cyclin 

0 2  arnplification was also found in mouse plasmacytomas thaî did not have c-Myc gene 

arnplification but which did have constitutive expression of c-Myc due to chromosomal 

translocations. 

The cyclin D2 amplification that was detected in mouse plasmacytomas was 

accompanied by enhanced mRNA and protein levels on RNA and protein bIots. More 

transcripts were found in plasmacytomas than in other B-cell lines that did not have c- 

Myc-activating chromosome translocations. Such increased expression of other members 

of the G1 cyclins, cyclins DI, D3 and E was not found in plasmacytomas, indicating that 

this was a special attribute of cyclin 02. 



To dirstly implicate Myc levels in the induction of cyclin D2 amplification, we 

studied the effects of inducible overexpression of Myc in mouse pre-B cells using a 

ramoxifen-activated p ~ a b e ~ u r o ~ y c - ~ ~ " "  chimeric expression vector. Since amplification 

of genes occurs gradually, over successive replication cycles, we did not study the 

potential short-term effects of c-Myc upregulation of the cyclin D2 gene via transcription 

activation. Instead, we concentrated on the state of the locus and its expression over 

several days of 4HT stimulation. 4HT had no effect on the cyclin 0 2  of parental A- 

MuLV-transforrned pre-B cells. FISH studies showed no evidence of genomic instability, 

and mRNA expression remained very low. In the cells with an activated M Y C - E R ~  

ch imera, extrachromosomal elements, which have also been referred to as double-minutes, 

polydispersed circular DNA, episomes and extrachromosomal DNA (49; 51 - 53), that 

hybridized with the cyclin D2 probe, appeared after three to four days, indicating 

increased genomic instability. At these same time points, blots of RNA and cell lysates 

isolated from these cells began to show increased expression of cyclin D2 mRNA and 

protein. 

The data obtained to date do not require upregulation of either RNA transcription 

or changes in RNA stability. It is possible that simple starus-quo rates of expression 

could yield increased steady-state levels of mRNA and protein if the template were 

increased, such as by the amplification that we have demonstrated. Such a mechanism 

could also be responsible for the high levels of cyclin 0 2  mRNA in plasmacytomas, 

secondary to their constitutive expression of high levels of c-Myc mRNA and protein. It 

is interesting to note that Southem blots of DNA from pre-B cells after 3 days of 4HT- 

induction did not show increased cyclin 0 2  hybridization signals (data not shown) like 

those that were seen in well-established tumor cells that have experienced high Myc 

levels for many generations. This finding is not surptising, since extrachromosomal DNA 

is generally not visualized in conventional Southem blots (54; 55). Moreover, 

extrachromosomal DNA molecules tend to be unstable, because they usually do not 
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contain centromercs and may be lost during mitosis. With time, some have k n  shown to 

integrate into the chromosomes to take the appearance seen in establishcd cell lines (52; 

56; 57). 

We do not yet know whether the EEs are the source of the increased cyclin D2 

mRNA that appears simultaneously with the appearance of these elements. We have 

determined, however, that both the number of cyclin D2-containing EEs per cell and the 

level of cyclin 0 2  mRNA decreased when 4HT was removed for four days from cultures 

of pre-B cells and fibroblasts that had been stimulated with 4HT for 6 days (data not 

shown). Preliminary studies have indicated that the EEs contain protein and DNA, 

because they stain with Giemsa and DAPI and disappear when treated with DNAase. 

Some preparations of DNA from EEs can be digested with restriction endonucleases, and 

we are presently optimizing the isolation of EEs with undegraded DNA to attempt its 

cloning and sequencing. In addition, we will examine whether the EEs are transcnbed to 

yield cyclin D2 mRNA. 

A causal connection between Myc levels and cyclin 0 2  amplification is probably 

not limited to B Iymphocytic tumors, because we saw amplified cyclin 0 2  in human 

colorectal and breast carcinomas. In addition, we aIso found a gradua1 increase in cyclin 

D2 expression in mouse fibroblasts when Myc is overexpressed and activated by 4HT 

treatment of cells that bear the M ~ C - E R ~  expression vector. 

WC do not yet know why cyclin D2 is a m p l i f '  when Myc expression is high. We 

found four CACGTG MyJMax-binding E-box motifs upstream of exon one of the cyclin 

0 2  gene (to be published in full elsewhere), and we speculate that these E boxes may 

play a role in targeting such genes for Myc-induced amplification. 

This Myc-associated genomic instability may be the cause of the frequent 

aneuploidy and instability seen in long-term cultures (57) or extensively passaged 

experimental tumors. More specifically, it has been reportcd that tumor-specific non- 

random chromosomal translocations becorne incrcasingly difficult to recognize with 
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repeated passages of plasmacytoma l ines induced by Myc-activati ng chromosome 

translocations, due to accumulations of additional, presumably random, chromosomal 

aberrations (58). Although it has been shown that excess Myc activity can elicit overall 

karyotypic instability (57) and increased tumorgenicity (59). it is important to emphasize 

that our data show that Myc-associated gene amplification is locus-specific. Extra-and 

intrachromosomai amplification has been demonstrated previously for Dhfr (26) and in 

this paper for cyclin 02,  but we have also determined that high Myc expression produces 

no such amplification in the genes encoding ornithine decarboxylase, syndecan-2, 

GAPDH or cyclin C (26). 

1s it possible to construct a hypothetical mode1 for how the genes that are 

amplified in the presence of Myc overexpression might work together toward neoplasia? 

We propose that increased Myc activity leads to a redundant expression of genes that 

promote ceIl cycle progression and cell proliferation. This effect produces a potent 

combination favoring induction, promotion or progression of neoplastic transformation if 

apoptotic pathways are bypassed. Overexpression of Myc has k e n  shown to shorten the 

G 1 phase of the celi division cycle (19; 20)- which favors further mutations by curtailing 

the period available for cells to assess and repair DNA damage before it is duplicated in S 

phase. Such mutations might allow the cells to escape apoptosis. which is frequently 

associated with increased Myc activity. A similar effect would be expected from 

overexpression of cyclin D2, an important G1 cyclin. High levels of such cyctins could 

also foreshorten G1 and rush cells prematurely into S by titrating out cdk inhibitors such 

as p21 and p27. Perhaps such changes are responsible for the transformed characteristics 

that are induced by overexpression of cyclin Dl  in fibroblasb (60). Cyclin Dl 

amplification and overexpression is a well-known step in various cancers (61 - 63). 

Amplification and/or overexpression of cyclin 0 2  may have similar effects. 

Overexpression of cyclin 0 2 ,  along with Dl  and 03 .  has been found in mouse skin 

neoplasms and has been associated with tumor progression (64). Similar to Our finding of 
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cyclin DZ gene amplification in COL0320HSR. Leach et al. (65) reported that this cyclin 

gene was amplified in a subgroup of colorectal carcinomas. What is more, inappropriate 

expression of cycfin D2 also occurs as a result of retroviral integration in retrovims- 

induced rodent T-cell lymphomas (66). Finally, the expression of Gl cyclins and their 

control of the cell division cycle is known to Vary between normal and transformed cells 

( 3 8 ) .  

Another gene that is arnplified by Myc overexpression is Dhfr. 11 is a key enzyme of 

folate metabolism, and it is essential for DNA synthesis. High levels of the product of this 

gene may contribute to maintenance of cell proliferation. High copy number of Dh/r genes 

and overexpression of the enzyme. e.g., following amplification, have been correlated with 

the metastatic potential of tumor cells in a rat carcinoma rnodel (67). Thus we propose that 

Myc induces a Iocus-specific instability, and additional steps of selection will determine 

which cell(s) become malignant clone(s). This makes it possible, and indeed likely, that 

such cells that survive in this new regulatory setting will accumulate additional genomic 

alterations and will have an increased potential to complete the multi-step process of 

neophstic transformation. This concept has recently received support by experiments that 

demonstrated that c-Myc-induced instability alfowed the outgrowth of tumors in athymic 

mice following their subcutaneous inoculation with fibroblasts that exhibited Myc- 

mediated instability (59). 

In sumrnary, cyclin 0 2  is one of a growing iist of genes targeted for genomic 

instability by high Myc levels. We are in the process of determining the magnitude 

(number of genes involved) of the genomic instability induced by Myc overexpression. 
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Figure. App.A.1. Cyelin expression in mouse B-îympbocytic tumon. Po ly (~ )+  RNAs 

(5 pg) fkom a series of  rnouse B-lymphocytic ceil lines (28) are arrangeci h m  left-to- 

right in increasing degree of maturation. HAFIZ- 1 3g4 and HAFTL- I are two related 

clones of pro-B lymphocytes, the former baving more myeloid characteristics than B-cell 

characteristics; NFS 112, NFS 5 and BALB 1437 are pre-B cell hes; NFS 25, WEHi 

23 1, BAL 17 and BAL 1 13 1 are mature B-ceil lines, SJL 4 is a plasmablastic line; and 

TEPC 1 1 1 9, TEPC 1 1 94, TEPC 1 1 97 and XRPC 24 are plasmacytoma lines. The blot 

was hybndized first with cyclin D2 cDNA and then sequentialiy with the other 

hybridization probes indicated dong the lefi mgin,  following stripping. Sizes of major 

hybridizing bands are indicated on the ri@. 



WEHl 231 MOPC 468 6L38/9ZT 1470 

Figure App.A.2. Soutbern bkt analyses of mouse and humai ceIl üna bybridized 

with murine and human cyclin D2 cDNA probes, as indicated (upper panels). Mouse 

Iines: WEHI 231 B-cell lymphoma (low Myc) and MOPC 460D plasmacytoxm (high 

Myc); Human Liws: GL30192T pNnary fibroblasts (low Myc), T47D breast carcinoma 

ceUs (high Myc), and COL0320HSR colorectal carcinoma ceUs (very high Myc). Digests 

werz carried out with the enzymes indicated. 10 pg of  DNA were loaded per lane. The 

filters were rehybndized with the cDNA of muse R I  (lower panels) to wntrol for 

amount of DNA loaded. More DNA h m  GL30192T was loaded in the contml wells to 

illustrate the restriction endonuclease pmducts of  the unamplifid &in il2 gene. Filieci 

arrowheads point to amplified &in D2 bands; empty arrowheads indicate lost bands 

that suggest another fonn of genomic instability in this tumor. 
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Figure App.A.3. Fluorescent in situ hybridization (FISH) studies with cyclin D2 

probes and detection with FITC-labelcd anti-digoxigenin antibody. A. 

COL0320HSR metaphase chromosomes stained with propidium iodide (human cycfi~i 

0 2  cDNA hybridization is seen as green fluorescing spots or dark green dots when found 

on chromosomes). B. MOPC 460 metaphase chromosomes stained with PI (mouse cyclin 

D Z  genomic DNA hybridization is seen as green fluorescing spots or dark green dots 

when found on chromosomes), The arrows point to paired dark green dots that indicate 

the positions of the endogenous cyclin D2 loci. The imaging software generates the dark 

coiors when an FITC signal is superimposed on a PI-stained chromatid. Single light green 

dots seen elsewhere in the spreads are interpreted as EEs that are Ioosely associated with 

these chromosomes. C and D. Metaphase chromosomes fiom mouse pre-B lymphoma 

cells that bear the 4HT-activatable pBabePuroMyc-ERTM expression vector were 

hybridized with c y c h  D2 on a DAPI background. Cells in C were not stimulated with 

4HT; those in D were grown in 100 nM 4HT for 3 days. Arrows point to single-copy 

cyclill DZ in C and to extrachromosomal elements in D. E-H. Metaphase chromosomes 

from \y2 fibroblasts hybridized with cyclirr D2. DAPI was used to counterstain DNA. The 

image in E shows a negative control of FTSH analysis of 4HT-treated (3 days) \y2 

chromosomes fi-om cells that have not received the Myc expression vector. F, G and H 

show metaphase and interphase chromosomes fiom cells bearing stable integration of 

p ~ a b e ~ u r o ~ y c - ~ ~ T Z ' .  Cells in F were not stimulated with 4HT; those in G and H were 

grown in 100 nM 4HT for 3 days. 
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Figure App.A.3. (A-D) 
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Figure App.A.3. (EIH) 
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Figure App.A.4. Cyclin D2 expression afttr Myc activation. A. Northem blots of total 

RNA (1 5 pg) from cultures of mouse pre-B cells stably transduced with v-Ab1 (A-MuLV) or 

with v-Abl plus murine Bcl-2 plus p ~ a b e ~ u r o ~ y c ~ ~ n ' .  Both cell lines were treated with 

4HT for 0, 1, 4 and 6 days, as indicated. Each blot was hybridized, first with cyclin D2 

cDNA, and then sequentially with the other hybridization probes indicated along the right 

margin following stripping. Sizes of major hybridizing bands are indicated between panels. 

Ethidium-bromide-stained 28s nbosomal RNA bands are s h o w  as loading controls. B. 

Western blots of 10 gg of protein per lane, isolated from pre-B cells, with and without 

p ~ a b e ~ u r o ~ y c ~ ~ n f .  afier different penods of stimulation with 4HT. Antibody specificity 

and size of detected protein bands are indicated between panels. Actin probing of duplicate 

blots is shown as loading control. C. Northem analysis of total RNA (conditions as in A) 

from mouse fibroblasts ( ~ 2  cells) with and without stable integration of pBabePuroMyc- 

ERTM. afler different numbers of days of stimulation with 4-HT. GAPDH hybridization is 

included as a loading control. 
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Figure App.A.5. Eketmi mkmropy of extmchromoomaî ekmeats. EEs îrom 

p ~ a b e ~ u r o ~ y c ~ ~ T M - t r a n s d ~ c e d  pre-B ceiis before (A) and d e r  3 days of Myc 

activation by 4HT (B-D) were prepared eccording to Hirt (1%7). These extracts were 

piaced on formvar-covered grids, stained with uranyl acetate, tungsten sbadowed and 

examineci by transmission electron microscopy. -cation was 4 1,000 x. 



Figure App.A.6. FISE on exîncbromobomal ekments. Hirt extracts fkom 

p~abe~uro~yc~~TM-transd~ced pre-B cells were affrxed to glass s l idq stained with 

DAPI to ident* EEs by their DNA content (ca. 90 blue dots shown in a). The slide was 

then hybridized to the ten cyclin D2 genomic probe to locate EEs bearing these sequences 

(shown as green fluorescent dots in b). In c, a composite image was created by overiaying 

the blue DAPI signals onto those of the green fluorescein-labeled ant idigoxy genin 

antibody that detects the cyclin D2 hybridization signais. The large white arrows in c 

point out the nine authentic cyclin D2-bearuig EEs that are both DAPI- and fluorescein- 

positive. Gcneraiiy only the larger DAPI-staùied dots hybridized with the cyclin D2 

probe. The s m d  white arrow points out one of the rare fluorescein-positive spots that do 

not appeat to colocalize with a DAPI-positive spot. 
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Preface 

Appendix B is the full papcr format of a manuscript published in the journal 

Proceedings of the Nationai Academy of Science. USA. Francis wienerl, Theodore 1. 

ICuschak2, Shinsuke ohno'. Sabine MU" (1999). Dereplatcd expression of c-Myc in a 

translocation negative plasmac ytoma on extrachromosomal elements that carry IgH and 

myc genes. Proc. Natl. Acad. Sei., USA 24: 1 3967- 1 3972. 

This paper was the first to demonstrate that DCPC21 mouse plasmacytoma 

harbors c-myc and IgH genes on extrachromosomal elements (EEs) and that c-myc is 

transcribed. The authors describe that in this plasmacytoma, c-Myc expression of the c- 

Myc oncoprotein is initiated outside the chromosomal locations of the c-myc gene, 

namely from extrachromosomal elements @Es), which can be considered functional 

genetic uni ts. These data also impl y that other "translocation-negative" experimental and 

human tumors with fusion transcripts or oncogenic activation may indeed cany 

translocation(s), however in an extrachromosomal form. 
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ABSTRACT 

The induced expression of c-Myc in plasmacytomas in BALB/c mice is regularly 

associated with non-random chromosomal translocations that juxtapose the c-myc gene to 

one of the immunoglobulin (Ig)  loci on chromosome 12 (IgH), 6(1gK) or M(lgL). The 

DCPC21 plasmacytoma belongs to a srnail group of plasmacytomas that are unusual in 

that they appear to be translocation-negative. In this paper, we show the absence of any c- 

myc-activating chromosomal translocation for the DCPC21, using fluorescent in situ 

h ybrïdization, chromosome painting and spectral karyotyping. We find that DCPC2 1 

harbors c-myc and IgH genes on extrachromosomal elements (Es) from which c-myc is 

transcribed, as shown by c-myc mRNA tracks and extrachromosomai gene transfer 

experiments. The transcriptional activity of these EEs is further supportcd by the 

presence of the transcription-associated phosphorylation of histone H3 (H3P) on the EEs. 

Thus, our data suggest that in this plasmacytoma, c-Myc expression is achieved by an 

ai ternative mechanism. The expression of the c-Myc oncoprotein is initiated outside the 

chromosomal iocations of the c-myc gene, i.e. from EEs, which can be considered 

fûnctional genetic units. Our data also imply that other "translocation-negative" 

experirnental and human tumors with fusion transcripts or oncogenic activation may 

indeed carry translocation(s), however in an extrachromosomal form, 



INTRODUcrrON 

The activation of the c-myc gcne is key to the development of al1 munne 

plasmacytomas ( m s ) ,  rtsulting in deregulated levels of endogenous c-Myc protein 

expression (1-3). In the majority of pristane-induced mouse PCïs. the deregulation of c- 

myc transcription is achieved by chromosomal translocation that juxtaposes the c- 

mycllpvt-l locus on chromosome 15 to one of the immunoglobulin (Ig) loci: on 

chromosome 12 (IgU). 6(IgK) or 16(Igt) (2.3). 

In a few PCïs, classical G-banding analysis couid not identify any of the 

plasmacytoma-associated typicai o r  variant translocations (3). Molecular and cytogenetic 

analysis of the translocation-negative PCïs revealed that the overexpression of the c-myc 

gene was achieved by different means. c-Myc deregulation resulted frorn either 

promotedenhancer insertion brought about by retroviral insertion into the 5' flanking 

region of c-mye (4). insertion of the Ig heavy chain enhancer (5) or complex genomic 

rearrangements (6.7). Although less than 1% of the P C ï s  analyzed to  date belong to the 

group of translocation-negative plasmacytomas, they are of interest because they may 

reveal a new mexhanism of plasmac ytomagenesis. Conxquentl y, the lack of 

cytogenetically identifiable translocations suggests altemate pathways by which c-Myc 

overexpression is achieved in this group of tumors. 

To examine the mechanism(s) of c-M yc dereplation in translocation-negative 

PCTs. we focused our investigation on DCPCZI. a plasmrytoma that had been indu& 

by intrapentoneal implantation of a plastic diffusion chamber into a BALB/c female 

rnouse (6). Previous work by these authon had suggested that DCPCZl exhibited 

complex molecular rrvrangernents leading to the IgH-myc gene juxtaposition by the 



insertion of the myc and pvt- l loci-containing chromosome 15 segment into the IgH locus 

on Chr 12 (7). The rcalization of such a complex rearrangernents rcquircs the occurrence 

of a paracentric inversion. a deletionlinsertion. and multiple translocations both on 

chromosome and gene levels during the process of the IgH-myc illegitimate 

recombination (7). 

Here we report that the results of classicd and molecula. cytogenetic analyses 

show that the DCPC2 I plasmacytoma lacks any type of interchrornosomal recombination 

that could cause the constitutive activation of the c-myc gene. However. chromosornai 

segments containing c-myc and IgH sequences are present - either alone or jointly - on 

extrachromosomal elernents @Es) in the DCPC2 1 plasmacytoma. We demonstrate that 

the deregulated expression of c-myc occurs on EEs, and this appears to be sufficient to 

sustain the rnalignant phenotype of the DCPC21 tumor. 

MATERIALS AND METHODS 

Tumor cells. DCPC2 1 was induced in a female BALB/c mouse by i.p. implantation of a 

Millipore diffusion chamber (8). 

Trypsin-Giemsa Banding. Metaphase spreads were prepared without colcemid 

treatrnent. Trypsin-Giemsa banding was performed as describeci previously (9) and 

adapted to mouse chromosomes. Chromosome identification followed the 

recommendations of the Cornmittee on Standardized Gcnetic Nomenclature for Mice 

( 10). 



MoleculPr cytogellQtics, Chromosomes were uialyzed by FISH (fluorescent in siru 

hybridization) as pnviously published (1 1.12). Analysis of slides was performed using a 

Zeiss Axiophot microscope, a PowerMacintosh 8 100 computer, and a CCD camera 

(Photometrics); the analytical software used was IPLabSpectnim Version 3.1 (Signal 

Anal ytics, USA). 

FISH probes and detection of hybridimtion. The following probes were used, c-myc 

(13), ïgH @ J I 1  ; 14) and put-l (1 5). The probes were labeled by random prirning with 

either digcxigenin- or biotin-dUTP (Roche Diagnostics, Laval. Quebec, Canada). The 

detection of hybridization signais with digoxigenin-labeled probes was carried out using 

a fluorescein conjugated polyclonal sheep antidigoxigenin- antibody (Roche 

Diagnostics). For the detection of hybridization s ipa l s  obtained with biotinylated probes, 

we used a monoclonal anti-biotin antibody (Roche Diagnostics) followed by a Texas 

Red-conjugated goat anti-mouse-IgG secondary antibody (Southern Biotechnology 

Assoc., Inc., Birmingham, USA). 

FISH-EEs (FISH on pded extrachmmsomai DNA moiecules). The total population 

of extrachromosomal ekrnents (EEs) was purified and exarnined by FISH as described in 

(16). EEs were hybridized with c-myc. IgH and pvt-1. The specificity of these 

hybridizations was confimed by the absence of hybridization signals with a negative 

conuol, cyclin C (1 1.16) and hybridization signals obtained with a positive control, cot-l 

DNA (not shown). 



Chromosome painting. The chromosome paints used (CeduLane, Laboratories Lirnited, 

Hornby, Ontario, Canada) wcre a FITC<onjugatcd mouse chromosome 15 and a 

biotinylated mouse chromosome 12-specific paint. Hybridization of chromosome paints, 

alone or in combination with FISH probes, was c h e d  out as described in the general 

FISH protocol. Chromosome 12 hybridization signais were detected with a monoclonal 

anti-biotin antibody (Roche Diagnostics) at 0.5 nglslide followed by a Texas Red 

conjugated goat anti-mouse-IgG secondary antibody (Southern Biotechnology Assoc., 

inc., Birmingham, USA) at 2.5 nghlide. The hybridization signals of the FlTC-labeled 

chromosome 15 paint were arnplified using a rabbit anti-FITC antibody (CedarLane), 

followed by a FïK-labeled goat anti-rabbit IgG secondary antibody (Sigma). Both 

antibodies were used at 1:4û dilution. 

SKY. Spectral karyotyping was performed using the AS1 (Applied Spectral Imaging, CA, 

USA: Migdai Ha'Emek, Israel) kit for mouse spectral karyotying and the suppliers' 

hybridization pmtocols. Analyses were carried out using the Spectra cubeTM on a Zeiss 

Axiophot 2 microscope and the SkyView 1.2 software on a PC (FW350). 

mRNA track studies. mRNA tracks studies were carried out as described in (17) on 

freshl y isolated ascitic DCPC2 1 tumor cells. The cells were cytospun ont0 rnicroscopic 

slides (10' cells/slide) and fixed in fonnaldehyde (1 % in lxPBS/SOmM MgCI2). The 

slides were washed in 2xSSC, dehydrateci sequentially in 70%, 90% and lûû% ethanol. A 

denatureci mouse c-mye probe. pMycEx2. a 460 bp PstI-fragment of myc exon 2 (gift 

from Dr. K. Huppi, NIH). was addd in 5096 formamidd2xSSU5OmM phosphate buffer, 



10% dextran sulfate for ovemight hybridization at 37°C in a humidified incubator. As 

expected, subsqucnt RNAse -nt rcmovcd any hybridization signals, and 

h ybridizat ion to chromosomes or extrachromosomal material was on1 y ac hieved after the 

stides had been treated with RNAse and pepsin and denatured prior to the addition of 

FISH probes (see also 18). 

Fluorescent immunobistochemistry . Irnmunohistoc hemistry w as performed as 

described (12). The following antibodies were used, a monclonal antic-myc antiMy, 

3C7 (19) at 20 ng/slide. Visualization of this antibody was achieved with a Texas Red - 

conjugated secondary goat anti-mouse IgG antibody (Southem Biotechnology Assoc., 

hc., Birmingham, USA) at 2.5 ng/slide. A sheep anti- CORE histone antibody (US 

Biotogical) was used at 5 ng/ slide and visualized with a FITCconjugated donkey anti- 

sheep IgG antibody (Sigma) at 2.75 ng/slide. The anti-histone H3P antibody used is a 

histone H3-phophoserine monoclonal antibody from Dr. 2. Darzynkiewicz (20). It was 

used at 4.0 ng/slide and visualized with a Texas Redconjugated goat anti-mouse IgG 

antibody (Southem Biotechnology Assoc., Inc., Birmingham. USA) at 2.5 ngklide. 

Southern anaiysis. For Southcm analyses. 10 pg DNA from primary BALB/cRb6.15 

spleen or DCPC21 tumor DNA was digested overnight with 40 units of either HindlII or 

Sad restriction endonucleases (Roche Diagnostics) and elstrophoretically separated on a 

0.8% agarose gel, blottcd ont0 Hybond XL membrane (Arnersham Pharmacia Biotech), and 

baked at 80°C for 2 houn. Hybridizations and washes were carricd out according to 



standard procedures (2 1). The probes used were, c-rnyc (1 3). p J l I ( 1 4 )  pvt-l(15; 22)- JQ2 

(7)- 

Eleetroporations. Spleen cells of BALBlcRb6.15 mice were harvested for 

extrachromosomal gene transfer studies as follows. Green fluorescent protein (GFP, 

pEGFP-N 1, Clontech, Mississauga, Ontario, Canada) was used as a tracer molecule for 

deteimination of gene transfer efficiencies. Lymphocytes isolated from one spleen were 

divided into three groups: electroporation of GFP plus c-myclIgH-carrying EEs (2.5 pg), 

electroporation of GFP (2.5 pg), and "mock" electroporation. Electroporations were 

carried out in OPTI-MEM solution (Canadian Life Technologies, Burlington, Ontario, 

Canada) using 1 ml Gene PulseP cuvettes, 0.4 cm (Bio-Rad, Hercules, CA, USA) using a 

Bio-Rad electroporator, mode1 #1652076, and a Bio-Rad Capacitance Extender, mdel 

#1652087. The settings used were: 960K, 240V, cap. 25 units. Subsequent to 

electroporation, the ctlls were washed in cornplete medium (RPMI1640 with 10% fetal 

cdf serum (Canadian Life Technolgies, Burlington, Ontario, Canada), 2 mM L- 

glutamine, 5 W/ml of penicillin and 5 pg/ml streptomycin and 50 jM/ml B- 

mercaptoethanol and allowed to grow in complete medium in a hurnidified incubator at 

37OC and in the presence of 5%COz. 24 houa after gene transfer, cells were cytospun 

ont0 microscope slides (10' cells/slide), and c-Myc protein expression was determined in 

splenic B cells that also expresseci GFP. A FiTc-conjugated anti-B220 antibody 

(Phmingen, Mississauga, Ontario, Canada) was used to visudize splenic B cells on 

cytospin preparations. Fluorescent immunohistochemistry of the electroporated cells was 

carried out as previously describeci (1 2). 



RESUL,TS 

DCPC21 is a truislocotion-negativt pbtnacytmo b r b ~ ~ g  

extrachromosomal elements 

Karyotyping of DCPC2l metaphase spreads by standard G-banding revealed that 

chromosomes 15, 12,6, and 16, regularl y involved in mouse PCï-specific translocations, 

were not part of reciprocal translocation events (Figure App.B. la). To confirm the results 

provided by G-banding, DCPC2 1 metaphases were further examineci by chromosome 

painting, fluorescent in situ h ybridization (FISH), and spectral karyot yping (SKY) (Figs. 

App.B.lbe). Since the most frequent translocation ( 90%)  in pristane-induced mouse 

P a  transposes the c-myc containing segment of chromosome 15 into the neighbohood 

of the IgH gene loci on chromosome 12 (3), chromosome painting was performed to 

ascertain whether chromosomes 12 and 15 are carriers of cryptic rearrangements. The 

painting with chromosome 15- and 12-specific probes revealed the presence of four 

copies of chromosome 15 (green) and chromosome 12 ( r d )  in the majority of the 

DCPC2 1 plates anal yzed. More importantly, neither chromosome 1 5- nor chromosome 

12derived genetic material was found to be translocated or  inserted into any other 

chromosome of DCPC21 metaphases (Figures. AppB. 1 b and c). 

When either chromosome 12 paint was combined with FISH using a c-myc probe 

or chromosome 15 paint used in combination with an IgH probe @ / I I ) ,  it was also 

evident that chromosomes 12 and 15 were not involved in reciprocal translocations 

(Figure App.B. Id and data not shown). However. extrachromosornai elements @Es) 

carry ing ei ther c-mye or IgH genes alone or c-mye and IgH genes joint1 y becsme apparent 

(Figure App.B. Id arrow). 



The possible involvement of the IgK- and IgLcarrying chromosomes 6 and 16 in 

Iglmyc translocation was analyzed by SKY (Figure App.B.1~). SKY comborated the 

data obtained by standard cytogenetics, painting and FISH, namely, that DCPC21 does 

not carry any plasmacytoma-associatd c-myc-activating translocation. 

In addition, SKY revealed the nature and structure of the chromosomal 

aberrations detected by G-banding. Noteworthy, SKY showed that the duplicated D2 

band on one of the chromosomes 15 (Figure App.B. la, arrow) contained only 

chromosome 15-derived genetic material (Figure App-B. le), excluding the likelihood of 

an interchromosomal rearrangement involving chromosome 15. The additional band on 

chromosome 9 was identified as derived from chromosome 16, while one copy of 

chromosome 16 was centromerically fused with one chromosome 19. A "hidden" 

chromosomal aberration, undetected by classical G-banding, was the insertion of 

chromosome 3-derived material into one chromosome 2. Since the aberrations invoiving 

chromosomes 9 and 2, as well as the fusion of chromosomes 16 and 19, were not 

consistent1 y seen in al1 metaphases. they are li kel y chromosomal aberrations acquired 

during tumor progression, rather than during tumor initiation. 

Classical cytcgenetics, chromosome painting, FISH and SKY establish that the 

DCPC2 1 plasmacytoma lac ks an y chromosomal aberrat ion that could nasonabl y be 

involved in the constitutive activation of the c-myc gene. However, the presence of IgH 

and c-myc sequences on extrachromosomal elernents (Es) suggests that these genetic 

entities may be responsible for the deregulation of c-Myc in this tumor. 



Southern blot analysis shows rearrangements within the IgH kmis and in the 5' 

flanking rPgi011 d C-H~C.  

Southem blot analysis was performed with normal mouse spleen DNA and 

DCPC2 1 mmor DNA. The c-myc gene, visualized by using a mouse exon 2 -specific 

probe, showed no rearrangement(s) and exhibited identical hybndization patterns in 

Hindm- and Sad-digests of normal spleen and DCPC21 DNA (Figure App.B.2a). 

Similarly, pvt- 1 showed no evidence of reanangements (Figure App.B.2~). The stronger 

hybridization signais of c-myc and put-1 in DCPC21 DNA reflect both the duplication of 

the mydput-lcontaining 1 SD2 band of one of the chromosome 15 (Figure App.B. la, 

arrow) and the additionai copies of chromosome 15 (Figure App.B.1). in contrast to the 

germ line bands observeci with c-myc and pvt-1, rearrangements within the IgH sequences 

and in the 5' flanking region of c-myc became apparent when using the IgH probe @111) 

as well as a 5' flanking probe of the c-myc gene (JQ2) (Figures. App.B.2 b and d 

respective1 y). 

Since none of the bands that hybridized with pl1 l CO-hybridized with JQ2, it cm 

be excluded that any of the additional bands represent a cryptic transposition of 

sequences detected by pJll and IQ2. Furthemore, a transposition of put-1 and c-myc 

within the chromosornai DNA of DCPC21 is unlikely, s ina ,  as shown in Figure 

App.B.2. these two genes were not involved in translocation and or cearrangement events 

detectable in genomic DNA. These results suggest that the rearranged genomic bands 

represent intrachromosomal rearrangernents, possibly due to the excison of c-myc and 

IgH sequences from the relevant chromosomes rather than interchromosomal 

recombination. 



C ~ C  and IgH co-lodize on extrachromosomal ekmenîs (EEs) and are hiactionai 

genetic units 

We consistently observed extrachromosomal c-myc and IgH hybridization signais 

in DCPC2I metaphases (Figure App.B.1). To analyze these EEs further, we performed 

FISH on the total popuIation of EEs. Figure App.B.3 illustrates the findings for FISH- 

EEs hybridized with c-myc and IgH probes. In the majonty of the cases, c-myc and IgH 

were found together on the large EEs (O. 1-0.2 pm in diarnetre, as determined by electron 

rnicrosopy (EM) measurements) (Figure App.B.3d). Noteably, c-myc and IgH were aiso 

found alone on EEs of smaller sizes (O-Olpm in diametre) (Figures App.B. 3b-d). pvr-1 

could be detected on some of the EEs, together with c-myc and IgH (not shown). 

The CO-localization of c - m y 4 g H  on some of the EEs raiseci the question whether 

these EEs are biologically active structures. To investigate this hypothesis, we analyzed 

whether these EEs were associated with active chromatin, could transcribe c-myc mRNA 

and confer c-Myc overexpression to resting primary B cells in extrachromosomal gene 

îransfer studies. 

To determine whether the EEs contained active genes, we first examined i) the 

presence of histones and of the transcription-associated phosphorylated form of histone 

H3 (H3P) (20,23) on the EEs and ii) carried out mRNA track studies (Figures App.B. 4a 

and b). Using a pan-histone antibody that detects al1 histones irrespective of chromatin 

activation, we found histones on the large, but not on the small EEs. To detemine 

whether the former were also transcnptionally active. we examincd the presence of H3P 

using a monoclonal anti-histone H3P antibody (Materials and Methods). W e  found that 

over 90% of the pan-histone-coniaining EEs also stained with the monoclonal anti- 



histone H3P antibody, indicating that these EEs contained active chromatin (Figure 

App.B. 4a). 

To examine whether c-myc rnRNA was produced from these EEs, we carried out 

rnRNA track studies. As shown in Figure App.B. 4b, we observcd that multiple short c- 

rnyc RNA tracks, typical of episomal (extrachromosomal) gene transcription (17). were 

generated from DCPC2 1-EEs. To unequivocally demonstrate that the mRNA was denved 

from the EEs, we processed the identical slides for FISH after RNAse and pepsin 

treatment and following slide denaturation. Co-localizing c-myc mRNA (red signals) and 

c-myc-EEs DNA signals (green) are shown by arrows in Figure App.B. 4c. We 

consistently observed that al1 c-myc mRNA tracks colocalized with EEs that showed c- 

rnyc DNA by FISH. However, the number of c-myccarrying EEs in a DCPC21 ceIl was 

higher than the amount of EEs that were transcribing c-myc mRNA. 

To further examine the fiinctional activity of DCPC2 1 EEs, we electroporated 

purïfied EEs into normal BALBkRb6.15 spleen cells together with a vector expressing 

green fluorescent protein (GFP). The latter sewed as tracer molecule for gene transfer 

efficiency. The B limage-specific madcer B220 was used to determine the lincage origin 

of the electroporated cells. When purified DCPC21 EEs were i n d u c e d  into normal 

BALBkRb6.15 spleen cc 1 ls, they con ferreci c-myc expression to GFP-expressing B220- 

positive B cells (Figure App.B. 5, panel A). However, within 24 hours, the DCPC-21 EEs 

induced ceIl death in the majority of the GFP-expressing B cells (>90%), while cells 

electroporated with GFP only survived. Ce11 death was associateci witb c-Myc 

overexpression and visible by the appearance of apoptotic bodies (Figure App.B. 5, panel 

BI- 



DISCUSSlON 

C - m y c l I g H ~ g  EEs represent an aiternative mechpnism of c-Myc 

overexpression in DCPC21 plasmcytomrr, 

In the present study, we have shown that the DCPCZl plasmacytoma lacks any of 

the usual chromosomai transIocations associated with c-myc gene deregulation in 

plarnacytomas. Instead we see the presence of c-myc and IgH together on EEs in this 

tumor. This r a i d  the question whether c-Myc deregulation in this plasmacytoma was 

linked to the pnsence of these EEs. Several experiments have confirmed that the c- 

mydgH-carrying EEs express c-Myc. We have directiy shown c-myc niRNA tracks and 

active chromatin associated histone H3 phosphoryIation on these EEs. This was further 

confirmed by gene transfer experiments of the EEs. Transfer of EEs from MSPC21 cells 

into primary mouse B cells resulted in increased c-Myc expression followed by apoptotic 

ce11 death. We therefore conclude that the deregulated c-Myc expression in this -- 

plasmacytoma occumd by a mechanism not involving chromosomal translocation or 

viral insertion. This novel pathway of c-myc activation involves the formation of 

extrachromosomal clemcnts that result in c-Myc expression levels similar to that seen in 

Ig/myc chromosomal translocations positive plasmacytomas. 

Extrachromosomal DNA elemnts  have been found in al1 organisrns analyzed to 

date (for review se+. 24). EEs may be generated transiently during normal lymphocyte 

development (25.26) but the s i x  and numben can vary depending on genotoxic 

treatrnents (27-29). Tumor cells often harbour EEs (30.3 1) and these EEs can contain 

oncogenes and drug rcsistance genes (32-38). In a previous study. the MOPC265 

plasmacytoma ce11 line was shown to have a T(12; 15) translocation that aiso contained c- 



myc and pvt-l genes duplicated on chromosome 15 and on extrachromosomal elements 

(22). However, DCPC2 1 represents the first reportcd translocation-negative 

plasmac ytorna carrying functional c-myc-transcri bing extrachromosomal elements @Es). 

Mode1 for the generation of DCPC21-EEs contaïning both myc/pvt-l and IgH 

sequences. 

The presence of c-mydgH-containing EEs raises the question about the 

mechanism(s) for their formation in the DCPC2 1 plasmacytoma One possible model that 

is consistent with the experimental data is as follows. This model assumes independent 

generation of myc+pvt-1 and IgH-carrying EEs followed by recombination to generate 

m y d g -  carrying EEs. Consistent with this model we find EEs of various sizes, some of 

which carry both c-mye and IgH or either gene atone. A possible source for generation of 

these extrachromosomal elements could be Ig switch recombination, since circular 

elernents containing Ig sequences have ken  described in normal B ce11 development 

(25). EEs chat confer a growthlsurvival advantage, such as deregulated c-Myc 

expression, to the c d  would be seltcted and maintained. Since we showed increased 

apoptotic ceIl death after gene transfer of EEs into nomal B cells other genetic events 

would also have to occur to prevent apoptosis during plasmac ytomagenesis. 

Are EEs causaîly involveà in other of translocation negative tumors? 



EEs are pr-nt in a vanety of human turnors but their d e  in tumor initiation or 

progression is still poorly undcrstood (39-41). The irnponanu of amplifid c-myc or N- 

mye genes, located on double minute chromosomes (DMs). for maintenance of 

tumorigenicity has been shown. Elimination of the DMs results in reduced 

tumorigenicity (42-44). 

Other human neoplasia that normally show spacific translocations also have 

translocation negative subsets. Recent analysis of a series of chronic myelogenous 

leukemia (CML) ce1 b revealed an incongruity between the overexpression of the 

oncogenic BCR-ABL hision protein. and the absence of cytogenetically detectable 

T(9;22)(q34;q 1 1 ) Philadelphia (Ph) chromosome (45-50). In a ment investigation of the 

T(11;14) translocation and the overexpression of the MLL-AF4 fusion gene in acute 

1 ymphoblastic leukemia (ALL), revealed that in 7 out of 18 patients the generation of the 

MLL-AF4 protein occured without detectable T(11;14) translocations (51). Burkitt 

1 ymphomas (BLs) usuall y contain Ig/myc-juxtaposed chromosomal transiocations (for 

review see, 52-54). We have recently found in a translocation-negative BL, c-Myc over 

expression from EEs containing c-myc and IgH sequences, wi thout rearrangement of the 

chromosomal c-mye gene (unpublished data). 

In conclusion, our results provide evidence that the EEs represent functional 

genetic units that may play an essential role transformation of the translocation-negative 

DCPC21 plasmacytoma. Our findings also suggest that other neoplasms with fusion 

transcripts or oncogene activation and amplification w i th no visible chromosomal 

translocations may indecd carry specific translocation(s) in an extrachromosornal form. 
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FIGURE LEGENDS 

Figure App.B. 1. G-banàing, c h m o m m e  p.iating, FlSH and SKY prove that 

DCPC21 is a translocation-negative plasmacytoma. 

(a) G-banded karyot ype of DCPC2 1 lacking an y plasmacytoma-associated chromosomal 

translocations involving Chrs 12(IgH), 6(lgK),  1 q1gL) and 15 (c-mye). The 

duplicated band on one of the Chr 15 (mow) was mapped to band 15D2 where c-myc 

is located. Additionai chromosomal aberrations (see triangles), such as the elongated 

chromosome 9 and the market chromosome M 1 as wtll as the centromericdy hsed 

Rb 16; 19 and the Rb19 isochromosome are probably acquired during neoplastic 

progression (see text). 

(b, C) Chromosome painting of DCPC2 1 metaphases with chromosome 1 2 ( r d )  (b) and 

with chromosome 15 paint (green) (c). No translocation beiween chromosomes 12 

and 15 is visible. In addition, no chromosome 12 or 15-derived material is found 

as part of any other chromosome. 

(d) Painting of a DCPC2 1 metaphase with chromosome 12 ( r d )  and FISH with c- 

myc (green). The arrow points a large extrachromosomal element (EE) that 

hybridizes with red and green indicating the presence of Chr 12derived 

sequences and c-myc on the EE. 

(e) SKY analysis of a DCPC2l metaphase. The data are presented as follows: The 

image in the top left corner of the composite shows a representative metaphase 

obtained with the Spectra cuben" prior to the classification of the spectral colors. 



The middle top image shows the inverted DAPI-banding of the same metaphase 

plate. the image in the right top corner displays the spectral colors as classifed by 

SkyView 1.2 (ASI). The bottom image shows identical chromosome pairs of non- 

classified (left) and classified DCPC21 chromosornes (right). SKY corroborates 

the results of the G-banding and chromosome painting: DCPC2 1 plasmacytoma 

cells do not exhibit any c-myc-activating translocation. SKY revealed the 

translocation of chromosome 16-derived material ont0 the telomeric part of 

chromosome 9 (see arrows) and the insertion of a chromosome 3derived band 

into chromosome 2 (arrow). A centromeric fusion occurred between 

chromosomes 16 and 19 (Rb 16; 19). The M 1 marker contains both Chrs X- and 

5-derived chromosomal segments (arrow ). 



Figure App.B. 1 (a) 



Figure App.B. 1 (b) Figa re App.B. 1 (c) 

Figure App.B. 1 (d) 
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Figure App.B. 2 Soithern analysh of normal and DCPC 21 geiomic DNA. 

Analysis of  10 pg of genomic DNA o f  DCPC2l plasmacytoma cells ("DCPC") and 

normal spleen cens ('hornial"). The same bbt was hybridized with c-mye (a), the 5' 

flanking reg ion of  c-n>ye (142) (b), pvi-l (c) and IgH @J 1 1 ) (d). Note that c-myc and pvt- 

I show germ line hybridization signais (lanes 1-4, respectively), whiie JQ2 and pJll 

(lanes 3 and 4, respectively) indicate rearrangements (for detaiis see text). The stronger 

hybridization intensity of the c-myc a d  pvt- I signals (ianes 3 and 4, Figs. App.B. 2 a mi 

c respectively) is consistent with the dupiicated D2 band in chromosom 15 ard the 

additional c-myc copies of the other 15 chromosomes (Figure App.B. la). 



Figure App.B. 3. FISH-EEs. 

Purified EEs were hybridized with c-myc (green) and IgH @111. rd). 

(a) DAPIcounterstain of EEs. Only the large EEs are clearly visible (see arrows). 

(b) and (c) The sarne large EEs shown in a) hybridized with c-rnyc (green) and IgH (red). 

(d) Overlay of image b) and c )  shows the large EEs in orange (see arrows). This indicates 

the CO-localization of the c-myc and IgH signals on the large EEs. SmalI EEs carry 

one or the other hybndization signal and only occasiona~ly both. Preliminary analysis 

of these EEs by tlectron microscopy indicates that the large EEs are 0 . 1 - 0 . 2 ~  in 

diametre, whereas the little ones are O . O l p n  in diarnetre (data not shown). 



Figure App.B. 3 (a). Figare App.B.3 (b). 

Figure App.B. 3 (e). Figure App.B.3 (d). 



Figure App.B. 4. The EEs are functiod genetic units. 

(a) Purified cxtrachromosomal DNA moleculcs wcre imrnunostained with anti-histone 

antibodies. EEs are counterstained with DAPI and therefore appear blue. 

hmunostaining with the pan-histone antibody appears green, while the anti-histone- 

H3P-stained targets appear red. Thus, EEs imrnunostained with pan-histone antibody 

plus DAPI appear greenish-whitish, whereas those stained with histone H3P plus 

DAPI appear redish. When histone H3P and pan-histone CO-localize on the same EE, 

the color overfay is yellowish. 

The image shows four large EEs (arrows) that are surrounded by a group of small 

EEs. The smdl  EEs stain with DAPI only. The following EEs are pointed out by 

arrows: a pan-histone-immunostained EE is shown by a closed arrow. Thrce EEs 

pointed at with open arrows show CO-localization of anti-pan-histone (green) - and 

anti-histone H3P ( r d )  -antibodies. 

(b) mRNA track study of c-myc in DCPC2l plasmacytoma cells. Red signals represent 

mRNA tracks produced in the cells. The tracks are short as expecied from 

extrachromosomal DNA or episomes. 

(c) FISH analysis of the sample shown in b). The c-myc gene was labeled with 

digoxigenin and visualized with an anti-digoxigenin-FïTC antibody (Materials and 

Methods). Arrows point to those c-myc-carrying EEs (green) that also transcribe c- 

myc (compare b and c). Note that not al1 c-myc-bearing EEs are transcribing c-myc. 



Figure App.B.4 (a) 



Figure App.B. 5. Extrachroaio~od gene transfer studies* hnfied were 

electroporated into primary spleen cells dong a green fluorescent protein expressing 

vector that served as tracer molecule for gene transfer efficiency. B220 was used as ce11 

surface marker for splenic B lymphocytes. 

Panel A: GFP and c-Myc expression in primary B cells 24 hours following 

electroporation: 

(a) B220-positive p n m q  B cells as revealed by the FITC-conjugated (green) antibody 

on the membrane. The arrow points to a B ce11 expressing GFP. The greenish-whitish 

color is due to the overlay of the nuclear staining with DAPI (blue) and GFP (green). 

(b) The B220-positive B cell that shows GFP expression also overexpresses c-Myc 

protein (red) (see arrow). 

(c) Overlay of image a) and b): The orange nucleus shown expresses GFP and c-Myc 

(see mow). 

Panel B: Ninety percent of the electroporated primaiy B cells die 24 houn following 

transfer of EEs: 

(a) GFPexpression in B22û-positive B cells 

(b) C-Myc-expression in B220-positive B cells 

(c) Overlay of a) and b): The GFP-positive and B220-positive primary B cells that 

overexpress electroporated c-Myc die. Arrows point to some of the apoptotic bodies 

that form in these cells. 
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Figure App.B. 5 Panel A (c) 
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Figure App.B. 5 Panel B (c) 




